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Abstract: Protein misfolding causes a phenotype of disorders that is modulated by the action of multi-complexes formed
by molecular chaperones and the proteasome machine. Hsp90 is a molecular chaperone involved in maintaining folding,
stability and function of many proteins involved in apoptosis, signal-transduction pathways and cell-cycle regulation.
Many of these proteins are usually deregulated in cancers and by keeping them active Hsp90 helps the stabilization of tu-
morogenic cells. Therefore, inhibition of Hsp90 will result in degradation of its client proteins via the proteasome fol-
lowed by a down regulation of several properties of the malignant phenotype. As a consequence, Hsp90 has been consid-
ered to be an appealing target for cancer therapeutics because its inhibition can affect multiple oncogenic pathways simul-
taneously. Major efforts have generated Hsp90 inhibitors that passed Phase | clinical trials and have entered Phase Il tri-
als. Furthermore, other compounds are in development to improve efficacy as antitumor agents. In conclusion, the devel-
opment of Hsp90 inhibitors is considered to be a good example of medicinal chemistry. Specific important aspects of
Hsp90 structure and function, the role of the chaperone in cancer and the development of Hsp90 inhibitors that causes
growth arrest and apoptosis in cancer cells are discussed.
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1. CHAPERONES AND PATHOLOGY

The necessary information for a protein to fold to its na-
tive conformation lies in the amino-acid sequence (for a spe-
cific review see [1]). However, efficient reversible folding
and unfolding has been usually observed only for small pro-
teins whereas for many others, refolding experiments result
in partially unfolded, or even completely misfolded mole-
cules, and in aggregation. Aggregation is unproductive since
the function of most proteins is ordinarily related to its native
conformation, although Intrinsically Unfolded Proteins, or
IUP, seem to have cellular functions [2]. Protein aggregation
has become a general problem because any protein sequence
has the potential to form amyloid fibrils given the appropri-
ate conditions [3,4]. In agreement with the aforementioned,
the deleterious effect of aggregates has been connected to
major pathological effects and tissue deposition of protein
aggregates in vivo causes degenerative diseases and organ
damage [5]. There are two aspects of protein folding in the
cellular context that further aggravate the pathological ef-
fects of protein misfolding. Protein aggregation is enhanced
by crowding effects inside the cell [6] and aggregates may
become infections by promoting aggregation of native con-
formers as is the case with prions [7].

Inside the cell the folding of many proteins is assisted by
molecular chaperones that are also referred to as heat-shock
proteins (Hsp) for being first described as proteins induced
during thermal stress [8-10]. In a general way, molecular
chaperones help other proteins to fold and are considered
cellular housekeepers due to their capability of activating
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cellular processes by regulating the folding/function of key
proteins. For instance, when cells are submitted to an in-
crease in temperature, a heat-shock response (HSR) is acti-
vated and mRNAs related to Hsps are detected subsequently.
The importance of molecular chaperones for the organism
can also be evaluated by the high number of genes belonging
to molecular chaperones present in the genome and the high
expression of these genes. Take plants for instance, their
cells trigger the expression of molecular chaperones to in-
crease their chance of survival in the extreme environmental
stress to which they are usually exposed. The genome of the
model plant Arabidopsis thaliana has been sequenced and
the gene expression profile, measured by RNA expression,
of many plants, among them sugarcane and eucalyptus, have
been investigated. The data provided by these works can be
mined specifically for molecular chaperones and used to
generate new information about them (The TIGR Arabidop-
sis thaliana Database: http://www.tigr.org/tdb/e2k1/ath1/;
[11, 12, 13]). The general picture from the mined data is that
about 20% of the expressed molecular chaperones belong to
the Hsp70 family, about 20% to Hsp70 co-chaperones and
about 10% to the Hsp90 family. This result emphasizes the
importance of Hsp70 and Hsp90 as regulators of many cellu-
lar processes.

