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Abstract
The 90 kDa heal shock proteins (Hsp90), which are integrally involved in cell signaling, proliferation,
and survival, are ubiquitously expressed in cells. Many proteins in tumor cells are dependent upon
the Hsp90 protein folding machinery for their stability, refolding, and maturation. Inhibition of Hsp90
uniquely targets client proteins associated with all six hallmarks of cancer. Thus, Hsp90 has emerged
as a promising target for the treatment of cancer.

Hsp90 exists as a homodimer, which contains three domains. The N-terminal domain contains an
ATP-binding site that binds the natural products geldanamycin and radicicol. The middle domain is
highly charged and has high affinity for co-chaperones and client proteins. Initial studies by Csermely
and co-workers suggested a second ATP-binding site in the C-terminus of Hsp90. This C-terminal
nucleotide binding pocket has been shown to not only bind ATP, but cisplatin, novobiocin,
epilgallocatechin-3-gallate (EGCG) and taxol.

The coumarin antibiotics novobiocin, clorobiocin, and coumermycin A1 were isolated from several
streptomyces strains and exhibit potent activity against Gram-positive bacteria. These compounds
bind type II topoisomerases, including DNA gyrase, and inhibit the enzyme-catalyzed hydrolysis of
ATP. As a result, novobiocin analogues have garnered the attention of numerous researchers as an
attractive agent for the treatment of bacterial infection. Novobiocin was reported to bind weakly to
the newly discovered Hsp90 C-terminal ATP binding site (~700 M in SkBr3 cells) and induce
degradation of Hsp90 client proteins. Structural modification of this compound has led to an increase
of 1000-fold in activity in anti-proliferative assays. Recent studies of structure-activity relationship
(SAR) by Renoir and co-workers highlighted the crucial role of the C-4 and/or C-7 positions of the
coumarin and removal of the noviose moiety, which appeared to be essential for degradation of Hsp90
client proteins. Unlike the N-terminal ATP binding site, there is no reported co-crystal structure of
Hsp90 C-terminus bound to any inhibitor. The Hsp90 C-terminal domain, however, is known to
contain a conserved pentapeptide sequence (MEEVD) which is recognized by co-chaperones.

Cisplatin is a platinum-containing chemotherapeutic used to treat various types of cancers, including
testicular, ovarian, bladder, and small cell lung cancer. Most notably, cisplatin coordinates to DNA
bases, resulting in cross-linked DNA, which prohibits rapidly dividing cells from duplicating DNA
for mitosis. Itoh and co-workers reported that cisplatin decreases the chaperone activity of Hsp90.
This group applied bovine brain cytosol to a cisplatin affinity column, eluted with cisplatin and
detected Hsp90 in the eluent. Subsequent experiments indicated that cisplatin exhibits high affinity
for Hsp90. Moreover Csermely and co-workers determined that the cisplatin binding site is located
proximal to the C-terminal ATP binding site.
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EGCG is one of the active ingredients found in green tea EGCG is known to inhibit the activity of
many Hsp90-dependent client proteins, including telomerase, several kinases, and the aryl
hydrocarbon receptor (AhR). Recently Gasiewicz and co-workers reported that EGCG manifests its
antagonistic activity against AhR through binding Hsp90. Similar to novobiocin, EGCG was shown
to bind the C-terminus of Hsp90. Unlike previously identified N-terminal Hsp90 inhibitors, EGCG
does not appear to prevent Hsp90 from forming multiprotein complexes. Studies are currently
underway to determine whether EGCG competes with novobiocin or cisplatin binding.

Taxol, a well-known drug for the treatment of cancer, is responsible for the stabilization of
microtubules and the inhibition of mitosis. Previous studies have shown that taxol induces the
activation of kinases and transcription factors, and mimies the effect of bacterial lipopolysaccharide
(LPS), an attribute unrelated to its tubulin-binding properties. Rosen and co-workers prepared a
biotinylated taxol derivative and performed affinity chromatography experiments with lysates from
both mouse brain and macrophage cell lines. These studies led to identification of two chaperones.
Hsp70 and Hsp90, by mass spectrometry. In contrast to typical Hsp90-binding drugs, taxol exhibits
a stimulatory response. Recently it was reported that the geldanamycin derivative 17-AAG behaves
synergistically with taxol-induced apoptosis.

This review describes the different C-terminal inhibitors of Hsp90, with specific emphasis on
structure-activity relationship studies of novobiocin and their effects on anti-proliferative activity.

INTRODUCTION
The goal of many research groups, internationally, has been to better understand the
ubiquitously expressed 90 kDa heat shock proteins (Hsp90), Many studies I have been
published, revealing these proteins to be integrally involved in cell signaling, proliferation and
survival. This family of proteins plays an essential role as molecular chaperones and is
responsible for the conformational maturation of nascent polypeptides and the refolding of
denatured proteins [1]. More than 100 Hsp90-dependent client proteins have been identified
[2,3]. Many of these proteins are associated with cellular signaling networks such as steroid
hormone receptors, transcription factors and protein kinases, which represent individually
sought after targets for the development of cancer chemotherapeutics [1,4–8]. Hsp90 is an
abundant molecular chaperone and is constitutively expressed in eukaryotic cells. Under
homeostatic conditions, this protein accounts for nearly 1% of the total cellular protein in
eukaryotic cells [9]. Cells exposed to heat shock and other stressed conditions, such as in the
case of cancer, overexpress Hsp90 [10]. Many proteins in tumor cells are dependent upon the
Hsp90 protein folding machinery for their maturation, stability and activation [2,3]. Hsp90
inhibition uniquely targets client proteins associated with all six hallmarks of cancer [11]. Thus,
Hsp90 has emerged as a promising target for cancer chemotherapy [12]. Moreover, this
molecular chaperone has exhibited exceptional neuroprotective properties due to its ability to
refold aggregated proteins associated with several neurodegenerative diseases [13].

