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Abstract: The 90 kDa heat shock protein (Hsp90) is a molec-
ular chaperone that processes nascent polypeptides into their
biologically active conformations. Many of these proteins
contribute to the progression of cancer, and consequently,
inhibition of the Hsp90 protein folding machinery represents
an innovative approach toward cancer chemotherapy. How-
ever, clinical trials with Hsp90 N-terminal inhibitors have
encountered deleterious side effects and toxicities, which
appear to result from the pan-inhibition of all four Hsp90
isoforms. Therefore, the development of isoform-selective
Hsp90 inhibitors is sought to delineate the pathological role
played by each isoform. Herein, we describe a structure-based
approach that was used to design the first Hsp90a-selective
inhibitors, which exhibit > 50-fold selectivity versus other
Hsp90 isoforms.

Molecular chaperones are a class of proteins that regulate
proteostasis by assisting in the conformational maturation of
nascent polypeptides (referred to as client proteins) and the
renaturation of denatured proteins. The heat shock proteins
(Hsps) belong to a ubiquitously expressed molecular chaper-
one family that is highly conserved in eukaryotes. In fact, the
90 kDa Heat shock protein (Hsp90) is one of the most
abundant Hsps and is highly upregulated in stressed cells,
including cancer.[1, 2] As a molecular chaperone, Hsp90 is
responsible for the conformational maturation of more than
300 client protein substrates, many of which are key
regulators of oncogenic transformation, growth, and meta-
stasis.[3–6] As a result, Hsp90 has been widely sought after as
a cancer target, which resulted in the development of 18
inhibitors that underwent clinical evaluation.[7, 8] Unfortu-
nately, the clinical approval of these inhibitors was hindered
due to detrimental activities that are likely to result from the
inhibition of all four Hsp90 isoforms (pan-inhibitors). The
four Hsp90 isoforms include cytosolic isoforms Hsp90a

(inducible) and Hsp90b (constitutively expressed); the endo-

plasmic reticulum residing glucose regulated protein 94
(Grp94); and the mitochondrial isoform, tumor necrosis
factor receptor-associated protein 1 (Trap1).[1,2] Pan-inhibi-
tion of all four isoforms leads to non-specific degradation of
the entire Hsp90-dependent substrate population, and ulti-
mately leads to undesired activities.[4, 9] The development of
Hsp90 isoform-selective compounds can provide a tool to
dissect the role played by each isoform towards disease
pathology and toxicities associated with pan Hsp90 inhibition.

Despite high structural similarity between the constitu-
tively expressed isoform, Hsp90b, and the inducible isoform,
Hsp90a, each of these isoforms fold select client proteins.[10]

Genetic knockdown of Hsp90a results in the degradation of
oncogenic client proteins, suggesting that the administration
of an Hsp90a-selective inhibitor could exhibit anti-cancer
activity against Hsp90a-dependent cancers.[11] In addition to
its presence in the cytosol, Hsp90a is also secreted extracell-
ularly to promote wound healing, cell adhesion, and inflam-
mation.[12] In fact, significant levels of Hsp90a are secreted
from highly invasive cancers to activate matrix metallopro-
tease 2 (MMP-2) to induce expression of MMP-3, which
drives tumor invasion.[13,14]

Extracellular Hsp90a also contributes to an inflammatory
microenvironment that supports prostate cancer progres-
sion.[14] Analysis of gene ontology traits revealed Hsp90b to
interact with a larger subset of proteins than Hsp90a.[15]

Notably, Hsp90a-dependent processes contribute to stress
adaptation or other specialized functions, while Hsp90b is
important for maintaining cell viability, clearly highlighting
the distinct evolution of each isoform.[15–17]

Initial efforts to develop isoform-selective inhibitors
focused on Grp94, due to its distinguishing structural features
that easily differentiate it from the other Hsp90 isoforms.[18–20]

