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Abstract
Introduction—Over the last 15 – 20 years, targeted anticancer strategies have focused on
therapies aimed at abrogating a single malignant protein. Agents that are directed towards the
inhibition of a single oncoprotein have resulted in a number of useful drugs in the treatment of
cancers (i.e., Gleevec, BCR-ABL; Tarceva and Iressa, EGFR). However, such a strategy relies on
the notion that a cancer cell is dependent on a single signaling pathway for its survival. The
possibility that a cancer cell may mutate or switch its dependence to another signaling pathway
can result in the ineffectiveness of such agents. Recent advances in the biology of heat-shock
protein 90 (Hsp90) have revealed intimate details into the complexity of the chaperoning process
that Hsp90 is engaged in and, at the same time, have offered those involved in drug discovery
several unique ways to interfere in this process.

Areas covered—This review provides the current understanding of the chaperone cycle of
Hsp90 and presents the multifaceted approaches used by researchers in the discovery of potential
Hsp90 drugs. It discusses the phenotypic outcomes in cancer cells on Hsp90 inhibition by these
several approaches and also addresses several distinctions observed among direct Hsp90 ATP-
pocket competitors providing commentary on the potential biological outcomes as well as the
clinical relevance of such features.

Expert opinion—The significantly different phenotypic outcomes observed from Hsp90
inhibition by the many inhibitors developed suggest that the clinical development of Hsp90
inhibitors would be better served by careful consideration of the pharmacokinetic/
pharmacodynamic properties of individual candidates rather than a generic approach directed
towards the target.
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1. Introduction
Hsp90 (Heat-shock protein 90) is a chaperone molecule that assists in the correct
functioning of several tumor promoting proteins, collectively referred to as ‘client proteins’.
Among these are HER2, EGFR, mutant ER, HIF1α, Raf-1, AKT and mutant p53, to list a
few [1]. Development of agents that target Hsp90 has, therefore, become a major focus in
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cancer research because by inhibiting one protein, Hsp90, one may simultaneously inhibit
and/or degrade a multitude of oncoproteins [2]. To regulate the complex array of its client
proteins that span from kinases, transcription factors and other potential cancer promoting
molecules, Hsp90 utilizes an intricate web of associated co-chaperones. The current
understanding on Hsp90 presents a scenario in which the chaperone activity is intrinsically
linked to conformation, which is in turn dependent on the binding and release of ATP/ADP,
co-chaperones and client proteins.

The critical importance of nucleotides and co-chaperones in regulating the Hsp90 cycle
offers therapeutic opportunities for modulating Hsp90 by affecting the binding of these
molecules. Agents that alter the interaction of these molecules with Hsp90 can be expected
to modulate its activity in a non-overlapping fashion. Conceivably, this may be
accomplished by targeting binding of ATP/ADP to the Hsp90 regulatory pocket, binding to
the co-chaperone directly or targeting sites on Hsp90 (other than the N-terminal nucleotide
binding domain) that affect co-chaperone binding to Hsp90. Additionally, molecules that
prevent client protein binding to Hsp90 will inhibit their maturation. Therefore, targeting of
a specific client protein in the proper context (i.e., HER2 in breast cancer; activated AKT in
small cell lung cancer (SCLC); mutant B-Raf in melanoma; Bcr-Abl in chronic
myelogenous leukemia (CML); mutant JAK2 in myeloproliferative disorders) may have
therapeutic potential in the treatment of specific cancers.

In this review, we describe the Hsp90 catalyzed chaperone cycle and present several
strategies for the discovery of molecules that modulate the conformational dynamics of this
cycle. We endeavor to describe the numerous ways that are potentially possible to
pharmacologically modulate the Hsp90 chaperone machinery and illustrate the current state
of affairs in this regard. In doing so, we present available evidence of the therapeutic
relevance as well as the differences observed between the alternative modes of modulation.
Of the possible modes of affecting Hsp90 activity described in this review, only agents
which inhibit the binding of ATP by targeting the nucleotide binding pocket located in the
N-terminal domain are currently being evaluated clinically. Even within this class, which
have a common binding site and similar tumor retention profile, markedly different
properties are observed in preclinical studies. We briefly discuss such distinctions in the
mode of interaction of these inhibitors with the chaperone machinery and point out in the
expert opinion section the potential important biological activity that may result from these
differences.

2. The Hsp90 ATPase cycle and the dynamic nature of Hsp90
Hsp90 is an important chaperone that interacts with and refolds its client proteins in a cycle
that is driven by the binding and hydrolysis of ATP [3]. Through the course of its catalytic
cycle, Hsp90 undergoes considerable structural changes, and this dynamic nature of Hsp90
is the key in its ability to function as a chaperone [4-7]. Hsp90 is in a state of conformational
flux, whose overall structure is constantly altered by the binding of various ligands,
including ATP/ADP, and co-chaperones (i.e., HOP, Cdc37, p23, Aha1 and immunophilins)
[7]. These ligands bind to specific sites on Hsp90 and alter the conformational equilibrium
between the two extreme ‘open’ (apo) and ‘closed’ (ATP-bound) states at any given moment
[4].

The ATPase activity of Hsp90 is linked to its conformational state, which for eukaryotic
Hsp90 is influenced by > 20 co-chaperones, as well as by the binding of client proteins,
which serve to drive it through its catalytic cycle [3,7]. A functional chaperone cycle was
first proposed for eukaryotic Hsp90 based on interaction with steroid hormone receptors [8]
and is a process that is probably conserved among eukaryotic Hsp90 species [9].
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Association of Hsp90 with its client proteins is believed to be initiated by a priori
interaction with Hsp70 (Figure 1). The client is presented to Hsp70 by its activator, Hsp40,
and binds to it in an ATP-dependent manner. Hsp70 interacting protein then binds to and
stabilizes this complex. The dimeric co-chaperone HOP (Sti1 in yeast) binds the Hsp40–
Hsp70–client complex to Hsp90, thereby forming an Hsp70–HOP–Hsp90 complex [10].
HOP interacts with the C terminus of Hsp90 through its tetratricopeptide repeat (TPR)
domain as well as to additional sites in the middle domain (MD). Co-chaperones and
immunophilins bind to the Hsp70–HOP–Hsp90 complex and facilitate the transfer of client
from Hsp70 to Hsp90 to form the intermediate complex. On ATP binding, Hsp90 forms a
mature complex containing p23 (Sba1 in yeast) and other co-chaperones such as Cdc37 and
immunophilins that catalyze the conformational maturation of the client. The co-chaperone
p23 as well as the immunophilins FKBP51, FKBP52 and Cyp-40 displace HOP and Hsp70
leading to the mature complex [11]. Large conformational changes that occur to Hsp90
subsequent to ATP binding are probably transduced to the client leading to its activation
(described below). Following release of the mature client, presumably, Hsp90 can re-enter
the cycle and bind another client protein.

The first X-ray crystal structures, along with electron microscopy (EM) and small-angle X-
ray scattering (SAXS) data, obtained for full length bacteria (nucleotide free; AMP-PNP-
bound; ADP-bound) [12] and yeast (AMP-PNP- and Sba1-bound) [13] Hsp90 as well as
mammalian (AMP-PNP; ADP-bound) [14] Grp94 (the endoplasmic reticulum paralog of
cytosolic Hsp90) were critical in revealing particular conformations adopted when bound to
specific ligand(s). These structures show that the global architecture is conserved across
species and that Hsp90 exists as a homodimeric structure in which individual monomers are
characterized by three domains; an N-terminal nucleotide binding domain (NBD), site of
ATP binding; the MD, site of co-chaperone and client protein binding and involved in ATP
hydrolysis; and a C-terminal dimerization domain (CDD), site of dimerization. The NBD is
followed by a linker region which connects it to the MD.

Structural and biochemical studies had shown that Hsp90 function was dependent on the
binding and hydrolysis of ATP [15,16] and suggested that hydrolysis occurs via a
‘molecular clamp’ mechanism involving dimerization of the NBD in the ATP-bound state
[17,18]. The crystal structures of Hsp90, together with EM and SAXS data, confirmed the
ATPase-coupled molecular clamp mechanism and provided further insight connecting
Hsp90 complex structure and conformation to the ATPase cycle. In the absence of bound
nucleotide, Hsp90 exists in an ‘open’ conformation. While the precise details linking the
ATPase cycle to conformational state have not been entirely elucidated, it is known that
dramatic conformational changes occur subsequent to ATP binding, whereby the N-terminal
domains closely associate with one another resulting in a ‘closed’ conformation that is
capable of hydrolyzing ATP [17]. EM revealed a distinct ‘compact’ conformation when
ADP-bound [12] and in the absence of any bound ligand, the dimer moves to an ‘open’
state. These structures, however, only present a static picture of Hsp90 at its conformational
extremes. In order to examine other conformations between these extremes, more dynamic
methods must be used.