In humans, Hsp90 exists as a homodimer, which contains three highly conserved domains.
These regions consist of a 25 kDa N-terminal ATP-binding domain, a 35 kDa middle domain,
and a 12 kDa C-terminal dimerization domain (Fig. 1). Inhibitors block the ability of Hsp90
to stabilize and/or fold client proteins, leading to an unproductive heteroprotein complex that
is degraded by the ubiquitin-proteasome pathway [14–19]. The N-terminal domain contains
an ATP-binding site that also binds the natural products, geldanamycin (GDA) and radicicol
(Fig. 2) [20–23]. Hsp90 function depends upon the ability of the N-terminal domain to bind
and hydrolyze ATP [24–26]. While the solution structure of Hsp90 exists as a continuum of
C-terminally dimerized conformations, the ATP-bound state is a highly constrained structure
[27]. The formation of this structure involves coupled conformational switches to position the
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catalytic apparatus for ATP hydrolysis [24]. An unstructured, highly charged linker joins the
N-terminus to the middle domain.

The middle domain exhibits high affinity for co-chaperones as well as client proteins [28–
34]. Structural and functional analyses have demonstrated that the middle domain of Hsp90
contains a catalytic loop which may serve as an acceptor for the γ-phosphate of ATP, when it
is bound to the N-terminus [32]. The structure of the C-terminus of Hsp90 contains the MEEVD
sequence, which is known to bind co-chaperones that contain multiple copies of the
tetratricopeptide repeat (TPR), a 34 amino acid sequence. Chadli and co-workers recently
identified a second, novel site near the N-terminus that also binds TPR proteins. This second
site is either within or near the N-terminal ATP-binding pocket and is strongly regulated by
nucleotide binding [35].

Initial studies by Csermely and co-workers suggested a second ATP-binding site located in the
Hsp90 C-terminus [36]. This C-terminal nucleotide binding pocket has been shown to not only
bind ATP, but also novobiocin, cisplatin, epilgallocatechin-3-gallate (EGCG) and Taxol [20].
This review examines the different classes of Hsp90 C-terminal inhibitors, with specific
emphasis on structure–activity relationships for novobiocin and their implications for
neuroprotection and/or anti-cancer activity.

THE HSP90 FAMILY
Heat shock proteins consist of several subfamilies of molecular chaperones classified by their
molecular weights. These subfamilies include Hsp90, Hsp70, Hsp60 and the small Hsps [37].
Each of these subfamilies plays critical cellular roles, such as the prevention of protein
aggregation and the direction of misfolded and transient proteins to proteasomal degradation
[38]. Hsp90 proteins are highly conserved and four human isoforms have been identified. The
two cytosolic isoforms include the major, inducible Hsp90α and the minor, constitutively
expressed, Hsp90β [39–42]. Although there is a relatively high conservation within these two
isoforms (85% sequence identity), it is suggested that they may display altering chaperone
activity [43]. Due to slight perturbations in amino acid sequence, it has been proposed that the
α and β forms may exhibit differential binding to client protein substrates [39].

Millson and co-workers used yeast to show that activation of certain Hsp90 clients, such as
heat shock transcription factor and v-src were more efficient with Hsp90α, rather than
Hsp90β,. In contrast, activation of other clients, such as glucocorticoid receptor and
extracellular signal-regulated kinase-5 mitogen-activated protein kinase, demonstrated less
dependence on the human Hsp90 isoform expressed. Differential expression patterns were
observed when inhibitors, such as radicicol, were selectively introduced to each isoform. It
was concluded that in yeast and mammalian systems, cellular susceptibility to Hsp90 inhibitors
may be dependent on alterations of the Hsp90α/β ratio. Heat shock is known to induce such
alterations in this isoform ratio [44].

Other Hsp90 isoforms include glucose-regulated protein 94 (Grp94) in the endoplasmic
reticulum and Hsp75/TRAP1 in the mitochondrial matrix [45,46]. Hsp75 is unique in both its
expression of a LxCxE motif [41], which is absent in all other Hsp90 family members, as well
as its dependence on stress kinases for transcriptional activation [47]. Moreover, Hsp75 is
structurally unique because it lacks the highly charged hinge region located in the N-terminal
domain of the other isoforms [41,46]. A recent report added Hsp90N to the Hsp90 family and
revealed its role to be associated with cellular transformation. It has been proposed that the
newly discovered Hsp90N represents a recent Hsp90α gene rearrangement [48]. Although
Hsp90N shares high sequence homology with the α and β isoforms, it lacks the 25 kDa N-
terminus [48]. Structures of the five Hsp90 isoforms are summarized and compared in Fig. (3).
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There is selective dimerization amongst the two cytosolic isoforms. The two dominant isoforms
differ in their ability to dimerize, with the α form doing so readily and the β with much less
efficiency [39]. Upon dimerization, Hsp90 exists mainly as a constitutive dimer (αα or ββ),
but monomers (α or β), heterodimers (αβ) and higher oligomers of both isoforms may also
exist [39]. Dimerization is dependent upon the last 190 amino acids in the C-terminus [46,
48]. This C-terminal dimerization is essential for efficient ATP hydrolysis and dependent on
both intra- and inter-domain interactions for its formation and stability [49]. 16 amino acids
located in the 561–685 amino acid region of the C-terminal dimerization domain were
suggested to be responsible for dimerization of Hsp90β [50]. Kobayakawa and co-workers
defined which specific amino acid substitutions impeded dimerization and explained the results
in terms of the differences between the two major isoforms [51].