However, the design of isoform-selective inhibitors against
the cytosolic isoforms, Hsp90a and Hsp90b, has been
extremely challenging as these isoforms share > 95% identity
within the N-terminal ATP-binding sites. In fact, only two
amino acids differ between these nucleotide-binding sites.
Despite these challenges, we recently disclosed KUNB 31 as
the first Hsp90b-selective inhibitor.[21] However, an isoform
selective inhibitor of Hsp90a has not yet been reported. Upon
analysis of the Hsp90 a and b N-terminal ATP-binding sites
bound to radicicol (Figure 1), it was determined that the
resorcinol moiety interacts uniquely with each Hsp90 isoform.
Compound 1 was chosen as lead molecule because it
represents an analog of AT13387, which is a resorcinol-
derived Hsp90 pan-inhibitor that underwent clinical evalua-
tion.[2] Computational studies with 1 bound to the N-terminal
ATP-binding site of Hsp90a (PDB: 2XAB) and Hsp90b
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(PDB:1UYM) revealed the presence of an extensive hydro-
gen-bond network that is coordinated by three conserved
water molecules (labeled as A–C, Figure 2). However, the
presence of Ser52 and Ile91 in Hsp90a in lieu of Ala52 and
Leu91 in Hsp90b results in formation of a smaller hydrophilic
pocket in Hsp90a and a large hydrophobic subpocket in
Hsp90b. The subtle difference between these two binding
sites were exploited to develop KUNB31, but unfortunately,
the presence of a smaller pocket in Hsp90a prevents such
investigation. Thus, Ser52/Ala52 represents the only amino
acid difference that can be utilized to develop Hsp90a-
selective inhibitors (Figure 2). Since compound 1 manifested
equipotent binding affinity towards both Hsp90a and Hsp90b

when evaluated in a fluorescence polarization (FP) assay (SI,
Figure 3S), it served as a starting point for the development of
Hsp90a-selective inhibitors.

As can be seen in Figure 2, The resorcinol pharmacophore
was shown to interact with Asp93 via the 2-phenol, whereas
Ser52 hydrogen bonds with the 4-phenol via water molecules
A and B. Therefore, systematic removal of each phenol was
pursued to determine their contribution towards the binding
to each isoform. Upon preparation, the desphenol variants,
compound 2 (2-phenol) and compound 3 (4-phenol)
(Figure 3) were evaluated for isoform selectivity.[21, 22] Com-
pound 3, which contains the 4-phenol, exhibited � 10-fold
greater binding affinity for Hsp90a versus Hsp90b, whereas
compound 2 bound Hsp90b with minimal preference (� 2-
fold).[21] Excited by these results, the isopropyl moiety at the
5-position was replaced to modulate the steric and electronic
environment of the phenol, as well as to access the open

conformation of Hsp90 (Figure 4). Replacement of the 5-
isopropyl substituent with a chlorine atom resulted in � 10-
fold decrease in affinity, while the inclusion of iodine
completely negated affinity. Introduction of bromine at the
5-position provided the highest selectivity (> 30-fold) and
a reasonable IC50 of � 2.73 mM. Intramolecular hydrogen-
bonding interactions between the fluorine and phenol hydro-
gen could explain the decreased affinity that was observed for
compound 7. Inclusion of a t-butyl group at the 5-position was
shown to manifest affinity similar to 5, and supports the
hypothesis that spheric bulk elicits selectivity for Hsp90a.
Compounds 10, 11 and 12 were synthesized to probe Site 1 of
Hsp90a (Figure 4, 4S), which is a flexible pocket that is lined
with hydrophobic residues, while simultaneously reducing the
distance between the 4-phenol and Ser52 to increase binding
affinity and selectivity towards Hsp90a.

The binding affinity of 10, 11 and 12 were determined and
compound 12 was found to bind Hsp90a with a IC50 of
� 4.8 mM and > 20-fold selectivity versus Hsp90b. As illus-
trated in Figure 4, the methylenedioxy ring induces the
opening of Site 1, (Figure 4A, 4S). In contrast to PU-H71,
which is a pan inhibitor that induces the opening of Site1,
Compound 1 binds to the closed form of Hsp90 (Figure 4B).

Figure 1. Structures of radicicol, AT13387, compound 1 and PU-H71.

Figure 2. Resorcinol pharmacophore of compound 1 and its interac-
tions with N-terminal ATP binding site in A) Hsp90a and B) Hsp90b

C) Amino acid sequence alignment of N-terminal ATP-binding site
(details in SI).