Molecular chaperones also have a prophylactic action
because they prevent proteins with aggregative potential to
form amyloid fibrils. In addition to that, some specialized
molecular chaperones have the ability to dissolubilize aggre-
gates, a powerful characteristic that opens the possibility to
use them as therapeutics against diseases caused by mis-
folded proteins. It is conceivable that an accumulation of
misfolded proteins with time would overload the chaperone
system accounting for the increase in the number of diseases
verified in the elderly [14]. Consequently, some researchers
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Fig. (1). (A) Terrecyclic acid A, (B) celastrol and (C) quecertin.

have pointed out that misfolded proteins would play a role in
the manifestation of as much as half of the human diseases
(see Reference [15] and references therein). We may con-
clude that a complex formed by molecular chaperones and
the proteassome (responsible for protein degradation) consti-
tute the quality control system that deals with proper protein
folding and degradation. This complex system would then
modulate the phenotype of disorders caused by protein mis-
folding.

Protein misfolding causes both the loss of function, as in
the case of some cancer diseases, and again of damaging
function, as in the case of Alzheimer and Parkinson diseases.
These deleterious actions motivate developing small mole-
cules capable of manipulating chaperones and protein ho-
meostasis. As an example, compounds that could induce a
high expression of molecular chaperones would be important
as therapeutic agents to increase the yield of correctly folded
proteins and to decrease the number of aggregates in patho-
logical conditions.

The heat shock response (HSR) is transcriptionally regu-
lated by heat shock factors (HSFs) that triggers the expres-
sion of molecular chaperones. There are three HSFs in hu-
mans: HSF1, HSF2 and HSF4. Several chaperones, most
importantly Hsp70 and Hsp90, were shown to bind to HSF1
and keep it in an inactive form. In a situation of stress mis-
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folded proteins compete with HSF for the binding site con-
sequently releasing HSF that migrates to the cell nucleus
[16]. HSF1 is activated by proteasome inhibitors, by mole-
cules that regulate inflammation and by Hsp90 inhibitors
(see below). Some compounds that increase the action of
HSF are in clinical trials and had positive impact on oxida-
tive stress and on some cancers [17,18]: terrecyclic acid A
[19], celastrol [20], and quercetin [21,22] (Fig. 1). The
aforementioned compounds have also critical importance
when considering targeting Hsp90 for chemotherapy [18].

2. STRUCTURE, INTERACTION AND FUNCTION OF
HUMAN HSP90

Hsp90 is a specialized ATP-dependent protein folding
tool, which is essential for the growth of eukaryotic cells
[23]. This chaperone is a homodimer and each monomer
consists of a highly conserved N-terminal domain (~30 kDa)
that contains an ATP-binding site followed by a charged
region of unknown function, a flexible domain located in the
middle (~35 kDa) and a C-terminal domain (~20 kDa) that is
responsible for dimerization (Fig. 2). The N-terminal AT-
Pase domain has a regulatory pocket that binds and hydro-
lyzes ATP to mediate a series of association-dissociation
cycles between Hsp90 and client proteins. This domain con-
tains the Bergerat-fold, in which the nucleotide adopts a bent
shape, and was previously found in bacterial gyrases and

A)

Fig. (2). Tertiary structure of Hsp90 from Saccharomyces cerevisiae which is 82% similar to human Hsp90a. A) One monomer is in black
and the other in white. B) Top white: N-terminal domain residues (2-216), middle gray: central domain residues (262-560) and bottom black:
C-terminal domain residues (561-677). AMP-PNP is represented by spheres. PDB accession number 2CG9. All molecular graphics were

produced with PyMOL (http://pymol.sourceforge.net/).
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topoisomerases [24,25]. A second nucleotide-binding site is
also present at the C-terminal of Hsp90 [26-28] (see below).

Fig. (3) shows the crystal structure of the N-terminal of
Hsp90 both in the apo form and bound to ADP. The N-
terminal domain of Hsp90 is composed of nine helices and
eight strands of antiparallel B sheets that together fold into an
a+B sandwich, in which a deep pocket is formed by the resi-
dues involved with ATP/ADP binding (Fig. 3). This pocket
has diverse hydrophobic and polar character and the residues
involved in binding either directly or throughout water-
mediated hydrogen bonds are Leu48, Asn51, Asp54, Ala55,
Lys58, 11e91, Asp93, 11e96, Gly97, Met98, Asn106, Leul07,
Lys112, Gly135, Phel38, Vall50, Thr184 and Vall86
[25,29,30].