In addition to structures of the isolated domains published previously, the full length crystal
structure of the closed chaperone complex of yeast Hsp90 bound to nucleotide-p23/Sba1 was
published in 2006 by Ali and associates. The crystal structure was solved in complex with a
non-hydrolyzable ATP analogue and the Hsp90 co-chaperone p23/Sba1. This crystal structure
revealed several novel aspects of Hsp90 which were previously unknown. Firstly, the complex
architecture of the ‘closed’ state of Hsp90 was elucidated. In addition, the experimentally
described interactions between Hsp90 and partner proteins were confirmed. Moreover, a
detailed conformational change in the N-terminal domain was demonstrated to result from ATP
binding in the closed, ATP-bound state. Finally, the structural and stabilizing role of co-
chaperone p23/Sba1 in the ATP-bound closed dimer state was clarified. This closed Hsp90
state was shown to provide a binding surface for protein substrates rather than enclosing them.
Formation and disruption of this surface was found to be directly coupled to the Hsp90 ATPase
cycle. The full-length crystal structure verified the widely accepted ATPase-coupled molecular
clamp mechanism and structurally elucidated the ATP-dependent activation of Hsp90 client
proteins. In contrast to the closed ATP-bound state, the relaxed, structurally unconstrained
structure was described as a continuum between C-terminally dimerized conformations [24].

In addition to the crystal structure of Hsp90 bound to p23/Sba1, the structures of other Hsp90
complexes have also been published. The structure of the Hsp90-Cdc37-Cdk4 complex was
published by Vaughan and co-workers in 2005. The 3D structure of this complex was
determined by single-particle electron microscopy. This study helped elucidate the locations
to which Cdc37 and Cdk4 bind in the complex as well as the link between conformational
changes in the kinase and ATPase cycle [52]. Another important structure, solved by Meyer
and co-workers, was that of Aha1 bound to Hsp90. Aha1 plays an important role in stimulating
the ATPase activity of Hsp90. Through a crystal structure of the N-terminal domain of Aha1
in complex with the middle segment of Hsp90, it was confirmed that this activity is mediated
through an interaction between Aha1 and the central segment of Hsp90. This binding promotes
a conformational switch in the middle-segment catalytic loop and enables the interaction of
the N-terminus with ATP [32].

More recently, Bron and co-workers reported the solution structures of two open
conformational states of eukaryotic Hsp90. This group presented the first nucleotide-free
structure of the full-length chaperone and confirmed that, in solution, apo-Hsp90 is in
conformational equilibrium between two states. Switching between the two Hsp90
conformations was described to require movement of the N-terminal and middle domains
around two flexible hinge regions. Due to the intrinsic flexibility and dynamic nature of the
Hsp90 dimer observed, Bron and associates challenged the accepted ATPase cycle and
proposed an alternative mechanism for chaperone activity [53].
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HSP90 AS A MOLECULAR CHAPERONE
Eukaryotic Hsp90 is constitutively expressed under normal conditions [54], and significantly
overexpressed upon exposure to stress. Stress to the cell, including elevated temperature, non-
physiological pH, nutrient deprivation and malignancy, results in the accumulation of
misfolded proteins and increased translation of new proteins [20]. Heat shock proteins are
overexpressed to refold both denatured and newly synthesized polypeptides into their native
conformation [54–56].

Induction of the molecular chaperones Hsp27, Hsp40 and Hsp70 depends on Hsp90 [4].
Release of heat-shock transcription factor 1 (HSF1) is responsible for this Hsp upregulation.
While Hsp90 is bound to HSF1 in resting cells, it dissociates upon cellular stress and is
translocated to the cell nucleus. Once in the nucleus, HSF1 is phosphorylated and undergoes
trimerization [57,58]. The activated HSF1 trimer binds to heat shock response elements (HSE),
the consensus sequence for Hsp promoters [59], and elicits transcription of Hsps.

After the synthesis of single-stranded polypeptides by the ribosome, nascent polypeptides have
the propensity to aggregate via interactions between amino acid side chains. This aggregation
is prevented through the action of molecular chaperones. Because of their role in the
transformation of linear polypeptides into tertiary and quaternary structures, chaperones are
considered essential for the second half of the genetic code [60]. Linear polypeptides released
from the ribosome are subsequently bound by the promiscuous molecular chaperone, Hsp70,
in complex with ATP and Hsp40. The bound ATP is then hydrolyzed to stabilize and prevent
aggregation of these proteins [60].

Hsp70 interacting protein (HIP), subsequently, binds to and stabilizes the Hsp70-ADP-client
complex. BAG (Bcl2-associated athanogene) homologues, on the contrary, cause dissociation
of this Hsp70-protein complex by stimulating exchange of ATP for ADP and polypeptide
release [20]. Hsp90-Hsp70 organizing protein (HOP), which contains highly conserved
tetratricopeptide repeats (TPRs), unites the Hsp70-protein complex with Hsp90, thus forming
a multiprotein complex [61]. HOP has been shown to interact with the Hsp90 C-terminus
through its TPR domain as well as at other locations in the middle domain of Hsp90. Onuoha
and co-workers biophysically analyzed the structure and binding of HOP to Hsp90 using a
variety of truncation mutants of both the client and chaperone. Their results confirmed that
while the primary binding site of HOP is the C-terminal MEEVD peptide, binding also occurs
at additional sites in the C-terminal and middle domains [62]. Immunophilins, co-chaperones,
and partner proteins bind to the newly formed heteroprotein complex and facilitate the transfer
of client proteins from Hsp70 to Hsp90. Simultaneously, Hsp70, HIP and HOP are released
from the complex [63]. The action of immunophilins, such as FKBP51 FKBP52 and CyP-40,
or PP5 enable cis/trans peptidylprolylisomerase activity and form a heteroprotein complex that
represents the activated Hsp90 protein folding machine [63–65]. Fig. (4) summarizes essential
co-chaperones and partner proteins involved in the protein folding mechanism of Hsp90 and
highlights those participants that contain a TPR domain.