The solution structure of Escherichia coli Hsp90 (HtpG) determined using SAXS [6] shows
some important differences compared to the crystal structure. The apo-conformation in
solution is more extended with a wider angle implying that it can accommodate more
diverse client proteins. Also, the NBD and the MD are rotated by 40° compared to the
crystal structure. This may especially impact the ability of nucleotide binding as Gln122 and
Phe123 within the active site lid (residues 100 – 126) are positioned to block nucleotide
binding in the apo-conformation. Nucleotide binding requires that the lid region be
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reorganized and the solution structure is better able to accommodate the necessary structural
changes essential for nucleotide binding.

The solution structure of eukaryotic Hsp90 has also been determined using SAXS as well as
cryo-EM [19]. Interestingly, these studies showed that Hsp90 can exist in two open
conformations, ‘fully-open’ and ‘semi-open’, and revealed an intrinsic flexibility of Hsp90
that is capable of partial closure of the N-terminal domains even in the absence of a
nucleotide.

In an attempt to further tease out the conformational cycle of Hsp90 during ATP binding and
hydrolysis, Hessling et al. [4] used fluorescence energy resonance transfer (FRET) to
propose a model consisting of three distinct conformations between the open and closed
conformations. In this model, apo-Hsp90 (open conformation) binds ATP in a rapid manner
to yield an ATP-bound conformation, followed by the slow formation of an intermediate (I1)
in which the N-terminal domains remain undimerized. While it is not known with certainty,
I1 may represent an intermediate in which the ATP lid is closed and the segment on the N-
terminal domain required for dimerization is exposed. Subsequent dimerization of the N-
terminal domains yields another intermediate (I2). Next, rearrangements allowing for the
interaction between the NBD and MD result in the closed conformation which is able to
undergo hydrolysis. Following hydrolysis, ADP and Pi are released and Hsp90 returns to the
open apo-state. This model does not exclude the possibility of a distinct ADP-bound
conformation [12] following hydrolysis as it does not contribute to the rate-limiting step of
the hydrolysis reaction, which has been shown for hHsp90 by kinetic and single-turnover
experiments to occur after nucleotide binding but before hydrolysis [9].

As was mentioned previously, the binding of co-chaperones to eukaryotic Hsp90 can result
in specific conformations that are necessary for driving the chaperone cycle through
completion [1,3]. Their role as regulators of the cycle has been enhanced in light of single
molecule FRET experiments which have shown that in the absence of co-chaperones or
substrate molecules, ATP hydrolysis is not tightly coupled to the conformational cycle [5]. It
appears that conformational states of Hsp90 can quickly and reversibly change without
committing to hydrolysis and that the co-chaperones function to stabilize a conformation
required for progression through the ATPase cycle. Chaperones modulate Hsp90 function by
altering ATP turnover or by facilitating client loading and activation. The co-chaperones
Cdc37 and HOP are both involved in the recruitment of client proteins and are able to arrest
the ATPase cycle of Hsp90 in order to facilitate client protein loading. Cdc37 slows down
the ATPase cycle by binding to sites on the lid segment of the N-terminal domain in the
open conformation, fixing the ATP lid in an open conformation and preventing interaction
of the N-domains [20]. HOP functions by coupling the Hsp70 and Hsp90 chaperones and
facilitates client protein transfer between the two. HOP prevents N-terminal dimerization by
binding to the open conformation of Hsp90 [21]. p23 slows down the ATPase cycle by
binding to and stabilizing the ATP-bound closed conformation which is essential for
activation of client proteins [13]. To date, only one activator of the ATPase activity of
Hsp90, Aha1 (activator of Hsp90 ATPase1), is known which has been shown to stimulate
activity by a factor of 100 or more [9]. Aha1 binds to the open conformation of Hsp90 at
both the N terminal and MDs, inducing a conformational change resulting in N-terminal
dimerization and stabilization of the ATPase-competent conformation [22]. Interestingly, the
binding of only one Aha1 molecule is necessary to fully stimulate ATPase activity and
results in an asymmetric complex [22]. Aha1 appears to enhance ATPase activity by
reducing the energy barrier accompanying structural rearrangements that occur during the
transition between the open and closed states, which have been shown to be rate limiting [4].

Patel et al. Page 4

Expert Opin Drug Discov. Author manuscript; available in PMC 2012 March 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While it is still unclear precisely how Hsp90 induces client protein conformational changes,
it is likely that it is directly linked to the domain movements and conformational changes
that occur to Hsp90 as it goes from the ‘closed’ to ‘open’ conformational states. The first
structural insight into client protein interaction with Hsp90 was provided by Vaughan et al.
[23] who used single-particle EM to determine the structure of Hsp90–Cdc37–CDK4
complex. CDK4 is a protein kinase that is dependent on Hsp90 for activation and on Cdc37
for recruitment [24]. This structure shows that client interactions occur to both the MD and
NBD of one Hsp90 subunit while Cdc37 binds to the NBD of the other subunit. While not
proven, the fact that this complex contains Cdc37 may suggest that binding of client to
Hsp90 occurs before the catalytically competent ATP-bound conformation, which requires
that Cdc37 disengage from the complex [23].

3. Agents targeting the Hsp90 chaperone complex
These intricate structural modulations of Hsp90, as presented above, suggest several ways to
inhibit its chaperoning activity. To date, most success in Hsp90 modulation has been
ascribed to efforts directed towards the development of agents which inhibit the N-terminal
nucleotide binding pocket (Figure 2) resulting in the advancement of numerous molecules
into clinical trials for the treatment of a variety of cancers [2,25]. Additionally, increasing
efforts are being made to develop anticancer agents with alternative modes of inhibition,
such as targeting Hsp90 interaction with co-chaperones [26] or client proteins [27], or
allosteric binding sites believed to occur on the CDD [28]. Therefore, molecules that
abrogate Hsp90 activity may be categorized into agents that cause: i) direct inhibition of
ATPase activity by binding at the nucleotide pocket of the NBD (Section 3.1), ii)
modulation of Hsp90 activity by binding to the CDD (Section 3.2), iii) disruption of co-
chaperone–Hsp90 interactions (Section 3.3), iv) inhibition of client/Hsp90 associations
(Section 3.4) and v) interference with post-translational modifications of Hsp90 (Section
3.5). The remainder of this review focuses on the discovery and development of these
modulators.

3.1 NBD interactors
Compounds that modulate Hsp90 chaperone activity by inhibiting the ATP binding site of
the NBD were the first compounds identified as Hsp90 inhibitors. Since the serendipitous
discovery of geldanamycin (GM) and radicicol (RD) during a phenotypic screen (Section
3.1.1), more targeted approaches such as structure-based drug design (Section 3.1.2),
biochemical and cell-based screening (Section 3.1.3), virtual screening (Section 3.1.4),
fragment-based drug design (FBDD) (Section 3.1.5) and educated guess (Section 3.1.6) have
led to the identification of several novel chemical scaffolds.

3.1.1 Phenotypic screening—The antitumor properties of GM (1), macbecin (2) and
herbimycin B (3) (Figure 3A) were found during a phenotypic screening of compounds to
reverse v-src oncogene transformed cells [29]. These compounds belong to the class of
benzoquinone ansamycin antibiotics and their anticancer activity was initially thought to be
due to direct inhibition of src kinase; however, they were later shown to bind to Hsp90 and
interfere with Hsp90–v-src heterocomplex formation [30]. Clinical development of GM has
been hampered by a number of limitations including severe hepatotoxicity, metabolic and
chemical instability, low solubility and a formulation which was less than ideal. Structural
modification to GM led to the discovery of 17-allyl-17-desmethoxy-geldanamycin (17-
AAG, 4; also tanespimycin, KOS-953, Figure 3A), which was less hepatotoxic and had an
IC50 = 31 nM for inhibition of HER2 in SKBr3 cells [31]. Further development resulted in a
water soluble diamine analog 17-(2-dimethylaminoethyl) amino-17-
demethoxygeldanamycin (17-DMAG, 5; also alvespimycin, Figure 3A) with an IC50 = 24
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nM [32]. 17-DMAG showed promising results in a Phase I clinical trial in acute
myelogenous leukemia (AML), but its further development was stopped because of
unfavorable toxicity profile [25]. As the toxicity of the ansamycins was associated with the
quinone moiety, retaspimycin (6; IPI-504, Figure 3A), the hydroquinone derivative of 17-
AAG [31], was synthesized and found to show activity similar to 17-AAG. Retaspimycin
has been evaluated in Phase I–II clinical trials in patients with NSCLC, multiple myeloma
(MM), breast cancer, castration-resistant prostate cancer, gastrointestinal stromal tumors,
metastatic melanoma and metastatic kidney cancer. In the Phase II trial in patients with
NSCLC, 28% of the patients achieved stable disease with tumor reduction [33].

