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a b s t r a c t

When a cell encounters external stressors, such as lack of nutrients, elevated temperatures, changes in pH
or other stressful environments, a key set of evolutionarily conserved proteins, the heat shock proteins
(hsps), become overexpressed. Hsps are classified into six major families with the hsp90 family being
the best understood; an increase in cell stress leads to increased levels of hsp90, which leads to cellular
protection. A hallmark of hsp90 inhibitors is that they induce a cell rescue mechanism, the heat shock
response. We define the unique molecular profile of a compound (SM145) that regulates hormone recep-
tor protein levels through hsp90 inhibition without inducing the heat shock response. Modulation of the
binding event between heat shock protein 90 and the immunophilins/homologs using SM145, leads to a
decrease in hormone receptor protein levels. Unlike N-terminal hsp90 inhibitors, this hsp90 inhibitor
does not induce a heat shock response. This work is proof of principle that controlling hormone receptor
expression can occur by inhibiting hsp90 without inducing pro-survival protein heat shock protein 70
(hsp70) or other proteins associated with the heat shock response. Innovatively, we show that blocking
the heat shock response, in addition to hsp90, is key to regulating hsp90-associated pathways.

� 2013 Elsevier Ltd. All rights reserved.

When a cell encounters external stressors, such as lack of
nutrients, elevated temperatures, changes in pH or other stressful
environments, a key set of evolutionarily conserved proteins, the
heat shock proteins (hsps), become overexpressed.1–7 The hsps
are molecular chaperones broken down into six distinct families
based on their molecular size (hsp100, hsp90, hsp70, hsp60,
hsp40 and the small hsps).8 While all of these hsps are important
in normal cells and become overexpressed in stressed cells,
hsp90 is the most prominent. In an unstressed cell, hsp90 makes
up 1–2% of the total protein load, and upon external stressors this
is increased to 3–5%.9 One major stressor known to induce this up-
regulation of hsp90 is malignancy.2,10–15 The large amount of mu-
tated and mis-folded proteins in cancer cells cause them to become
dependent upon the molecular chaperone activity of hsp90; be-
cause hsp90 protects the function of more than 200 client proteins,
many of which are associated with oncogenesis (Fig. 1).1,2,4,16–18

Thus, cancer cells are significantly more dependent on hsp90 than
normal cells.19

Hsp90 is ATP dependent, functional only when dimerized and
broken down into 3 domains, the amino (N), middle (M), and car-
boxy (C) domains (Fig. 1). The C-terminal domain is known to
interact with a specific subset of proteins that contain a tetratrico-
peptide-repeat (TPR) domain.20 The TPR domain is a protein scaf-
fold consisting of a semi-conserved sequence of 34 amino acids
that occur in repeats throughout the protein.21 Within the group
of sixteen TPR proteins that interact with hsp90, four are immuno-
philins: FK506 binding protein 52 (FKBP52), FKBP51, cyclophilin 40
(Cyp40), and FKBP38. There are also several are homologs includ-
ing: C-terminus of Hsc70 interacting protein (CHIP), Unc45, and
mitochondrial import receptor of 70 kDa (Tom70).22 In addition,
a key co-chaperone that regulates hsp90’s function is the TPR-
containing heat shock organizing protein (HOP). These TPR-con-
taining proteins are all regulated via their interaction with hsp90’s
MEEVD region (M = methionine, E = glutamic acid, V = valine,
D = aspartic acid), located at the C-terminus (Fig. 1).

Three of the four immunophilins (FKBP51, FKBP52 and Cyp40)
are well established to regulate cell growth through controlling
hormone receptor (HR) interactions with hsp90.23 In addition,
the homologs CHIP, Unc45 and Tom70 facilitate hormone
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receptor-regulated cell growth via hsp90.23 These co-chaperones
regulate the maturation of hormone receptors by forming a mul-
ti-chaperone complex with hsp90 and the co-chaperone p23. This
complex induces a signaling cascade leading to cell growth.23 Since
the interaction of hsp90 with the immunophilins regulates HR
development, blocking the interaction between the immunophi-
lins’ TPR domain and hsp90’s MEEVD region will likely affect HR
protein levels. Since hsp90 and its co-chaperones regulate HR mat-
uration, targeting this pathway may avoid existing cell rescue
mechanisms.