At this point of the folding process, ATP binds to the open conformation and Hsp90 clamps
around the client protein substrate resulting in a closed clamp [68]. It is at this stage of the
folding process that an inhibitor, instead of ATP, can bind competitively to the multiprotein
complex and cause destabilization of the heteroprotein complex which will transform it into a
substrate for the ubiquitin-proteasome pathway. During the protein folding cycle, ATP
hydrolysis occurs through the binding co-chaperone p23 to the ATP-bound Hsp90 multiprotein
complex. Co-chaperone p23 is also responsible for stabilizing this clamped, high-affinity
client-bound Hsp90 conformation. The bound client protein is then folded into its three-
dimensional structure by this complex. Release of the folded protein has not been fully

Donnelly and Blagg Page 5

Curr Med Chem. Author manuscript; available in PMC 2009 August 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



characterized, but is thought to also be stimulated by p23 [2]. Once the mature protein is
released, Hsp90 can reenter the next catalytic protein folding cycle. The schematic diagram
shown in Fig. (5) represents a simplified Hsp90-rnediated protein folding mechanism. This
process has been shown to utilize more than 20 associated proteins for the maturation of various
clients [1,20,69–75].

DESCRIPTION OF THE C-TERMINAL ATP BINDING POCKET
The existence of a second ATP binding site on the Hsp90 carboxyl terminus, separate from the
well-documented N-terminal ATP binding site, has only recently been reported [9,76,77]. Since
no co-crystal structure of the Hsp90 C-terminus bound to inhibitors has been published,
knowledge of the binding pocket is limited, but many hypotheses have been proposed to
account for its function. The Hsp90 C-terminal domain is known to display chaperone activity
independent of the N-terminus, as well as mediate dimerization and oligimerization of Hsp90
monomeric species. Structurally, the C-terminus of Hsp90 contains a conserved pentapeptide
sequence (MEEVD) that is recognized by co-chaperones [9,78]. The co-chaperones that
recognize this sequence all contain multiple copies of the tetratricopeptide repeat (TPR), a 34
amino acid sequence that elicits specific binding to Hsp90 [64,79–81]. This sequence, though
conserved, has been reported as dispensable for activity [82].

Many groups have used novobiocin to study Hsp90 C-terminal binding, as it was the first and
remains the most studied inhibitor of the Hsp90 carboxyl terminus [83]. Neckers and co-
workers revealed via truncation studies that the novobiocin binding site resides in the Hsp90
C-terminus, in a region that is proximal to the carboxyl-terminal dimerization domain. Several
amino-terminal point mutations known to disrupt binding of geldanamycin and radicicol were
tested for their ability to perturb binding to immobilized novobiocin. These mutants bound
novobiocin-Sepharose as well as or better than did wild type Hsp90, Moreover, the N-terminal
Hsp90 fragment containing the ATP-binding site of GDA and radicicol failed to bind. Upon
demonstration that the amino-terminus did not bind novobiocin, several C-terminal fragments
were analyzed for novobiocin binding. These fragments revealed that novobiocin binds to a
carboxyl-terminal Hsp90 fragment containing amino acids 538–728. Moreover, this group
demonstrated that novobiocin competes with ATP for binding and that association of the co-
chaperones Hsc70 and p23 with Hsp90 is disrupted by novobiocin. Through immobilization
of ATP, the same fragments that demonstrated binding to immobilized novobiocin were tested
for ATP binding. The same fragments that bound novobiocin were also shown to bind ATP,
demonstrating a competitive nature between the two small molecules. Finally, novobiocin
preincubation with rabbit reticulocyte lysate, which contains Hsc70- and p23-Hsp90-
multichaperone complexes, caused a marked decrease in the amounts of both p23 and Hsc70
when co-precipitated with Hsp90. This study confirmed the disruption of co-chaperone binding
by novobiocin [76].

Csermely and co-workers reported that the C-terminal site becomes available for binding only
after occupancy of the N-terminal site. Moreover, through oxidative nucleotide affinity
cleavage, this group characterized that while the N-terminal binding site is fairly specific for
adenine nucleotides, the C-terminus binds both purines and pyrimidines (GTP and UTP
preferentially) [36]. Garnier and co-workers utilized isothermal titration calorimetry, scanning
differential calorimetry and fluorescence spectroscopy to study the interaction of ATP with
native Hsp90 and its recombinant C-terminal domain. Results clearly demonstrated that a
second ATP-binding site is present in the carboxyl terminus and that the secondary structure
of this site may resemble a Rossmann fold [9,84]. Garnier and co-workers concluded that the
nucleotide-binding site overlaps with the dimerization domain, which explains the close
relationship between ATP binding, dimerization, and magnesium-dependent oligomerization
[9].
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Although the Hsp90 C-terminus does not exhibit ATPase activity, it is involved in the
conformational rearrangement of Hsp90 upon ATP binding [78,85]. The ATPase activity of
Hsp90, which leads to a conformational change of the entire homodimer, is dependent upon
the Hsp90 C-terminal region to trap the nucleotide during the ATPase cycle [9]. Yun and co-
workers suggested that the conformational switch upon novobiocin binding causes changes to
Hsp90/cochaperone/client interactions and may be responsible for the observed biological
activities [85]. Complex interactions between the N- and C-terminus are a critical regulatory
component of chaperone function. Garnier and co-workers have alluded to the cross-talk
observed as allosteric interactions between the two termini [9,36,86–89]. Garnier also observed
that when a nucleotide is bound to the N-terminus, the molecule exhibits a strong negative
impact on the binding of nucleotides to the C-terminus. Furthermore, affinity of the truncated
C-terminus for ATP was higher than that of the entire protein. This result confirms that the
presence of the amino-terminus negatively affects binding to the carboxyl-terminus and that
interdomain cross-talk occurs. The development of improved analogues should further refine
the Hsp90 C-terminal nucleotide-binding pocket and provide insight into the unique
mechanism exhibited by Hsp90 during the protein folding process [78].

INHIBITORS OF THE C-TERMINAL ATP BINDING POCKET
Novobiocin and Analogues

The coumarin antibiotics novobiocin, chlorobiocin, and coumermycin A1 (Fig. 6) have been
isolated from several streptomyces strains and all exhibit potent activity against Gram-positive
bacteria. These compounds bind type II topoisomerases, including DNA gyrase, and inhibit
the enzyme-catalyzed hydrolysis of ATP [78,90–93]. As a result, novobiocin analogues have
garnered the attention of numerous researchers as attractive agents for the treatment of bacterial
infections. In addition, novobiocin was reported to bind weakly to the newly discovered Hsp90
C-terminal nucleotide-binding site (~700 μM in SKBr3 cells) and induce degradation of Hsp90
client proteins. Structural modification of this compound has led to analogues with 1000-fold
greater efficacy in anti-proliferative assays against various cancer cell lines.