RD (7, Figure 3A), a macrocyclic antibiotic isolated from Monosporium bonorden, was
found to reverse the phenotype of v-src transformed cells and cause depletion of Raf-1 and
subsequent inhibition of MAPK pathway in K-ras-transformed cells. Hsp90 was determined
to be the target of RD through the use of solid-support immobilized analogs [31]. RD
competes with GM for binding to the ATP binding site of the NBD, and similar to GM,
inhibits the binding of p23 to Hsp90. However, because of its chemical instability, RD failed
to show in vivo activity, but oxime (8 and 9) and cyclopropane (10) derivatives showed
significant antitumor activity against various human tumor xenograft in animal models [31].
Whereas none of these derivatives has advanced to clinic, the resorcinol core of RD is
retained in several agents currently in clinical development (i.e., NVP-AUY922, KW-2478,
AT13387, in Figures 4 and 5).

The crystal structures of GM and RD with the NBD of yeast Hsp90 (yHsp90) show both
molecules inserted into the pocket in a bent conformation, with GM in a C-conformation (in
contrast to an extended conformation of unbound GM) and RD in an L-conformation [34].
The binding conformations of GM and RD are similar to bound ADP and, therefore, mimic
its critical interactions [34]. The binding interactions of GM with yHsp90 were found to be
conserved in human Hsp90 [35]. The macrocyclic ansa-ring and pendant carbamate group of
GM are directed toward the bottom of the binding pocket while the benzoquinone ring is
oriented towards the top of the pocket with one face solvent-exposed. The orientation of RD
is opposite to that of GM, with the resorcinol ring directed toward the bottom of the pocket
and the macrocyclic ring toward the top of the pocket. The carbamate and resorcinol
moieties of GM and RD, respectively, act as bioisosteres of adenine’s NH2 functionality
making direct and indirect (water mediated) H-bond with Leu48 (Leu34, yHsp90), Asp93
(Asp79, yHsp90), Gly97 (Gly83, yHsp90) and Thr184 (Thr171, yHsp90) in the nucleotide-
binding site of hHsp90 (Figure 2A, ADP; Figure 2B, GM). GM and RD also make
hydrophobic interactions with the pocket formed by Met98 (Met84, yHsp90), Leu103
(Leu89, yHsp90), Leu107 (Leu93, yHsp90), Phe138 (Phe124, yHsp90), Val150 (Val136,
yHsp90) and Val186 (Leu173, yHsp90) in hHsp90 (Figure 2B, GM). The inhibitor–protein
complex results in the arrest of Hsp90 in its ADP-bound conformation and thereby prevents
the ‘clamping’ of Hsp90 around the client protein [36]. This in turn results in premature
release of abnormally folded client proteins eventually leading to their ubiquitination and
proteasomal degradation [37].

3.1.2 Structure-based drug design—The availability of X-ray crystallographic data for
Hsp90 bound to ATP/ADP was critical for the design of novel chemotypes as Hsp90
inhibitors. Taking advantage of the C-shaped conformation adopted by GM (PDB ID:
1YET) and RD when bound to Hsp90, Chiosis et al. [38] designed the first reported
synthetic Hsp90 inhibitor, the purinescaffold inhibitor, PU3 (11; Figure 3B) [38].
Optimization of this compound led to the more active PU24FCl (12; Figure 3B) having a
fluorine at C2 and a pentynyl chain at N9 of the purine, in addition to a chlorine at C2′ of the
trimethoxyphenyl ring. PU3 and PU24FCl while maintaining important H-bond interactions
similar to ADP induce a conformational change between helix 3 and 4 of Hsp90 to
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accommodate the 8-aryl ring [39]. Further optimization by means of structure–activity
relationship (SAR) studies led to the 8-arylsulfanyl adenine class with PU-H71 (13) being
one of the most active compounds (IC50 = 50 nM). The X-ray crystal structure of PU-H71
bound to the NBD of human Hsp90α (PDB ID: 2FWZ) revealed that the adenine moiety
bound Hsp90 in a manner similar to ATP (Figure 2C). Key interactions of the adenine ring
include the direct hydrogen bond between N6 with Asp93, and the water mediated hydrogen
bonds to Leu48, Asn51, Ile91, Asp93, Gly97, Asp102 and Thr184, as well as hydrophobic
interactions with Met98 and Ala55 [39]. Similar to PU3 and PU24FCl, PU-H71 induced a
conformational change between helix 3 and 4 of Hp90 in order to accommodate the 8-aryl
ring. However, the binding of PU-H71 is significantly different from that of PU24FCl in that
the 2′-iodo substituent is oriented nearly 180° relative to the 2′-chloro of PU24FCl. As a
result, the 8-aryl ring of PU-H71 makes additional π–π interactions with Trp162 and
Phe138, and with a water mediated hydrogen bond from the iodine to the carbonyl oxygen
of Leu107. One reason for this drastic change in conformation is the necessity to avoid a
steric clash with Tyr139. Whereas the methoxy groups of PU24FCl can freely rotate away
from the tyrosine ring, the fixed orientation of the 4′,5′-methylenedioxy group prevents
simple rotation as a means of alleviating steric strain. In order to avoid steric clash, the
whole 8-aryl ring system in PU-H71 must rotate and, as a result, the 2′-halogen in these
molecules are oriented in completely opposite directions. PU-H71 has shown potent activity
in preclinical models of SCLC [40], hepatocellular carcinoma [41], triple-negative breast
cancer [42], diffuse large B-cell lymphomas [43] and myeloproliferative disorders [44] and
is scheduled for clinical translation in cancer.

Kasibhatla et al. [45] modified the purine series by rotating the C8-attached aryl ring to the
N9 position [45]. This resulted in the compound CNF2024/BIIB021 (14; Figure 3B), the
first synthetic Hsp90 inhibitor to enter Phase I clinical trials [39].

Curis replaced the N3 amine in the purine series with a carbon to result in CUDC-305 (15;
Figure 3B) [46]. CUDC-305 is brain permeable and can potentially be useful in primary and
metastatic brain cancers. CUDC-305 has been licensed to Debiopharm SA and is currently
undergoing Phase I clinical evaluation under the name Debio 0932.

3.1.3 Biochemical and cell-based screening—A better understanding of Hsp90
biochemistry and tumor biology has led to the development of several biochemical and
cellular assays that were used to identify novel Hsp90 inhibitors. Among these assays are
those measuring Hsp90 ATPase activity (Section 3.1.3.1), competitive binding to Hsp90
(Section 3.1.3.2), competitive binding to a purine affinity column (Section 3.1.3.3) and
selective mutant p53 degradation (Section 3.1.3.4).

3.1.3.1 Hsp90 ATPase activity inhibition: A library of 56,000 compounds was screened
for inhibition of yHsp90 ATPase activity using a colorimetric readout for detection of
inorganic phosphate [47]. This effort resulted in the identification of a resorcinolic pyrazole
derivative, CCT018159 (16; Figure 4A), as an Hsp90 inhibitor. The X-ray structure of
yHsp90 bound CCT018159 revealed that the resorcinol hydroxyls and the pyrazole nitrogen
atoms make significant direct and water mediated interactions with the Asp79, Gly83 and
Thr171 side chains, and that CCT018159 mimics the binding interactions made by RD [31].

Co-crystal structures of resorcinol-type inhibitors with Hsp90 resulted in a better
understanding of their binding mode and assisted in the further development of these
compounds. Along these lines, structure-based optimization of pyrazole CCT018159 led to
the more potent inhibitor VER-49009 (17; Figure 4A). Further optimizations led to
VER-52296/NVP-AUY922 (18; Figure 4A) whereby the pyrazole was replaced by its
bioisostere, isoxazole, for the purpose of keeping a more defined hydrogen bonding network
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with Hsp90 (Figure 2D) [31]. VER-52296/NVP-AUY922 shows improved cellular uptake
and retention in cancer cells compared to the corresponding pyrazole derivative, which may
explain the enhanced cellular activity of this compound. Exposure of cancer cells to
VER-52296/NVP-AUY922 resulted in concentration- and time-dependent Hsp90 client
modulation and induction of Hsp70 expression, and the agent was reported to have
antitumor activity in colon and breast cancer xenograft models [31,48]. VER-52296/NVP-
AUY922 is currently undergoing clinical evaluation in cancers [1,2].