Figure 3. Screening of phenols 2 and 3 and their proposed binding
modes in Hsp90a (PDB code: 2XAB) and IC50’s as determined with
a fluorescence polarization (FP) assay. Compounds were incubated
with Hsp90a/b and FITC-GDA in triplicate, and IC50 � SD was
measured.

Figure 4. A) Co-crystal structures of PU-H71 (PDB code: 2FWZ) and
B) 1 (PDB code: 2XAB) with Hsp90a.
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However, the 5-position thiophenol present in 12 is able to
access Site 1 in a conformation that overlaps with the
methylenedioxy ring of PU-H71 (Figure 4S C). Despite the
presence of an identical Site 1 in both Hsp90a and Hsp90b,
substitutions on the thiophenol were proposed to elicit
different conformations of Hsp90a, perturbing interactions
of the 4-Phenol with Ser52. Table 2 represents thiophenol
analogs that were studied as well as their respective binding
affinities (additional structure activity relationship (SAR), FP
probe binding affinities for Hsp90 isoforms and solubility data
can be found in supporting information). Compounds 12 a and
12b contained methylenedioxy and ethylenedioxy rings,
respectively, which were proposed to interact with Tyr139
via an additional hydrogen bond (Figure 5a).

As predicted by our model, compounds 12 a and 12b were
shown to exhibit improved binding affinity for Hsp90a.
Similarly, 12 c, which contained the 3,4-dimethoxy group
bound Hsp90a with an IC50 value of � 530 nM and � 22-fold
selectivity versus Hsp90b. A methyl scan on the thiophenol
ring led us to conclude that substitutions at 3- and 4-positions
enhanced binding affinity. Consequently, substitutions at the
3- and 4-position of the thiophenol ring were sought, and
eventually resulted in the preparation of 12 d, 12e, 12 f, and
12g. Notably, 12d and 12 e were found to exhibit an IC50

� 840 nM and � 720 nM for Hsp90a, whereas, the trimethyl
substituted compound 12 f bound with reduced affinity. The 3-
methoxy-5-methyl substituted compound (12g) resulted in
� 900 nM affinity for Hsp90a. Homologation of the 3-methyl
substituent to the ethyl variant resulted in increased affinity.
However, inclusion of a propyl group at the 3-position
reduced affinity for Hsp90a (SI).

In order to study the binding mode of the Hsp90a-
selective inhibitors, compounds 12 b and 12 d were co-
crystalized with the N-terminal domain of Hsp90a. As
expected, the crystal structures supported our hypothesis
that the ethylenedioxy ring interacts with Tyr139 via a con-
served water molecule, which increases binding affinity. In
contrast, compound 12d does not afford secondary hydrogen
bond with Tyr139. However, the hydrophobic occupation of
Site 1 improves the binding affinity by reducing the entropic
penalty, which explains the increased affinity manifested by
12h. It should also be noted that the 4-phenol interacts with

Table 1: Replacement of the isopropyl group, IC50 determined using
fluorescence polarization (FP) assay. Compounds were incubated with
Hsp90a/b and FITC-GDA in triplicate, and IC50 � SD was measured.

Compound R group IC50 Hsp90a (mM)(a) IC50 Hsp90b (mM)(a)

4 Cl 4.69�0.27 >100
5 Br 2.73�0.19 >100
6 I >100 >100
7 CF3 7.90�1.18 >100

8 2.62�0.08 >100

9 0.65�0.04 12.92�1.92

10 >50 >50

11 >25 >50

12 4.87�0.29 >100

Table 2: Installation of substituted thiophenols and evaluation of bind-
ing affinity IC50 determined using fluorescence polarization (FP) assay.
Compounds were incubated with Hsp90a/b and FITC-GDA in triplicates
and IC50 � SD was measured.