Co-crystal structures of GyrB bound to novobiocin and ADP revealed that both small molecules
bind GyrB in a bent conformation [94–96], exactly as Hsp90 binds ADP [22]. With the
observations that novobiocin binds in this bent conformation and also exhibits cytotoxicity
[93,97–100], Neckers and co-workers hypothesized and subsequently proved that it also binds
Hsp90. It is through binding to Hsp90 that novobiocin exerts its anti-tumor activity against
breast cancer cells. Using SkBr3 breast cancer cells, Neckers and co-workers demonstrated
that 16-hour exposure to novobiocin induces degradation of Hsp90-dependent clients ErbB2,
mutant p53 and Raf-1 in a concentration-dependent manner. The same laboratory eluted
truncated Hsp90 from an immobilized novobiocin solid-support and concluded that, in contrast
to all other Hsp90 inhibitors that bind to the well-established N-terminal ATP-binding site,
only the Hsp90 C-terminus is capable of binding novobiocin [83]. Binding of novobiocin to
the C-terminus was found to displace inhibitors bound to the Hsp90 N-terminus, a phenomenon
that is not reciprocal with N-terminal inhibitors [76,83]. Allan and co-workers proposed that
novobiocin may lead to substrate release by inducing a conformational change that results in
separation of the homodimeric C-terminal domains [78].

Two research laboratories have synthesized analogues of novobiocin in an attempt to improve
upon its poor Hsp90 inhibitory activity [83]. Novobiocin is composed of three distinct parts
upon which modifications can be made: the benzamide side chain, the coumarin core and the
noviose sugar (Fig. 7). The role of each contributing part can be studied through the
development of analogues to probe specific structure–activity relationships for this molecule.
To this end, a library of novobiocin analogues published in 2005 reported that A4 (Fig. 8), with
a shortened N-acyl side chain, an absent 4-hydroxy substituent and a missing carbamoyl group
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on the noviose appendage, induced degradation of Hsp90-dependent client proteins at ~70-
fold lower concentration than novobiocin [14]. This study demonstrated that attachment of the
noviose appendage to the 7-position and an amide linker at the 3-position of the coumarin ring
are essential for Hsp 90 inhibition [14]. To confirm the observed SAR trends elucidated from
this library, the natural product analogues DHN1 and DHN2 (Fig. 8) were prepared and
evaluated. These molecules were evaluated in several assays, which confirmed that while the
4-hydroxyl and 3′-carbamate are essential for DNA gyrase inhibition, they are detrimental to
Hsp90 inhibitory activity [17]. Thus, the first selective inhibitors of the Hsp90 C-terminus were
born.

Compound A4 was found to exhibit unique properties unbenounced previously. A4 induced
Hsp90 levels at concentrations 1000–10000-fold lower than that required for client protein
degradation and was thus evaluated for neuroprotective activity. In addition to outstanding
neuroprotective properties, A4 exhibited no toxicity at all concentrations tested [101]. In
contrast to the monomeric species, dimers of A4 (based on the structure of cournermycin A1,
Fig. 9) were found to manifest anti-proliferative activity. This study sought to fully investigate
variants of A4 through preparation of dimers that were linked through meta- and para-phthalic
acids and others that contained methylene spacers in the tether. The phthalic acid derivatives
were proposed to represent steric mimics of the pyrrole linker found in the natural product,
coumermycin A1. Unfortunately, the phthalic acid-linked derivatives manifested no activity
against cell cultures.

Through the synthesis and biological evaluation of methylene linked dimers, the optimal tether
length and degree of unsaturation were determined. The saturated A4-dimer with a tether length
of eight carbons was found to be the most potent compound in this series and exhibited anti-
proliferative activity against two different breast cancer cell lines at low micromolar
concentrations. The fact that the dimeric species exhibited anti-proliferative activity led to the
hypothesis that conversion of a nontoxic molecule into a potent anti-proliferative agent was
accomplished through modification of the amide side chain [102). Consequently, a series of
monomeric species based on A4 were synthesized and evaluated against a series of cancer cell
lines. Both biaryl and heterocyclic amide derivatives were prepared to explore potential
hydrogen-bonding interactions with the putative novobiocin binding pocket that is responsible
for binding the prenylated benzamide of the natural product. This study led to the first SAR
for the amide side chain and led to identification of the biaryl and the 2-indolyl side chains
(Fig. 10), both of which exhibited anti-proliferative activity [101].

A paper published by Huang and co-workers in 2007 represented the first combinatorial library
of coumarin analogues aimed at Hsp90 inhibition. The library was designed to probe
hydrophobic and hydrogen bonding interactions produced by the binding pocket. The
analogues incorporated previously determined SAR trends as well as strategically placed H-
bond donors/acceptors [103].

More recently, Renoir and co-workers examined the role of noviose in Hsp90 inhibition. Their
structure–activity relationship studies demonstrated that when analogues lack the noviose
moiety, the inclusion of a tosyl substituent at C-4 or C-7 of the coumarin results in Hsp90
inhibition. These analogues were more potent than novobiocin and manifested mid-micromolar
IC50 values [104]. A subsequent paper by the same group suggested that Hsp90 inhibition can
be enhanced by removal of C7/C8 substituents in desnoviose analogues bearing a tosyl group
at the 4-position. These studies produced inhibitors with simplified coumarins that also
exhibited mid-micromolar IC50 values [105]. A summary of the novobiocin SAR determined
thus far is summarized in Fig. (11).
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To extend SAR for novobiocin, modified coumarin derivatives of A4 were designed to
complement and probe interactions typically manifested by the purine ring of ATP. These
coumarin-modified ring systems possess hydrogen bonding capabilities that mimic those of
the nucleotide bases, adenine and guanine. In addition, these derivatives contain strategically
placed hydrogen bond acceptors and donors and alkyl groups of variable size to probe the size
and nature of the binding pocket. The results from such studies are currently under review and
should be available in the near future.