Another novel resorcinol analog, KW-2478 (19; Figure 4A), was reported by Kyowa Hakko
Kirin Co [49]. KW-2478 showed significant reduction in tumor growth in a mouse model
bearing NCI-H929 human tumor xenonograft following intravenous administration once
daily for 5 days at doses of 25 – 100 mg/kg. These effects were associated with a decrease in
several Hsp90-chaperoned onco-client proteins. Currently, KW-2478 is under Phase I
clinical investigation in MM and in Phase II in combination with bortezomib in relapsed (or
refractory) MM patients.

3.1.3.2 Competitive binding inhibition: Resorcinolic pyrazoles G3129 (20) and G3130
(21) (Figure 4B) were also identified as Hsp90 inhibitors using a timeresolved FRET-based
high-throughput screening (HTS) assay [50] that measures the binding of biotinylated GM
to the His-tagged hHsp90 NBD.

Scientists at Pfizer developed a HTS based on the compounds ability to displace tritium-
labeled 17-propylamino-benzoquinone ansamycin (17-PGA) from Hsp90 bound to copper
on yttrium-silicate scintillant beads. This effort led to the discovery of the tri-hydroxy
containing compound 22 (Hsp90 binding affinity Ki = 200 nM and cellular activity IC50 >
20 μM) [51]. X-ray crystallography driven structure modification led to the discovery of 23
(Hsp90 binding affinity Ki = < 1 nM and cellular activity IC50 = 300 nM) [52] (Figure 4B).
Similar to other resorcinol containing inhibitors, 23 binds to the NBD of Hsp90.

HTS using a fluorescence polarization (FP) competition assay using BODIPY-GM
identified the benzisoxazole derivative 24 as an Hsp90 inhibitor (IC50 = 0.19 μM) with poor
cellular activity (IC50 > 20 μM) [53]. Further optimization led to compound 25 (IC50 = 30
nM) (Figure 4B), which exhibited antiproliferative activity against a panel of cancer cell
lines at submicromolar concentrations. The co-crystal structure of this compound with the
NBD of hHsp90 revealed that it binds similar to ADP and other resorcinol-containing
compounds such as RD. In addition, binding of 25 induces the rearrangement of a flexible
loop to accommodate the water solubilizing morpholine group, which was closed in case of
hit compound 24.

The resorcinol analog 26 (Figure 4B), containing a triazolothione ring, was also identified as
an Hsp90 inhibitor by HTS of molecules that compete with the binding of GM-BOD-IPY
[54]. Optimization resulted in BX-2819 (27) that binds potently to Hsp90, displaying an
IC50 = 41 nM for inhibition of GM-BODIPY binding. BX-2819 blocked the expression of
HER2 in SKBr3 breast or SKOV3 ovarian cancer cells and also stimulated the expression of
Hsp70. The X-ray crystal structure of 27 with the NBD of Hsp90 indicates that it binds in
the nucleotide-binding pocket of Hsp90 in a manner similar to ADP, GM and the resorcinol-
containing molecules.

A HTS effort using a FP assay that measured the interaction of a red-shifted fluorescently
labeled geldanamycin (GM-cy3B) with Hsp90 in tumor cell lysates identified compounds 28
and 29 as Hsp90 inhibitors [55] (Figure 4B). Use of cancer cell derived lysates instead of
recombinant Hsp90 is advantageous as lysate protein contains the therapeutically relevant
form of Hsp90, which is a high affinity, co-chaperone-bound state. Compounds 28 and 29
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are derivatives of the resorcinol and pyrazole scaffolds, respectively. This effort also
identified aminoquinoline 30 as a novel inhibitor [56]. Quinocide dihydrochloride (30)
inhibits Hsp90 in the FP assay with an IC50 = 5.8 μM and has cellular activity at similar
concentrations. Further optimization efforts yielded compound 31 with an IC50 of 1 μM in
the Hsp90 FP assay.

3.1.3.3 Purine-column affinity purification: A chemoproteomics-based drug design
approach was used by Serenex to identify a new Hsp90 inhibitor chemotype [57]. In this
approach, purine-binding proteins from porcine lung or liver were loaded onto an affinity
column and were subsequently challenged with a library of structurally diverse 8000
compounds. Mass spectrum analysis of proteins eluted by compound 32 (Figure 4C) resulted
in the identification of Hsp90 as a potential binder of 32 (Kd = 3.7 μM) [57]. Initial
optimization of 32 provided compound 33 (Figure 4C) (Hsp90 binding affinity of Kd = 0.22
μM) that was optimized to result in the pyrazole SNX-2112 (34; Figure 4C), a compound of
improved Hsp90 binding affinity and better in vivo properties [58].

The binding mode of this class of compounds was deduced from the co-crystal structure of
33 with the NBD (residues 1 – 232) of hHsp90α. The amide oxygen and the NH2 group of
the benzamide moiety mimic adenine N1 and (C6)-NH2 of ATP, respectively, and interact
by forming both direct and water mediated hydrogen bonds to Thr184 and Asp93. As seen
with the purine-based inhibitors, conformational rearrangement of Hsp90 on 33 binding
results in displacement of Leu107 from its natural position and creates a hydrophobic
binding pocket for the indolone moiety. Currently in development by Pfizer, SNX-5422
(35), the glycine prodrug of SNX-2112, is undergoing Phase I and II clinical trials in cancers
[2].

3.1.3.4 Cell-based assay: Bulgarialactone B (36; Figure 4D), an azaphilone derived from
ascomycetes, was identified in a cellular screen looking for compounds that selectively
degrade mutant but not WT p53 protein [59]. Based on surface plasmon resonance binding
analysis and limited proteolysis-mass spectrometry techniques, bulgarialactone B is believed
to bind to the NBD (90 – 280 region) of Hsp90 [60]. Interestingly, while bulgarialactone B
and other natural azaphilones downregulate several Hsp90 client proteins, such as Raf-1,
survivin, CDK4, AKT and EGFR, they fail to induce a feedback heat-shock response, as
indicated by absence of Hsp70 upregulation.

3.1.4 Virtual screening (in silico)—Virtual screening has also led to the identification
of novel chemical scaffolds as initial structural leads targeting Hsp90. For example,
scientists at Vernalis identified 1-(2-phenol)-2-naphthol [61] as a new Hsp90 inhibitor class
by docking a library of 700,000 commercial compounds against the GM-bound and PU3-
bound conformations of hHsp90 NBD. These efforts led to the identification of 37 and 38
(Figure 5A) with binding affinities for Hsp90 determined to be 600 and 700 nM,
respectively, in an FP assay. 37 and 38 showed moderate cancer cell growth inhibition
activity associated with reduction of an Hsp90 client, CDK4 and with induction of Hsp70.
The crystal structure of 38 with Hsp90 suggests a binding similar to the resorcinol class,
with the naphthol hydroxyl making H-bonding interactions with Asp93 [61].

Park et al. used virtual screening to identify 3-phenyl-2-styryl-3H-quinazolin-4-one
derivatives as Hsp90 inhibitors [62]. A library of 85,000 commercially available compounds
was screened against a receptor model created by using the coordinates in the crystal
structure of Hsp90 in complex with a benzenesulfonamide inhibitor [61] and with water
molecules found within 3.5Å of ligand. Compounds 39 – 41 (Figure 5A) were identified as
inhibitors in this screen and subsequently validated by an in vitro colorimetric ATPase assay
using yHsp90. They showed modest activity in inhibiting Hsp90 ATPase activity and in
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inhibiting the proliferation of cancer cells (GI50 = 25.4, 27.5 and 35.6 μM, respectively).
Docking analysis of these compounds shows the N-3 of each inhibitor making direct H-bond
contacts with the side chain amide of Asn51, while the carbonyl oxygen makes indirect H-
bond contacts with Asp93 via a structural water molecule, exemplifying the importance of
water mediated binding interactions in the ATP-binding site. In addition to quinazoline
compounds, the same group used structure-based virtual screening to identify
pyrimidine-2,4,6-trione (42) and 4H-1,2,4-triazole-3-thiol (43) as novel Hsp90 binding
scaffolds (Figure 5A) [63]. Each of these compounds resulted in modest cellular activity.