Despite being an heat-shock protein, Hsp90 is ubiqui-
tously expressed under normal conditions and corresponds to
about 1-2% of total cellular protein content making them one
of the most abundantly expressed cytoplasmic proteins in
several organisms [31]. As a matter of fact, the Hsp90 family
is highly expressed in plant cells, 10-20% of all 5’EST anno-
tated to molecular chaperone category in eucalyptus and
sugarcane belonging to Hsp90 [11]. The Hsp90 homolog in
bacteria (HtpG) is non-essential whereas eukaryotic cytoso-
lic Hsp90 is essential and accomplishes numerous roles. In
addition to that, there are different isoforms of Hsp90 in the
human cell [32]. Most relevant for this review are the cyto-
solic isoforms Hsp90o (gene HSP90AAL), which is heat-
inducible and Hsp90p (gene HSP90ABL), which is constitu-
tive (Fig. 4). They have different roles, e.g. Hsp90« is in-
volved in cancer cell invasiveness [33] but there is still much
to be known about the biological functions of the different
isoforms of Hsp90.
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Fig. (3). Crystal structure of the N-termini of Hsp90 in the apo
form (PDB accession number 1YES) and bound to ADP (PDB
accession number 1BYQ). The N-terminal domain of Hsp90 is
composed of nine helices and eight strands of antiparallel B sheets
that together fold into an a+p sandwich. Residues involved either
directly or throughout water-mediated hydrogen bonds are Leu48,
Asn51, Asp54, Alab5, Lys58, 11e91, Asp93, 11e96, Gly97, Met98,
Asn106, Leul07, Lys112, Gly135, Phel38, Vall50, Thr184 and
Val186 [25]. Not all residues are shown.

One basic property of chaperones is their ability to spe-
cifically target and form complexes with other chaperones.
Hsp90 collaborates with Hsp70 to form a multi-chaperone
machinery, which is a dynamic, multifunctional and mul-
ticomponent system that plays a pivotal role in protecting
biological organisms from environmental and genetic
stresses [34]. Although Hsp70 and Hsp90 are sufficient for
folding their functions are amplified by the help provided by
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Fig. (4). Sequence alignment of human cytosolic Hsp90 isoforms, o and f, which are 86.8% identical. Multiple sequence alignment was

performed by Clustal W (http://align.genome.jp/).
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co-chaperones in modulation, acceleration, potentiation, and
stabilization of folding (see Table 1 for a list of important
co-chaperones involved with Hsp90). A list of Kp values for
binding for selected Hsp90 factors can be found in Reference
[35]. Hsp90 co-chaperones promote the interconversion of
the ATP- and ADP-bound states and modulate the formation
of client specific complexes [36].

In eukaryotes, the Hsp70-Hsp90 machinery is formed by
Hsp70, Hsp90, and co-chaperones HOP, Hsp40 and p23. As
a direct support to this hypothesis functional Hsp90-
heterocomplex can be assembled in vitro by mixing the puri-
fied chaperones and co-chaperones listed above. The func-
tion of Hsp90 is driven by a dynamic association with its
client proteins and their co-chaperones to form protein com-
plexes. The tetratricopeptide repeat (TPR) is a degenerate
34-residue motif present in a subset of co-chaperones that
binds Hsp90. TPR is formed by a compact helical domain of
six consecutive a-helices arranged in a regular right-handed
superhelix, generating an amphipatic groove that is capable
of interacting with 7-12 residues of the polypeptide. The
binding site for TPR is in the C-terminus where a domain
formed by a MEEVD motif is present [37].