Cisplatin
Cisplatin (Fig. 12) is a platinum-containing chemotherapeutic used to treat various types of
cancers, including testicular, ovarian, bladder, and small cell lung cancer [106]. Most notably,
cisplatin coordinates to DNA bases, resulting in cross-linked DNA, which prohibits rapidly
dividing cells from duplicating DNA during mitosis [107–109]. In addition to its DNA-
mediated effects, Sreedhar and co-workers reported that cisplatin binds the Hsp90 C-terminal
domain and interferes with nucleotide binding [110]. Rosenhagen points to physiological
effects as indicators of the interaction between cisplatin and Hsp90. The hyperactive Hsp90-
androgen receptor (AR) in prostate cancer is treated with cisplatin through Hsp90 inhibition.
Likewise, Hsp 90 inhibitors can be used to treat cisplatin-resistance in cells transfected with
the Hsp90-dependent protein kinase v-src [111].

Itoh and co-workers reported that cisplatin decreases Msp90 chaperone activity. They applied
bovine brain cytosol to a cisplatin-affinity column, eluted with cisplatin and detected Hsp90
in the eluent. The results of this study indicated that cisplatin has a high affinity for Hsp90.
Moreover, through the use of proteolyzed Hsp90 fragments and affinity purification, it was
demonstrated that cisplatin binds near the C-terminus [112]. Upon treatment of neuroblastoma
cells with cisplatin, Rosenhagen and co-workers observed degradation of the androgen and
glucocorticoid steroid receptors but not other Hsp90 clients, such as raf-1. Ick and c-src. The
steroid-receptor-specific proteolysis induced by cisplatin suggests that the compound does not
complex Hsp90 and other client proteins, but rather it specifically inhibits steroid receptor-
Hsp90 complexes [111]. Csermely and co-workers determined that the cisplatin binding site
is located proximal to the C-terminal nucleotide binding site. This study concluded that
cisplatin can be used to inhibit the in vitro chaperone activity of Hsp90 as well as to efficiently
and selectively block C-terminal nucleotide binding [77].

Acquired resistance to cisplatin can limit its therapeutic potential and many resistance
mechanisms have been reported [113]. These pathways include decreased intracellular drug
accumulation, enhanced cellular detoxification by glutathione and metallothionein, altered
DNA repair and inhibition of apoptosis [113,114]. The observed in vivo unresponsiveness of
certain tumors to cisplatin cannot be explained by these mechanisms, however, pointing to
novel pathways mediating cisplatin resistance [115,116]. Genomic screening in vivo has helped
to elucidate the mechanisms of both cisplatin toxicity and acquired resistance [117].

Epigallocatechin-3-Gallate
EGCG (Fig. 13) is one of the active polyphenolic components found in green tea. EGCG is
known to inhibit the activity of many Hsp90 client proteins, including telomerase, multiple
kinases, and the aryl hydrocarbon receptor (AhR). EGCG is also involved in growth factor
signaling, which involves epidermal and vascular endothelial growth factors as well as
transcription factors such as AP-1 and NF-κB. Recently Palermo and co-workers demonstrated
via affinity chromatography that EGCG manifests its antagonistic activity against AhR through
Hsp90 binding [118]. Affinity purification of Hsp90 fragments from immobilized EGCG
revealed that EGCG binds to the Hsp90 C-terminus. This interaction was reported to occur
specifically with amino acids 538–728, suggesting that binding takes place at the C-terminal
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ATP-binding site. Unlike previously identified N-terminal Hsp90 inhibitors, EGCG does not
appear to prevent Hsp90 from forming heteroprotein complexes, Studies are currently
underway to determine whether EGCG competes with novobiocin or cisplatin binding [118].

Taxol
Taxol (Fig. 14), a well-known drug for the treatment of cancer, is responsible for the
stabilization of microtubules and inhibition of mitosis [119]. Previous studies have shown that
Taxol induces transcription factors and kinase activation, mimicking the effect of bacterial
lipopolysaccharide (LPS), an attribute unrelated to its tubulin-binding properties [120]. A
significant amount of evidence suggests that the LPS-mimetic activity of Taxol is independent
of (β-tubulin binding. Thus, Rosen and co-workers prepared a biotinylated Taxol derivative
and performed affinity chromatography experiments with lysates from both mouse brain and
macrophage cell lines. These studies led to affinity purification of two chaperones, Hsp70 and
Hsp90, by mass spectrometry from the mouse brain. In contrast to typical Hsp90-binding drugs,
Taxol exhibits a stimulatory response, mediating the activation of macrophages and exerting
the LPS-mimetic effects observed [121].

Recently it was reported that the geldanamycin derivative 17-AAG (Fig. 15) behaves
synergistically with Taxol-induced apoptosis. The mechanism by which these two interact is
best explained as sensitization of tumor cells to Taxol-induced apoptosis by 17-AAG through
suppression of Akt kinase [122]. The use of Hsp90 inhibitors in combination with proapoptotic
therapies represents an exciting new strategy for chemotherapy.

IMPLICATIONS FOR HSP90 INHIBITORS
Key roles for Hsp90 involve the folding of client proteins and the refolding of aggregated or
misfolded proteins. These functions make Hsp90 an attractive target for the development of
potential therapeutics. By taking advantage of these roles, Hsp90 can be transformed from a
mechanism for protein folding to a means of therapy delivery. Moreover, the divergence of
these functions makes Hsp90 amenable to the treatment of various disease states (Fig. 16).