There are two general classes of hsp90 inhibitors that have been
extensively investigated: those that bind to the N-terminus and
those that bind to the C-terminus of hsp90. There are 4 inhibitors
in clinical development and they all bind to the ATP-binding pock-
et at the N-terminal domain. Of these four drugs, three are struc-
turally related and contain a resorcinolic acid motif (similar to
NVP-AUY992) and the fourth is an analogue of 17-AAG, which
has been previously clinically tested and removed due to toxicity
(Fig. 2). These four drugs all impact the same signaling pathways
and have no impact on the binding between the immunophilins
and hsp90. Thus, they are ineffective tools for delineating the rela-
tionship between the immunophilins, hsp90, and HR production.
Furthermore, the hsp90 inhibitors currently in clinical trials are

combating drug resistance, which is caused by the activation of
the heat shock response (HSR).24,25 The HSR is a cell survival mech-
anism that induces the over-expression of hsp70 and other heat
shock proteins that rescue the oncogenic pathways usually con-
trolled by hsp90.6

The second class of molecules that bind to hsp90 are com-
pounds that target its C-terminus. The most effective are coumer-
mycin A1 (CA1) and its analogs (Fig. 2).20,26,27 There is currently no
data on how the C-terminal hsp90 inhibitor CA1 controls the
immunophilins. However, work done by Ratajczak and co-workers
showed that a millimolar concentration of a structurally similar
C-terminal inhibitor, novabiocin, disrupts immunophilins from
binding to hsp90.28 Despite extensive research on hsp90 as a ther-
apeutic target, there is a large and important knowledge gap with-
in the hsp90 field: how do we inhibit hsp90 pathways without
inducing a heat shock response?

Herein we describe the first small molecule, SM145, which
binds at a novel site (between the N and middle domain of
hsp90) and modulates binding between hsp90 and multiple immu-
nophilins/homologs via blocking the interaction between MEEVD
and TPR binding sites. We show that disrupting the association be-
tween hsp90 and the immunophilins leads to a decrease in hor-
mone receptor protein levels without inducing the heat shock
response (HSR). This work is proof of principle and the first exam-
ple showing that directly inhibiting hsp90 can modulate the hor-
mone receptor levels without inducing the pro-survival protein
heat shock protein 70 (hsp70) or causing the HSR.

We have previously reported that SM145 binds to the NM-do-
main of hsp90, induces apoptosis and inhibits it’s binding to spe-
cific client proteins and co-chaperones.29–31 To prove that SM145
inhibits the molecular chaperone function of hsp90, we performed
two types of luciferase refolding assays. The first was a pure pro-
tein assay, where hsp90 and necessary co-chaperones were incu-
bated with heat-denatured luciferase. The second assay was a
rabbit reticulocyte lysate (RRL, Promega) based luciferase refolding
assay, where denatured luciferase was incubated in the complete
system of the lysate. In the pure protein assay inhibition of lucifer-
ase activity can be tied directly to inhibiting hsp90. The second,
lysate-based assay, shows that hsp90 inhibition also occurs in
the more complex system of proteins that are normally involved
in protein refolding. 17-AAG was used as a control.32,33 Addition
of SM145 to the pure protein system or to the RRL and subsequent
measurement of luciferase activity showed that SM145 decreased
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Figure 2. Structure of hsp90 inhibitors. SM145, 17-AAG (amino-terminal hsp90 inhibitor), NVP-AUY922 (resocinoic acid containing amino-terminal hsp90 inhibitor) and
coumermycin A1 (carboxy-terminal hsp90 inhibitor).

Figure 1. Hsp90 cartoon depiction. The hsp90 dimer indicating where 17-AAG,
coumermycin A1, SM145, and various co-chaperones important in hormone
receptor development bind (M = methionine, E = glutamic acid, V = valine,
D = aspartic acid).
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