Compound IC50 Hsp90a (mM)(a) IC50Hsp90b (mM)(a) Fold Selectivity

12a 0.71�0.03 >50 >70
12b 0.52�0.01 27.7�3.07 �53
12c 0.53�0.07 11.6�1.07 �22
12d 0.84�0.13 >50 >63
12 e 0.72�0.08 37.5�3.8 �51
12 f 3.03�0.26 >50 >16
12 g 0.9�0.02 >50 >16
12 h 0.46�0.05 22.28�2.8 �48

Figure 5. a) Co-crystal structure of 12 b with Hsp90a (PDB code:
7LSZ) b) Co-crystal structure of 12d with Hsp90a (PDB code: 7LT0)
c) Overlay of the co-crystal structures of 12b and 1 bound to Hsp90a

(PDB: 2XAB) d) Overlay of the co-crystal structures of 12b and PU-
H71 bound to Hsp90a.
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Ser52 via water molecules A and B (Figure 2 and Fig-
ure 5a,b). Therefore, the selectivity manifested by the benze-
nethiol containing compounds for Hsp90a was rationalized by
overlaying the binding pose of the non-selective compound 1,
and 12 b bound to Hsp90a. As can be observed in Figure 5c,
inclusion of the benzenethiol at the 5-position and the 4-
phenol induce a conformational change that leads to the
opening of Site 1. In fact, the orientation of the thioether
fragment is different to that observed for the purine-class of
Hsp90 pan-inhibitors (Figure 5 d). The co-crystal structures of
Hsp90a bound to 12b and 12d suggest the thioether to shift
toward the adenine binding pocket (Figure 5c) by bringing
the 4-phenol into close proximity to Ser52, a residue that
differentiates the Hsp90a and Hsp90b binding sites.[16, 17] As
a result, Hsp90a preferentially accommodates the benzene-
thiol containing 4-phenol.

A NCI-60 cancer cell screen was performed with com-
pounds 5 and 12d to determine the cellular response of
Hsp90a-selective inhibitors. The growth of non-small cell
lung cancer cell line, NCI-H522, melanoma cell line UACC-
62, ovarian cancer cell line SK-OV-3, and renal cell carcinoma
cell line UO-31 were selectively inhibited. Hsp90 client
protein degradation was determined using NCI-H522 cells
treated with increasing concentrations of 12 h. In particular,
the levels of Hsp90 client proteins Her2, Raf-1 and Akt
decreased in a dose-dependent manner.

The Hsp90b-dependent substrate, CDK4, degraded at
a higher concentration of 12 h in comparison to c-Src, which is
a Hsp90a-dependent client, highlighting preferential inhib-
ition of Hsp90a in the cellular environment.[21, 23] Hsp90a-
dependent client survivin also decreased in a dose-dependent
manner when treated with 12h. Levels of Hsp70 were induced
albeit to a lesser extent, which is in contrast to Hsp90 pan-
inhibitors such as GDA. Hsp90 levels were induced at lower
concentrations of 12h, similar to GDA, however, it decreased
with higher concentrations of 12h. Interestingly, levels of
HSF1 also decreased upon treatment with 12h but only at
high concentrations.

The design and development of isoform-selective inhib-
itors has remained a challenging task in medicinal chemistry,
especially, when there exists significant sequence and con-
formational identity. Hsp90a and Hsp90b represent a major
challenge for medicinal chemists, as only two amino acids vary
in the ligand binding sites, and they are shielded behind two
conserved water molecules. While an Hsp90b-selective inhib-
itor was previously shown to occupy the small subpocket in
Hsp90b that results from the two amino acid difference,
Hsp90a-selective inhibitors could not be developed via
a similar approach. Therefore, the roles played by each
phenol was interrogated and led to the identification of
monophenol 3 as a new lead compound that exhibited � 10-
fold selectivity for Hsp90a. Subsequent studies led to the
development of compound 5, which exhibited greater selec-
tivity for Hsp90a, but possessed modest binding affinity (IC50

� 2.7 mM.) Improvement in the binding affinity was sought by
installation of a benzenethiol moiety to occupy Site 1. Further
exploration of the benzenethiol side chain led to 12h, which
manifested an IC50 of � 460 nM for Hsp90a and � 48-fold
selectivity over Hsp90b. NCI Screening of the Hsp90a-

selective inhibitors revealed cancer cell lines that are
selectively inhibited by these compounds. Moreover, it was
determined that Hsp90a-dependent substrates are readily
degraded in the presence of Hsp90a-selective inhibitors, but
Hsp90b-dependent clients were not affected until higher
concentrations were reached. In totality, the first Hsp90a-
selective inhibitor was developed via a structure-based
approach to yield a drug-like small molecule that manifests
good affinity and reasonable selectivity in both recombinant
and cellular assays. The full utility and optimization of these
inhibitors continue and the results from such studies will be
reported in due course.
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