Cancer
Many proteins responsible for malignant progression within tumor cells are Hsp90-dependent
and more than 40 oncogenic substrates have been identified to date [123]. Therefore, targeting
Hsp90 can simultaneously disrupt all six hallmarks of cancer (Fig. 18) and offer a unified
mechanism for chemotherapy [11]. Moreover, Hsp90 is overexpressed in malignant cells, and
its expression correlates directly with the proliferation of these cells [40,124–126]. Hsp90
inhibitors represent a unique class of compounds that demonstrate high differential selectivity
for malignant versus normal cells [10] at concentrations that are well tolerated by humans
[127,128]. There are currently more than 20 Hsp90-targeted clinical trials in progress and many
more inhibitors are in preclinical development.

The mechanism by which Hsp90 inhibitors exert their anti-cancer effect is by competitively
binding to the nucleotide binding site. Upon inhibitor binding, the heteroprotein complex
becomes unable to fold or stabilize client proteins. This unproductive complex becomes
ubiquitinylated and degradation by the ubiquitin-proteasome pathway ensues. Fig. (17)
demonstrates at which step disruption of the protein folding process occurs.

Fig. (18) lists the six hallmarks of cancer as defined by Weinberg as well as associated client
proteins for each [11]. A cell is defined as cancerous only if all six of these hallmarks are
present. The manifestation of each is mediated through a number of proteins, many of which
are Hsp90-dependent. The proteins associated with the first two hallmarks are those which
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facilitate and/or inhibit mitogenic signaling. Those listed with the third hallmark inhibit
programmed cell death by preventing normal apoptotic pathways from killing the transformed
cell. Telomerase enables DNA replication without harming valuable genetic material and thus
provides immortality [129]. Hallmark five is related to the recruitment of vasculature, a process
which is directly regulated by several Hsp90 clients. Finally, several Hsp90-dependent clients
enable metastasis, leading to the spread of cancer from the initial site of the tumor to other
parts of the body.

While many of these proteins are associated with only one hallmark of cancer, other Hsp90-
dependent proteins fall into many. The Hsp90 client HDAC6 is involved with the control of
gene expression through deacetylation of histones, many of which are Hsp90 clients as well.
Deacetylation of histones causes DNA to become too tightly wound, inhibiting gene
expression. Therefore, inhibition of this deacetylation may lead to the increased expression of
genes responsible for tumor suppression. Moreover, HDAC6 inhibition can inhibit cancer cell
proliferation, induce apoptosis and block tumor angiogenesis [134]. Similarly, the SMYD
family of proteins also contains several Hsp90-dependent clients which are directly related to
modification of histones. SMYD1, SMYD2 and SMYD3 are histone methyltransferases, which
act much like HDACs in their ability to alter gene expression [135,136]. Inhibition of these
Hsp90-dependent proteins lead to the same anti-cancer effects as observed through histone
deacetylase inhibition.

Akt is another Hsp90-dependent protein that is associated with several hallmarks of cancer.
Akt (protein kinase B) is a serine/threonine kinase involved in signal transduction pathways
that has implications in self-sufficiency of growth signals, evasion of apoptosis and sustained
angiogenesis. Inhibition of apoptosis by Akt is accomplished through inhibition of a number
of proapoptotic proteins, such as kinase ASK1 [137], glycogen synthase kinase 3, BAD,
caspase 9 and Forkhead transcription factors [138–141]. Moreover, through interaction with
phosphatidylinositol-3 kinase (PI3K), Akt signaling regulates many angiogenic growth factors
involved with recruitment of vasculature [142]. The PI3K-Akt interaction is responsible for an
important cell survival signal pathway that is targeted by many anti-cancer drugs [143]. The
ability of Hsp90 inhibitors to disrupt the many associations of Akt with oncogenic pathways
has generated much interest in studying the interaction between Akt and Hsp90.

The receptor tyrosine kinase c-Met is another example of an Hsp90-client that is involved with
several of the hallmarks defined by Weinberg. This kinase plays important roles in cell growth,
apoptosis, angiogenesis and apoptosis [144] and thus can be categorized as fitting into several
hallmarks. c-Met is overexpressed and mutated in a variety of cancers, and its function and
stability depend on Hsp90. Hsp90 inhibitors, such as geldanamycin, have been shown to block
c-Met oncogenic signaling [145–147]. Clinical trials are under way to study the effects of such
inhibitors in a variety of cancers that demonstrate an overactive c-Met pathway [148].

Although the anti-cancer drug effects of many Hsp90 inhibitors have been previously ascribed
to specific inhibition of growth-related (tyrosine) protein kinases, a more complicated
mechanism has been recently suggested. MAP kinases, which play an important role in cellular
signaling, have been known to be activated by various stresses and growth stimuli [149–156].
The recently identified and cloned member of the MAP kinase superfamily, MOK, was found
to be Hsp90-dependent for its intracellular stability and solubility. The Hsp90/Cdc37 complex
that binds MOK specifically binds closely related protein kinases MAK and MRK, but not
conventional MAP kinases, such as ERK, p38 and JNK [157]. With the knowledge that Hsp90
inhibition leads to degradation of certain other kinases, such as MOK, it was concluded that
molecular chaperones play an essential role in the stability of signal transuding protein kinases.
This role may be directly related to the anti-cancer effects observed upon introduction of Hsp90
inhibitors.
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The more than 40 client proteins associated with oncogenesis include proteins from the classes
of transcription factors, kinases, and other proteins [20,46,124–126]. Many of these proteins
are individually sought after anti-cancer targets for which therapies have been developed.
While many of these proteins can be associated with a specific hallmark of cancer as defined
by Weinberg, other examples exist that regulate factors upstream from cancer development.
Oncogenic proteins like Mdm2 and SV40 large T-antigen are associated with tumor suppressor
genes. These Hsp90-dependent proteins play essential roles in regulating p53, a tumor
suppressor which is commonly mutated in many cancers. Ral-binding protein I is another
example of an oncogenic Hsp90-dependent protein. This protein interacts with RalA and RalB,
both or which are associated with Ras and many signaling pathways directly related to the
malignant phenotype. Hsp90 inhibitors, therefore, offer the opportunity to treat cancer through
disrupting many targets at different stages as it advances, further increasing their utility to treat
a variety of cancers. The possibility to disrupt many targets is also what gives Hsp90 inhibition
its seemingly divergent role in the treatment of neurodegenerative diseases.