The Hsp90 chaperone is highly regulated. For instance,
its ATPase activity regulates the substrate binding cycle and
HOP inhibits this activity by preventing nucleotide binding.
The high affinity state of Hsp90 for client proteins is
switched to the lower affinity state by ATP binding, which
hydrolyze the affinity back to high. The p23 co-chaperone
recognizes Hsp90 bound to ATP and stimulates dissociation
of the complex. In addition, Ahal stimulates the ATPase
activity of Hsp90 by about tenfold [38] and CHIP (C-
terminus of Hsp70-interacting protein) connects Hsp90 to
the ubiquitin complex, helping to control the degradation of
proteins by the proteasome. As a matter of fact, there is evi-
dence that in several tumor cell lines, Hsp90 might be exclu-
sively bound to co-chaperones in a state of high affinity for
nucleotide [39] (see below).
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3. HSP90 AND CANCER

A recent and large-scale study using yeast as model [40]
showed that at least 200 client proteins make physical inter-
actions with Hsp90. One of the most important conclusions
of this work is that Hsp90 is connected with a wide range of
cellular functions. As examples of its diversity Hsp90 is in-
volved in epigenetic gene regulation by interacting with pro-
teins that are chromatin remodeling factors and Hsp90 par-
ticipates in inherent genetic variation [41].

New client proteins for Hsp90 seem to be discovered
continuously and an up to date list of Hsp90 ‘interactors’ can
be found at http://www.picard.ch/DP/downloads/Hsp90inte-
ractors.pdf. Important to the cancer therapeutics field is that
signal transduction proteins including many kinases and
steroid hormones are also clients of Hsp90, which maintains
their conformation, stability and function [41-43]. These
structurally labile signal transducers have a crucial role in
cell cycle, growth control, apoptosis and developmental
processes. In fact, the largest single group of Hsp90 client
proteins are protein kinases such as oncogenic kinases c-Src,
b-Raf, PKB/Aktl, ErbB2 and Cdk4 [44,45]. Many of them,
like ErbB2, Src, Raf, and cyclin-dependent serine kinases are
key players in malignant transformation [46,47]. Hsp90 is
also necessary for the maturation of the nuclear hormone
receptors and the hypoxia-inducible factor-1, and is associ-
ated with nitric oxide synthases and the antiapoptotic pro-
tein. The chaperone acts in regulating proteins involved in
both the intrinsic and extrinsic apoptotic pathways [36] and
the accumulation of mutant forms of the tumor suppressor
transcription factor p53 [46,47].

Increased chaperone expression favors oncogenesis be-
cause they increase the chance that cancer cells survive in
extreme environmental stress. For instance, free radicals
generated by hypoxia and acidosis can cause significant
physical damage to cellular proteins, which will be protected
by the expression of molecular chaperones. Therefore, the
fact that Hsp90 maintain its client proteins in an activated

Table1l. Important Hsp90 Co-Chaperones
Co-Chaperone Class Main Function Ref.
p23 Other Essential for assembly of stable steroid receptor heterocomplexes; coupling [118]
factor (ATPase inhibitor)

Cdc37 Other Kinase-specific and co-chaperone [119]
Ahal Other ATPase activator [120]
HOP TPR Essential for assembly of stable steroid receptor heterocomplexes; [121,122]

Hsp70/Hsp90 adaptor protein

Tom70 TPR Mitochondrial protein import [123]
Sgtl TPR Binding partner (nucleotide-dependent) [124]

Unc45 TPR Myosin folding and assembly [125]

FKBP51 PPlases Essential for assembly of stable steroid receptor heterocomplexes [126]
FKBP52
Cyp40 PPlases Essential for assembly of stable steroid receptor heterocomplexes [126,127]
PP5 Hsp90 phosphatase Modulation of Hsp90 substrate maturation [128]
CHIP Ubiquitin ligase Protein quality control system — protein labeling for degradation [129,130]
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state combined with the protective role of molecular chaper-
ones toward damaged proteins help to stabilize tumorogenic
cells. For that, Hsp90 has to have highly ATPase activity,
which is usually potentiated by co-chaperones, thus it is
worth noting that Hsp90 complexes from tumor cells are
almost entirely bound to HOP and p23 [39].