3.1.5 Fragment-based drug discovery—FBDD is another approach used to identify
Hsp90 binders. The basic concept of this method is to identify by NMR (Section 3.1.5.1) or
biochemical (Section 3.1.5.2) techniques small molecular mass fragments that form quality
interactions with different amino acids in the therapeutic target. Although individual
fragments may have weak potency, they may be combined to provide an attractive starting
point for medicinal chemistry efforts.

3.1.5.1 NMR: Scientists at Astex Therapeutics used a FBDD approach to identify fragments
with Hsp90 binding affinity. Initially, 1600 fragment library compounds were screened by
NMR to compete with ADP for binding to the NBD of Hsp90. This effort led to
identification of fragment 44 (Figure 5B) with an affinity for Hsp90 of 790 μM, as
determined by isothermal titration calorimetry [64]. Optimization of this hit fragment
provided lead compound 45 with Hsp90 binding affinity of 0.54 nM. Further optimization
resulted in the clinical compound AT13387 (46; Figure 5B) that binds at the NBD of Hsp90
(Ki = 0.6 nM) [65]. The co-crystal structure of AT13387 with the NBD of human Hsp90
suggests that it interacts with the Hsp90 pocket in a fashion resembling RD, where the
resorcinol moiety makes critical H-bond contacts with Asp93. In addition, binding of the
inhibitor causes the side chain of Lys58 to move, exposing a hydrophobic pocket that is
occupied by the phenyl ring of the isoindoline moiety, which forms hydrophobic contacts
with Ala55, Lys58 and Ile96. AT13387 resulted in significant tumor growth delay in
xenograft models of melanoma, NSCLC and AML [66]. A Phase I study to assess the safety
of escalating doses of AT13387 in patients with metastatic solid tumors is currently
ongoing.

A novel series of 2-aminothieno[2,3-d]pyrimidine compounds were developed by
combining hits identified from FBDD and in silico screening approaches [67]. Screening of
1351 fragments for binding affinity to the NBD of human Hsp90 in the presence of PU3 led
to identification of the hit fragment 47 (FP IC50 = 365 μM) (Figure 5B). In a parallel
approach, virtual screening of a library of 700,000 compounds against GM-bound and PU3-
bound forms of hHsp90 NBD led to the identification of compound 48 (Figure 5B) (FP IC50
= 0.9 μM). Optimization of these hit fragments using X-ray crystallographic data and SAR
led to NVP-BEP800 (49; Figure 5B) as a new Hsp90 inhibitor (IC50 = 58 nM). 49 showed
potent activity in mice bearing either A375 human melanoma or BT-474 human breast
cancer xenograft [67].

NMR-based screening of 11,520 compounds for Hsp90 binding affinity by scientists at
Abbott resulted in identification of two fragments, aminotriazine 50 and aminopyrimidine
51 (Figure 5B) (Ki = 0.32 and 18 μM, respectively, by FRET assay) [68]. Binding affinities
were determined as a measure of the ability of the compounds to cause chemical shifts in the
NMR spectra of Leu, Val and Ile methyl groups found in the NBD of hHsp90. Co-crystal
structures of both 50 and 51 with the NBD of hHsp90 suggest that these compounds bind to
Hsp90 in a manner similar to ADP. Interestingly, the naphthalene moiety of 50 induces a
conformational change that results in opening of a larger binding site that can be further
exploited to increase potency. A second NMR screening of a 3360 compound library testing
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for Hsp90 binding in the presence of saturating levels of 51 led to the identification of a
furanone moiety containing derivative 52 (Figure 5B) (Kd = 150 μM in the presence and >
5000 μM in the absence of 51 suggesting co-operative binding). Linking fragments 51 and
52 led to compounds 53 (sulfonamide linker, Ki = 1.9 μM) and 54 (acetylene linker, Ki = 4
μM) (Figure 5B) that bind to the closed and open conformation of Hsp90, respectively. The
methylene sulfonamide linker in 53 induces a 180° bend between the aminopyrimidine and
the furanone groups resulting in a stacked orientation that prefers the closed conformation of
Hsp90. On the other hand, in compound 54, the acetylene linker causes a 90° angle between
the linking groups, resulting in compound preference for the open conformation of Hsp90
[68].

3.1.5.2 Biochemical assay: A fragment library of 20,000 compounds was screened for
Hsp90 binding using a high concentration confocal fluorescence-based biochemical assay
whereby fragments were identified that displaced a Tamra-labeled analog of GM [69]. This
process led to identification of the nonplanar bicylic aminopyrimidine 55 as an Hsp90 binder
(IC50 = 15 μM) (Figure 5B). Additional screening of compounds for substructural features
of 55 and subsequent docking of hits in two Hsp90 crystal structures containing either of the
open or the closed helical pocket led to the discovery of tetrahydrobenzopyrimidine 56 (IC50
= 0.8 μM) (Figure 5B). This compound accesses the helical pocket adjacent to the ATP
binding site of Hsp90. Further structure-guided optimization approach led to the discovery
of 57 (Figure 5B) (IC50 = 30 nM) with submicromolar cellular activity in NSCLC and colon
cancer cells. This compound caused the degradation of Raf-1 and induced Hsp70 in select
cancer cells. The crystal structure of 57 with the NBD of hHsp90 shows that it makes direct
and indirect H-bond interactions with Hsp90 and that the phenyl ring triggers an opening of
the helical binding pocket for the ortho pyridyl ring to make π-stacking interactions with
Phe138 of the binding pocket [69].

3.1.6 Educated guess—The rotenoid derivative deguelin (58; Figure 5C), known to have
anticancer activity against a variety of cancers, was found to disrupt the binding of Hsp90 to
one of its client proteins, HIF-1 [70]. Follow-up investigation into the mechanism of action
of deguelin demonstrated that it binds to the Hsp90 ATP-binding pocket. Similar to other
Hsp90 inhibitors, addition of deguelin to cancer cells led to ubiquitin mediated degradation
of Hsp90 client proteins such as CDK4, AKT, eNOS, MEK1/2 and mutant p53.

3.2 C-terminal inhibitors
The CDD of Hsp90 is believed to allosterically modulate the NBD ATPase activity through
a second nucleotide binding site, thus providing another strategy towards altering Hsp90
chaperone activity [71]. The putative binding site is believed to be buried in the Hsp90
dimer; however, it can be unveiled after transient separation of the CDD caused by inter-
domain communication following ATP binding to the NBD [71]. Though the specific site(s)
is unknown, binding of compounds to the CDD causes conformational changes to the
chaperone structure that disrupt the interaction between Hsp90 and co-chaperones,
eventually leading to the destabilization of client proteins.

Novobiocin (59; Figure 6A) was the first molecule found to inhibit Hsp90 by binding to the
CDD. Novobiocin is a coumeromycin antibiotic and inhibitor of DNA gyrase. Like Hsp90,
DNA gyrase is a member of the GHKL family, and due to high structural similarities
between DNA gyrase and Hsp90, novobiocin was initially investigated for its binding to the
NBD of Hsp90 [72]. Though novobiocin weakly inhibits Hsp90 (IC50 = 700 μM in SKBr3
cells) and depletes several Hsp90 client proteins, such as HER2, v-src, Raf-1 and mutated
p53, it fails to compete with GM or RD for binding to the NBD. In fact, it was determined
via truncation studies that novobiocin binds to the CDD of Hsp90 resulting in destabilization
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of the chaperone complex, release of co-chaperones and substrates, with the subsequent
degradation of Hsp90 client proteins. Removal of the hydroxyl group on the coumarin
scaffold and of the carbamate moiety on the noviose sugar resulted in A4 (60) as a selective
Hsp90 inhibitor (IC50 = 1 μM) with only weak gyrase activity [72]. In vivo activity for this
class of compounds is yet to be reported.

Cisplatin (61; Figure 6A), a platinum containing chemotherapeutic agent, was also shown to
have high affinity for the CDD of Hsp90 [73]. In neuoroblastoma cells, cisplatin specifically
inhibited the steroid receptor–Hsp90 complex and caused the selective degradation of
androgen and glucocorticoid steroid receptors without affecting other Hsp90 client proteins.

Epigallocatechin-3-gallate (EGCG; 62; Figure 6A), a polyphenol found in green tea, inhibits
the activity of telomerase, multiple kinases and the aryl hydrocarbon receptor by binding to
Hsp90. Based on affinity chromatography, EGCG binds to amino acids 538 – 728 of Hsp90,
which encompass the putative ATP binding site in the CDD [74].