Neurodegenerative Diseases
The accrual of misfolded proteins that result in plaque formation causes neurodegenerative
diseases including Alzheimer’s, Parkinson’s, Huntington’s, and prion disease [13]. Hsp90 is
a major molecular chaperone responsible for the rematuration, disaggregation, and
resolubilization of these misfolded proteins and their aggregates. Hsp90 inhibitors can lead to
Hsp induction, refolding of aggregated proteins and provide neuroprotective activities via this
mechanism [158]. Fig. (19) summarizes this role of Hsp90 as it fits into the generally accepted
protein folding scheme.

There are several Hsp90-dependent proteins with roles within the central nervous system
related to disease states. Tau proteins are associated with microtubules and are abundant in
neurons within the central nervous system. These proteins promote tubulin assembly into
microtubules and the different Tau isoforms stabilize these microtubules, often after
phosphorylation by a series of kinases. Hyperphosphorylation of the Tau protein results in the
self-assembly of filament tangles, which are involved in the pathogenesis of Alzheimer’s
disease [159]. This aggregation of Tau proteins into neurofibrillary tangles has also been
associated with diseases such as progressive supranuclear palsy, corticobasal degeneration,
and Pick’s disease [160].

Soluble protein levels correlate well with high levels of Hsp90. In contrast, high levels of
granular Tau oligimers (Tau filaments and intermediates) have been observed when Hsp levels
are low. Although it has been suggested that Hsp90 functions to regulate levels of soluble Tau,
the chaperone system can become saturated [161]. Chiosis and co-workers studied Tau
hyperphosphorylation as the direct result of the aberrant activation of several kinases, such as
cyclin-dependent protein kinase 5 (Cdk5) and glycogen synthase kinase-3β). The group
specifically studied the Cdk5/p35 kinase complex, demonstrating in mice that Cdk5 inhibitors
reduce Tau hyperphosphorylation and apoptosis in neurons [162,163]. In addition to abnormal
phosphorylation of Tau by kinases, the accumulation of aggregated Tau in several tauopathies
has been linked to mutations in human Tau isoforms on chromosome 17 [163–165]. Chiosis
and co-workers demonstrated that the expression of the most common mutation, TauP301L,
can be suppressed to inhibit neuronal loss, leading to function improvement in mice. Both
Cdk5/p35 and TauP301L were cited as clients that require Hsp90 assistance for their stability
and proper function [166].

Another Hsp90-dependent client associated with neurological disease is alpha-synuclein. This
protein is found predominantly at presynaptic terminals in neural tissue, but its primary function
remains unknown. Although it is usually a soluble protein, alpha-synuclein can aggregate to
form insoluble fibrils in diseases characterized by Lewy bodies, such as Parkinson’s disease,
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dementia with Lewy bodies and multiple system atrophy [167]. An alpha-synuclein fragment,
the non-Aβ component (NAC), is also found in the amyloid plaques associated with
Alzheimer’s disease [168].

Hsp90 offers a new range of therapies for treating neurodegenerative diseases. Whether
through the induction of Hsp90 to allow refolding of denatured or aggregated proteins or
through directly inhibiting clients related to neurodegeneration, Hsp90 offers a unique target
for therapy. Hsp90 inhibitors are a future direction for the development of clinical drugs to
slow the progression of and cure these debilitating diseases.

CONCLUSION AND FUTURE DIRECTIONS IN THE FIELD OF C-TERMINAL
INHIBITION

Mechanistic implications for targeting the Hsp90 protein folding machinery continue to evolve
at a high rate. Newly identified client proteins and co-chaperones have led to additional
biological targets that can be modulated by small molecules that bind Hsp90. Crystal and co-
crystal structures of nearly the entire Hsp90 scaffold have provided significant advancements
in the field. These structures allow for a more precise understanding of the protein and provide
a scaffold upon which rationally-designed inhibitors can be developed. Biochemical and
spectroscopic techniques, molecular modeling and inhibitor design have indirectly revealed
much about the C-terminus, but most remains speculative without confirmation through co-
crystal structures. The mechanism of action for C-terminal inhibitors will finally be clarified
through further understanding of the C-terminal structure and its nucleotide binding site. Thus,
although considerable advancements have been made, continued efforts that focus on the
Hsp90 C-terminus are required to fully understand the Hsp90 protein folding machine and its
potential role against various diseases.
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Fig. 1.
Structure of Hsp90 in open state.
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Fig. 2.
Structure of GDA and radicicol.
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Fig. 3.
Summary of various Hsp90 isoforms [39].
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Fig. 4.
Co-chaperones and partner proteins involved in the Hsp90 protein folding mechanism [66,
67].
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Fig. 5.
Proposed Hsp90-mediated protein folding mechanism.
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Fig. 6.
Structures of novobiocin, chlorobiocin and coumermycin A1.
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Fig. 7.
Structural analysis of novobiocin.
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Fig. 8.
Structures of A4, DHN1 and DHN2.
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Fig. 9.
Structures of coumermycin A1 and A4-dimcrs.
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Fig. 10.
SAR elucidated for novobiocin.
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Fig. 11.
Summary of SAR between novobiocin and Hsp90.
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Fig. 12.
Structure of cisplatin.
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Fig. 13.
Structure of EGCG.
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Fig. 14.
Structure of Taxol.
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Fig. 15.
Structure of 17-AAG.
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Fig. 16.
Bidirectional approach to Hsp90 modulation.
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Fig. 17.
Hsp90 inhibition by anti-cancer agents.
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Fig. 18.
Hallmarks of cancer and corresponding Hsp90 client proteins [15,130–133].
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Fig. 19.
Hsp90 inhibition by anti-cancer agents.
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