Hanahan and Weinberg [48] proposed six essential al-
terations in cell physiology that are characteristic of most if
not all cancers: self-sufficiency in growth signals, insensitiv-
ity to growth-inhibitory (antigrowth) signals, evasion of pro-
grammed cell death (apoptosis), limitless replicative poten-
tial, sustained angiogenesis, and tissue invasion and metasta-
sis. Hsp90 is essential for the stability and function of many
oncogenic client proteins which are usually deregulated in
cancers and contribute to the hallmark traits of malignance
aforementioned [49-51] (a small list of Hsp90 client proteins
involved with malignance are summarized in Table 2). On-
cogenic mutations increase the instability of the client pro-
teins therefore requiring increased amounts of Hsp90. Thus,
the Hsp90 action stabilizes mutated oncogenic proteins re-
quired for the transformed phenotype that would otherwise
be lethal [41]. In conclusion, Hsp90 has the ability to main-
tain the functional conformations of mutant and aberrant
oncoproteins and grants survival advantage to tumor cells.

Another important finding is that survivin, an apoptosis
inhibitor and essential regulator of mitosis, is maintained by
Hsp90. Disruption of the survivin-Hsp90 complex results in
proteasomal degradation of survivin, mitochondrial-
dependent apoptosis, and cell cycle arrest [52]. Therefore,
the association between survivin and Hsp90 reduces the
chance of apoptosis and promotes the proliferation of tumor
cells. Hsp90 is also an important determinant of tumor cell
invasion and metastasis because it is expressed in the surface
of melanoma metastases and cell surface Hsp90 seems to be
crucial for the invasiveness of sarcoma cells in vitro
[33,53,54].

The information discussed above forms the basis for us-
ing Hsp90 as a target for cancer therapeutics because inhibi-
tion of Hsp90 will significantly weaken a cancer cell and
will cause regression of tumor growth. Client proteins are
degraded in the absence of the chaperoning activity of Hsp90
and consequently inhibition of the chaperone results in deg-
radation of its client proteins via the ubiquitin-proteasome

Table2. Important Hsp90 Client-Proteins Involved with
Cancer
Client Protein Function

ErbB2 Proliferation, differentiation, and oncogenesis
Ber-Abl Pathogenesis of chronic myelogenous leukemia

Akt/PKB Anti-apoptosis

C-RAF Growth factor independence
CDK4 Resistance to anti-growth signals
PLK-1 Mitotic regulator kinase

Mutant p53 Tumor supressor
HIF-1a Angiogenesis stability
hTERT Unlimited replicative potential
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pathway. As a consequence, the down-regulation of signal
being propagated via numerous signaling pathways and
modulation of all aspects of the malignant phenotype will
follow [50]. Therefore, Hsp90 provides a broader target for
anticancer therapies than single, oncogenically activated
signaling pathways. As a matter of fact, Hsp90 inhibition in
vitro leads to growth arrest and apoptosis in cancer cells
[51,55] and causes a defect in a number of proliferative sig-
nals, including the Akt-dependent survival pathway [56-58].
Hsp90 inhibition may also sensitize tumor cells against vari-
ous attacks by helping their lysis under hypoxia and com-
plement attack [59,60].

Hsp90 inhibitors, by interacting specifically with a single
molecular target, the Hsp90 chaperone, causes the inactiva-
tion, destabilization, and eventual degradation of Hsp90 cli-
ent proteins. As mentioned below, inhibitors of Hsp90 have
shown promising antitumor activity in preclinical model
systems [41,51]. The genetic knockout of Hsp90 in eukaryo-
tes is lethal and therefore it was not obvious that the chaper-
one may be a target in disease. Nonetheless, compounds that
target Hsp90 have the potential to treat cancers (see below).

4. THERAPY: INHIBITORS AND CLINICAL TRIALS

The Hsp90 inhibitors currently in clinical trial share the
property of displacing nucleotide from their binding pocket
located at the N-terminus of Hsp90. Therefore, these inhibi-
tors promote a significant decrease in the activity of onco-
genic kinases and disrupt the activity of numerous receptors
and transcription factors that are known to be involved in
oncogenesis. For such reasons, compounds that target Hsp90
have been identified as potential anticancer agents. In con-
trast to most direct inhibitors, which are often fairly specific
for a given protein, Hsp90 inhibitors can affect multiple on-
cogenic pathways simultaneously. The ability to diminish the
level of many protein targets in parallel is therapeutically
attractive because they behave as typical multi-target drugs,
a feature potentially more efficient than highly selective sin-
gle-target drugs [61,62].