Withaferin A (WA; 63; Figure 6A), a steroidal lactone extracted from Withania somnifera,
shows potent antiproliferative activity in several cancer cells [75]. WA binds to the CDD of
Hsp90 and causes the proteasomal degradation of several Hsp90 clients, such as AKT,
CDK4 and glucocorticoid receptor. WA also disrupts the Hsp90–Cdc37 complex either by
binding to the CDD of Hsp90 and causing a change in Hsp90 conformation that prevents
Cdc37 binding or by directly labeling cysteine residues of Cdc37 or Hsp90. The ketone
containing unsaturated A ring, the epoxide within B ring and the unsaturated lactone ring E
are three moieties crucial for the interaction between WA and Hsp90. As these groups are
reactive Michael acceptors, they probably react with thiol-nucleophiles in Hsp90, leading to
covalent protein–WA adducts. In accord with this mechanism of action, preincubation of
cancer cells with N-acetylcysteine, a thiol antioxidant, reversed the Hsp90-induced effects of
WA, such as onco-client protein degradation and induction of Hsp70. These data suggest
that WA may inhibit Hsp90 function through covalent modification of cysteines located in
the C-terminal of Hsp90, whose identity remains to be further elucidated.

Though significant work has been carried out on the C-terminal Hsp90 inhibitors, besides
the unspecific protein modifier, cisplatin, none has advanced to clinical trials. The lack of a
reported co-crystal structure between any such potential interactor, their modest reported
biological activity and potential pleiotropic mechanisms of action may be the major reasons
for their lack of advancement in spite of exponential interest over the last few years in the
development of Hsp90 inhibitors for cancers.

3.3 Targeting co-chaperone–Hsp90 interactions
In eukaryotic Hsp90, co-chaperones play an important role in driving the chaperone cycle
through to completion. Therefore, affecting co-chaperone function by specifically targeting
their interaction with Hsp90 offers an alternative way to modulate Hsp90 activity. While this
strategy has proven difficult, some progress has been made in identifying molecules that
affect the interaction of Hsp90 with Cdc37 (Section 3.3.1), HOP (Section 3.3.2) and Aha1
(Section 3.3.3).

3.3.1 Cdc37/Hsp90—As was previously discussed, the co-chaperone Cdc37 functions in
the recruitment of client proteins, predominantly kinases such as EGFR, Src, Lck, Raf-1 and
CDK4, to Hsp90 [26]. It inhibits Hsp90 ATPase activity by binding to sites on the lid
segment of the NBD in the open conformation and by preventing N-terminal domain
dimerization [20,76]. Therefore, molecules that disrupt Cdc37-Hsp90 interaction would
offer an additional opportunity to affect the chaperone cycle. Cdc37 is overexpressed in
cancer cells, potentially offering additional tumor-targeting specificity and an improved side
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effect profile to that of direct targeting of Hsp90. Because most of the Hsp90 clients
regulated by Cdc37 are kinases, it is hypothesized that Cdc37 targeting may offer a
therapeutic benefit in cancers that are kinase driven [26]. In human colon cancer cells,
silencing of Cdc37 using siRNA resulted in proteasome mediated degradation of Hsp90
client kinases, including HER2, Raf-1, CDK4, CDK6 and AKT and in inhibition of cell
proliferation [77]. Interestingly, depletion of Cdc37 failed to result in a heat-shock response
that is typical with Hsp90 NBD ATPase inhibitors. Combination of Cdc37 silencing with
17-AAG or pyrazole VER-49009 Hsp90 inhibition induced more extensive and sustained
depletion of kinase clients than either approach alone, suggesting a potential therapeutic
benefit for combining Hsp90 and Cdc37 inhibitors [77].

Gedunin (64; Figure 6B), a tetranortriterpenoid isolated from Azadirachta indica, and
celastrol (65; Figure 6B), a quinone methide triterpene isolated from Tripterygium wilfordii,
were initially reported to inhibit the Hsp90 pathway through the use of gene expression
signature-based screening (GE-HTS) [78], specifically by the use of the gene expression
Connectivity Map. In this map, the biological activity of a compound is connected to the
biological activities of drugs with known mode of action by comparing gene expression in
cells treated with compounds to the compendium of gene expression profile of drugs. Based
on this Connectivity Map, and because gedunin and celastrol invoked gene expression
signatures highly similar to those of GM, 17-DMAG and 17-AAG, it was determined that
they exhibited their biological activity through Hsp90 pathway modulation. Gedunin
decreased the level of androgen receptor (AR) in LNCaP prostate cancer cells in a
concentration-dependent manner and also caused the depletion of other Hsp90 client
proteins such as EGFR, Bcr-Abl and FLT3 in various cancer cells [78]. Precisely, how
gedunin modulates AR-Hsp90 interaction is not known. Gedunin inhibited ATP binding to
Hsp90 in LNCaP cells but failed to compete with the binding of Cy3B-GM to purified
Hsp90, suggesting a mechanism other than that of the NBD ATPase inhibitors.

Follow-up work on celastrol found that it disrupted Cdc37-Hsp90 association, resulting in
degradation of AKT and CDK4 and induction of apoptosis in the pancreatic cell line Panc-1
[79]. Celestrol does not inhibit ATP binding, and molecular docking suggests the binding
site to be in the NBD of Hsp90 [79]. However, recent NMR studies suggest that celastrol
binds to Cdc37 and not the Hsp90 NBD [80]. Furthermore, MS analysis indicates that
celastrol forms a covalent adduct with a cysteine residue of Cdc37, presumably through
Michael addition to an electrophilic site on celastrol. Based on this result, the observed
effects described above are potentially due to pharmacological targeting of Cdc37. However,
it cannot be ignored that celastrol is also a known proteasome inhibitor [81] and similar to
withaferin A, it probably acts on cancer cells through a multitude of mechanisms.

Because of the potential importance of Cdc37 as an anticancer target, and because its
inhibition fails to activate a heat-shock response, efforts should direct towards the discovery
of more drug-like chemical scaffolds that can selectively disrupt Cdc37–Hsp90 interaction.

3.3.2 HOP/Hsp90—As mentioned earlier, HOP mediates the formation of a complex
among Hsp90, Hsp70 and a client protein. The TPR domains of HOP, TPR1 and TPR2A
bind the EEVD motif found on the C-terminal domain tails of Hsp70 (GPTIEEVD) and
Hsp90 (MEEVD), respectively, thereby joining Hsp70 and Hsp90 for client protein transfer
[82]. Inhibiting these protein–protein interactions may prevent formation of the intermediate
complex and thus modulate Hsp90 chaperone activity. In this regard, a TPR mimic,
CTPR390+, was designed. CTPR390 is a peptide consisting of three TPR motif repeats,
where each TPR motif consists of 34 amino-acid residues forming two antiparallel α-helices
that are stacked together to produce a superhelical structure. Amino acids with high global
propensity to occur at each of the 34 positions of the TPR motif in different proteins were
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determined by statistical analysis to yield consensus TPR with 3 repeats (CTPR3). Grafting
of Hsp90-binding residues from TPR2A onto the CTPR3 scaffold resulted in CTPR390.
This peptide mimic binds with high affinity to the Hsp90 C-terminal domain (Kd = < 1 μM)
[83] and prevents the formation of a functional Hsp70–HOP–Hsp90 complex. In breast
cancer cells, addition of CTPR390+ resulted in the degradation of HER2 and inhibition of
proliferation [83]. More importantly, unlike N-terminal domain binders, CTPR390+ did not
induce Hsp70 when added to breast cancer cells.

Novel small molecules that hinder the Hsp90–TPR2A interaction were also identified from
an AlphaScreen technology-based HTS effort. In all, 76,314 compounds from the NIH
Chemical Genomics Center and 20,000 compounds from the Maybridge diversity library
were screened for their ability to disrupt the interaction of TPR2A with a C-terminal Hsp90
peptide (TEEMPPLEGDDDTSRMEEVD) [84] and resulted in three hits, each having in
common a core 7-azapteridine ring system [85]. 66, a representative of this class (Figure
6B), inhibited proliferation of BT474 and SKBr3 (IC50 = 0.946 and 1.25 μM, respectively)
breast cancer cells, and resulted in a short-lived decrease in HER2 levels. Interestingly, these
molecules failed to induce Hsp70 levels in cells.

Clearly, more work is required to fully appreciate the implications of modulating the HOP–
Hsp90 interaction. Initial work with molecules such as 66, while encouraging, suggest that
66, like WA and celastrol, is a potential cysteine modifier. Discovery of novel inhibitors
with increased potency/selectivity would be crucial to translate this strategy into a clinically
useful agent.

3.3.3 Aha1/Hsp90—As was previously discussed, Aha1 is a co-chaperone that enhances
the ATPase activity of Hsp90 and helps to drive the chaperone cycle forward in the
maturation of client proteins [86,87]. siRNA silencing of Aha1 failed to affect the
expression of Hsp90 clients such as Raf-1, HER2 and CDK4, but resulted instead in
decreased kinase activity for Raf-1 and in reduced levels of phosphorylated MEK1/2 and
ERK1/2 in HCT116 colon cancer cells. Based on these findings, it is proposed that Aha1
may play a role in activation rather than stabilization of Hsp90 client proteins [88].

3.4 Targeting client–Hsp90 interactions
The maturation of client proteins requires extensive physical contact with Hsp90. Therefore,
affecting these protein–protein interactions by targeting sites on Hsp90 or client that are
required for their interaction may offer an additional way of modulating Hsp90 activity.

3.4.1 Hsp90-survivin—Survivin is a member of the inhibitor of apoptosis protein family
whose function is governed by Hsp90 in cancer cells [89]. Survivin binds to the NBD of
Hsp90 and disruption of this interaction destabilizes survivin, initiates mitochondrial
apoptosis and suppresses cell proliferation [89]. A peptide sequence of survivin (sequence
Lys79-Leu87, KHSSGCAFL), called shepherdin [27,89], inhibited survivin–Hsp90
interaction. Because of the extensive contacts it makes with the NBD of Hsp90, it is
believed that shepherdin blocks binding of ATP and Cdc37 to Hsp90. When added to cancer
cells, shepherdin results in apoptosis, degradation of survivin and other Hsp90 client
proteins such as AKT, CDK4 and CDK6. In preclinical mouse models of cancer, shepherdin
exhibited anticancer activity against various tumor types.

A pharmacophore model was generated by in silico docking of shepherdin into the crystal
structure of the GM-bound hHsp90 NBD, which led to the discovery of 5-
aminoimidazole-4-carboxamide-1-α-d-ribofuranoside (AICAR; 67; Figure 6C) as an Hsp90
inhibitor [90]. Docking studies suggest that AICAR interacts with the NBD of Hsp90, with
binding and functional properties mimicking those of shepherdin. However, probably due to
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poor cell-permeability properties, AICAR only exhibited moderate antiproliferative activity
in cancer cells, although it spared WI38 human lung fibroblasts at similar concentrations.

3.4.2 Hsp90–AR complex—Prostate cancer is dependent on AR-mediated signaling. In
the cytoplasm, Hsp90 is responsible for stabilization of unliganded AR and participates in
the activation process by maintaining apoAR in a high-affinity ligand binding conformation
[1]. Hsp90 is also required for AR to acquire active conformation following agonist binding
and plays a role in nuclear transfer [91] and disruption of Hsp90-AR association leads to
cytoplasmic aggregates of AR. In LNCaP prostate cancer cells, camptothecin (68; Figure
6C), a topoisomerase inhibitor, causes Hsp90 to dissociate from AR, thereby blocking its
nuclear translocation [92].

3.5 Inactivators of Hsp90 function by posttranslational modifications
Post-translational modifications such as acetylation [93] (Section 3.5.1), nitrosylation
[94,95] (Section 3.5.2) and phosphorylation [96] (Section 3.5.3) are also thought to regulate
Hsp90 chaperone activity by allosterically affecting binding of co-chaperones and/or
nucleotides. Thus, targeting these modifications offers an alternative way to inhibit Hsp90
chaperone activity.

3.5.1 Acetylation—HDACs such as HDAC6 [93,97] and histone acetyltransferases such
as p300 [98] regulate Hsp90 by controlling the reversible acetylation of Hsp90. Mutational
analysis showed acetylation of Hsp90 at Lys294 in the MD weakens interaction with a
variety of client proteins as well as with co-chaperones, but does not affect ATP binding
[99]. Hyperacetylation of Hsp90 either by HDAC6 pharmacological inhibition or by
knockdown using siRNA [100] leads to dissociation of co-chaperone p23 from Hsp90, thus
preventing Hsp90-dependent maturation of client proteins such as glucocorticosteroid
receptor [93] and Bcr-Abl [97]. HDAC inhibitors LAQ824 and LBH589 induce Hsp90
hyperacetylation, which results in inhibition of chaperone functions and subsequent
polyubiquitylation, proteasomal degradation and depletion of several client proteins, such as
Bcr-Abl, AKT and Raf-1 in CML cells [97]. In AML cells expressing mutant oncoprotein
FLT3, MC-275, a synthetic inhibitor of HDAC1, induced hyperacetylation of Hsp90,
leading to inhibition of Hsp90–FLT3 interaction and proteasomal degradation of FLT3
[101]. Interestingly, HDAC6 inhibition by siRNA increased the affinity of 17-AAG for
Hsp90 [100]. Co-treatment of 17-AAG and the HDAC inhibitor LBH589 produced
synergistic effects in attenuation of Bcr-Abl activity and in induction of apoptosis in CML
and AML cells [102].

3.5.2 S-nitrosylation—S-Nitrosylation of Hsp90 by its client protein, eNOS, represents
another level of Hsp90 regulation. In a feedback mechanism, S-nitrosylation of Cys597 by
eNOS results in decreased ATPase activity, which results in decreased binding and
activation of eNOS by Hsp90 [94]. Cys597 is located in the middle of a conformational
switch region in Hsp90 CDD, and in silico-based analysis suggests that this residue is
involved in regulating the conformation in Hsp90 [103]. In mutants of both human and
yHsp90, S-nitrosylation at this position results in a change in Hsp90 conformational
equilibrium leading to decreased affinity for Aha1, resulting in decreased Aha1 stimulated
Hsp90 ATPase activity [95].

3.5.3 Phosphorylation—The phosphorylation state of several serine, threonine and
tyrosine residues on Hsp90 is reported to uniquely modulate its chaperone function. Ppt1
dephosphorylates Hsp90 in vitro and genomic deletion of the ppt1 gene in yeast results in
hyperphosphorylation of Hsp90 and in an apparent decrease in the efficacy of the Hsp90
chaperone system [96]. In the Hsp90 mediated activation of the reovirus attachment protein
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ó1, it was suggested that phosphorylation was linked to release of client protein, as only
unphosphorylated Hsp90 was associated withó1 [104]. Phosphorylation of Hsp90 and/or v-
src also reduced their association [105]. Hsp90 is also a substrate of casein kinase 2 (CK2),
where CK2 mediated phosphorylation is required for Hsp90 to chaperone several kinases
including CK2 itself [106]. A positive feedback relationship between Hsp90 and its kinases
is further supported by tyrosine kinase WEE1 [107]. Although WEE1 is an Hsp90 client
protein, it also modulates Hsp90 activity by directly phosphorylating Tyr38 in the NBD of
Hsp90. Phosphorylation of Tyr38 positively influences Hsp90 chaperone activity for certain
cancer kinases such as HER2, Raf-1, CDK4 and WEE1, but negatively affects the binding of
GM to Hsp90. The apoptotic agent IC101 induces Hsp90 tyrosine dephosphorylation which
causes inhibition of AKT-Hsp90 binding, leading to release of AKT from the chaperone
complex and causing dephosphorylation of AKT [108]. Dephosphorylation of Hsp90 by
ICI101 led to inhibition of ATP binding in a non-competitive manner with subsequent
degradation of Raf-1. A better understanding of the role of kinases and phosphatases in
regulating Hsp90 function could potentially lead to novel drug targets.

4. Conclusion
Molecules that inhibit the binding of ATP to the N-terminal nucleotide binding pocket, such
as GM and RD, have offered the most insight into the effects of pharmacological modulation
of Hsp90. Early studies using these inhibitors have underscored the importance of Hsp90
function to the transformed cell and resulted in the general acceptance of it as a viable
therapeutic target in the treatment of cancer and potentially other diseases.

The goal of this review is to present the reader with the many potential ways to interfere
with Hsp90 function that result in biological activity. We assemble the manuscript by
starting with a section to point the reader to the complex structural regulation of Hsp90
activity. Here, we describe the ATPase cycle of Hsp90 and show that throughout this cycle
Hsp90 undergoes considerable structural changes caused by the binding of ligands including
ATP/ADP as well as co-chaperones such as HOP, Cdc37, p23 and Aha1. Each of these
seemingly plays a critical role by binding to Hsp90 and altering its conformation in a highly
coordinated process with the purpose of binding and activating misfolded proteins. From
this, it becomes abundantly clear that there is ample opportunity in modulating Hsp90
activity. The most evident and one that much of the drug discovery efforts have focused thus
far is inhibition of Hsp90 by molecules that bind to its N-terminal nucleotidebinding pocket.
Our review first focuses on describing these inhibitors. In these sections, we pay special
attention to the mode of interaction of these pharmacophores with the Hsp90 pocket and to
the specific ways they were discovered. Our goal is to indicate that while these molecules
interact with the same pocket, they bind to it in a dissimilar fashion and some induce pocket
rearrangements. We also show that the discovery tool used to identify each pharmacophore
appears to influence the interaction mode each inhibitor has with Hsp90. We move on to
demonstrate the potential for discovering novel chemical agents that affect Hsp90 function
by alternative modes. These include molecules that: i) bind to the CDD of Hsp90, ii) cause
disruption of co-chaperone–Hsp90 interactions, iii) inhibit client–Hsp90 associations and iv)
interfere with post-translational modifications of Hsp90.

5. Expert opinion
As discussed above, most in vivo data to date are available on the NBD ATP-competitive
Hsp90 binders. Surprisingly in light of a common binding pocket, clear biological
differences have been observed among the several identified chemotypes. Some of the most
significant differences observed involve the spectrum of Hsp90–client proteins modulated
by specific inhibitors and the kinetics of client protein modulation, which both can have a
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significant effect on the clinical efficacy and the therapeutic window of the Hsp90-agents.
While the reason(s) for these differences are yet unknown, the complex array of
conformational changes and co-chaperones that regulate Hsp90 activity, as detailed above,
may shed light on this apparent paradox. In addition, as detailed above, it is evident that
several ATP-competitive inhibitors induce on binding pocket rearrangements which may
also affect binding affinity as well as the Koff of these agents. These pocket rearrangements
may also account for a binding preference to any of the several conformational states of
Hsp90.

An interesting difference among such inhibitors was noted in their effect on kinases. A body
of literature exists stating that Hsp90 is an essential factor in restraining kinase clients, and it
has been shown that Hsp90 inhibition by first generation Hsp90 inhibitors GM and RD
releases and transiently activates kinases such as ERK and AKT, MAPK and src, among
others [109-111]. In prostate cancer, Hsp90 inhibition by 17-AAG leads to transient src
activation, an event with the consequence of enhanced bone remodeling and prostate tumor
growth in bone [111]. Breast cancers similarly metastasize to bone, and it would be expected
that this similar problem may arise, which may pose a significant clinical challenge. Indeed,
17-AAG and RD enhance the incidence of bone metastasis and osteolytic lesions following
intracardiac inoculation of MDA-MB-231 cells in the nude mouse [112]. In contrast, in
breast cancer cells, PU-H71 treatment immediately and potently inactivated ERK and AKT,
without detectable shortterm activation [42]. Such difference may be explained by a
preference of GM for the ADP-conformation, in which client protein is released from the
complex on ligand binding, whereas PU-H71 may prefer an ATP-conformation with client
protein trapping. It will be of interest to assess the Hsp90 clinical candidates for such
preferential binding, as it clearly will impact their activity and implementation in metastatic
disease.

Such distinct mode of interaction with the Hsp90 conformational states may also help
explain the dissimilar pharmacodynamic (PD) profiles reported for the several Hsp90
inhibitors in preclinical and clinical evaluation. Many exhibit an analogous tumor-retention
profile, which in the context of comparable Hsp90 affinity would predict identical tumor
pharmacodynamics for these agents. The tumor PD profile of these agents is far from
uniform, however, with Hsp90 onco-client protein recovery ranging from 16 – 24 h to
beyond 48 h post-administration (Table 1). These findings may be partly explained by a
distinct onco-client trapping potency of these inhibitors that may result from distinct
selectivity of these agents for the many conformational states taken by Hsp90 during its
activity cycle.

Another important distinction that we would like to point out is the lack of Hsp70 induction
on Hsp90 inhibition observed for certain agents that act on Hsp90 by mechanisms other than
direct occupancy of the NBD ATP-pocket. HSF-1 activation and consequent Hsp70
induction by Hsp90 inhibitors is one of the mechanisms theorized to be behind some of the
disappointing results in clinical trials with the N-terminal Hsp90 inhibitors [113]. While this
may potentially be overcome by the development and concurrent use of inhibitors of HSF-1
or Hsp70, alternative strategies such as inhibition of Hsp90/Cdc37, Hsp90/HOP and Hsp90–
client protein interaction may represent promising avenues to alleviate the above mentioned
problem with NBD inhibitors.

Altogether, clear biochemical and phenotypic differences observed among the several Hsp90
inhibitors are noted, and these should be taken in consideration in the clinical development
of these agents. Nonetheless, the clinical development of all Hsp90 inhibitors to date follows
a cookie cutter mimicry of the path designed for 17-AAG. With distinct pharmacokinetic
profiles and probably non-overlapping toxicity profiles, a better understanding in preclinical
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settings should be given to the cancer types more likely to be responsive to each agent.
Further, it remains unclear whether in clinic therapeutic doses are indeed delivered to
tumors, and whether the limited responses seen in clinic are simply due to an insufficient
drug delivery and not a feedback heat-shock response or the potential P-glycoprotein
liability of certain inhibitors, such as 17-AAG. More effort, therefore, should be spent on
ways to analyze the tumor delivered Hsp90 inhibitor concentration, as it is clear that these
agents tend to have a tumor retention profile, and on non-invasive ways to monitor the PD
response on Hsp90 administration.

To conclude, Hsp90, the complex and multifaceted protein, remains an attractive but yet not
easily understood molecular target. While the initial excitement on the potential of the target
has led to the clinical introduction of several inhibitors, we now see that this rush for the
first-in-class has left much biology unanswered. A better understanding of the target in the
context of each inhibitor will probably move the field forward and lead to better clinical
effects. While it is easy to blame the target, fingers should also be pointed at the inhibitors
we put in clinic and the strategies we develop for their clinical implementation.
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Article highlights

• Heat-shock protein 90 (Hsp90) is currently an attractive target in anticancer drug
research because it plays a prominent role in the maturation of many tumor
promoting client proteins and enables for the targeting of multiple aberrant
signaling pathways. Hsp90 is an ATPase whose function is intimately linked to
its conformational state, which in turn is regulated by the binding of nucleotides
(ATP/ADP) and co-chaperones (HOP, Cdc37, p23, Aha1 and immunophilins).

• Drug discovery efforts to date have resulted in the development of several
Hsp90 inhibitors in various states of clinical trials for the treatment of a wide
variety of cancers. All molecules which have advanced to clinical trials inhibit
the ATPase activity of Hsp90 by binding to the N-terminal nucleotide binding
pocket. Efforts to discover these inhibitors have included phenotypic screening,
structure-based drug design, biochemical and cell-based screening, virtual
screening, fragment-based drug design and educated guess.

• Despite an apparently common binding site, the ATP-pocket of Hsp90, it is
becoming increasingly clear that the Hsp90 ATP-competitive inhibitors exhibit
remarkably different pharmacodynamic (PD) profiles, which can have
significant effects in the outcome of clinical trials. The differences in PD
profiles cannot be explained by pharmacokinetics alone and may result from
drug binding to different conformational states of Hsp90.

• An increased understanding into the complex nature of Hsp90 has inspired
research groups to look at alternative ways in modulating its activity other than
binding to the nucleotide pocket of the nucleotide binding domain. These
include agents that bind to the C-terminal dimerization domain, cause disruption
of co-chaperone–Hsp90 interactions, inhibit client–Hsp90 associations and
interfere with post-translational modifications of Hsp90.

This box summarizes key points contained in the article.
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Figure 1. A simplified cartoon describing the ATPase cycle of Hsp90
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Figure 2. Structure of human Hsp90 bound to: (A) ADP (PDB ID: 1BYQ), (B) geldanamycin
(PDB ID: 1YET), (C) PU-H71 (PDB ID: 2FWZ) and (D) NVP-AUY922 (PDB ID: 2VCI)
H-bonds are shown by dotted lines
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Figure 3. Hsp90 NBD interactors identified by: (A) phenotypic screening and (B) structure-
based drug design
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Figure 4. Hsp90 NDB interactors identified by biochemical and cellular screening
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Figure 5. Hsp90 NBD interactors identified by: (A) virtual screening, (B) fragment-based design
and (C) educated guess
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Figure 6. Hsp90 inhibitors that act by: (A) binding to the C-terminal of Hsp90, (B) targeting co-
chaperone–Hsp90 interaction and (C) targeting Hsp90–client protein binding
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