Important classes of compounds found to be inhibitors
against Hsp90 mediated oncogenic in the last decade are
summarized in Table 3. They are geldanamycin, its less toxic
analogs, 17AAG and 17DMAG, radicicol and its more stable
oxime derivatives, purine-scaffold inhibitors and novobiocin
[41,49-51]. These compounds target the ATP-binding pocket
and since ATP binds to the Bergerat fold in Hsp90, its in-
hibitors are likely to adopt a bent conformation as well to
achieve high affinity binding. Fig. (5) shows the pocket that
forms the ADP/ATP-binding site located at the N-terminus
of Hsp90 in the apo form, in complex with ADP, with gel-
danamycin and with its analog 17-DMAG.

Now that the proof-of-principle regarding Hsp90 inhibi-
tors has been established by several phase | trials, there are
several efforts are underway to synthesize drug candidates
with higher affinity for Hsp90 and in developing clinical
assays to test these inhibitors. There is also an increase in the
study of the crystal structure of Hsp90 with inhibitors to un-
derstand their mode of action and to screen potential ligands.
For all these reasons and others mentioned elsewhere, the
development of Hsp90 inhibitors is considered to be a good
example of medicinal chemistry [50,51,63]. For a recent list
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Table 3. Important Hsp90 Inhibitors
Inhibitor Class Binding
Geldanamycin ansamycin N-terminus

17-AAG ansamycin N-terminus

17-DMAG ansamycin N-terminus
Radicicol Macrocyclic antibiotic N-terminus
KF58333 Oxime derivatives N-terminus
PU3 and Purine scaffold N-terminus
analogs

Novobiocin Coumarins N- and C-termini
Cisplatin Platinum complex C-terminus

of Hsp90 drugs which are on clinical trials and their present
status see Reference [64].

4.1. Geldanamycin

Geldanamycin (Fig. 6) is a benzoquinone microbial prod-
uct classified as ansamycin antibiotic that competes with
ATP for the N-terminal binding site of Hsp90 [65,66]. Al-
though the antitumor property of this molecule has been
known for a long time [67], its association with Hsp90 was
discovered several years later [68]. Geldanamycin was
shown to activate HSF [69] and consequently the expression
of Hsp40, Hsp70 and Hsp90 [70].

Geldanamycin interferes with the Hsp90 function and
generates proteossomal degradation of several key regulatory
proteins, including tyrosine kinases and steroid receptors,
many of which are involved in promoting malignancy
[45,71]. This natural ligand also causes differentiation and
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apoptosis in a cell-line-dependent manner [56] and its affin-
ity for Hsp90 complexes from tumor cells is 100-fold higher
than for Hsp90 from non-tumor cells. However, geldanamy-
cin does not have acceptable pharmacological properties for
clinical application because its solubility is low and it ap-
pears broadly cytotoxic. Geldanamycin causes acute hepatic
necrosis and nephrotoxicity in dogs [72] and is also toxic for
rats [73,74]. These results precluded testing in humans.

4.2. Geldanamycin Analogs

Stimulated by the low solubility and high cytotoxicity of
geldanamycin additional natural products and natural prod-
uct derivatives have been identified and developed to inhibit
the Hsp90 protein folding machinery. An important review
published in 2005 [63] informed that more than 500 com-
pounds related to geldanamycin were reported at that time,
some of them able to inhibit Hsp90 at fentomol levels [75].

One of the first Hsp90 inhibitors developed with lower
toxicity was the geldanamycin analog 17-allylamino, 17-
demethoxygeldanamycin (17-AAG) (Fig. 6). This analog has
all the Hsp90-related characteristics of geldanamycin but
shows lower toxicity [76-79]. 17AAG also activates HSF
[69] and the expression of Hsp40, Hsp70 and Hsp90 [70]
and downregulates several client proteins including Raf-1,
cdk4 and Akt [80]. The National Cancer Institute initiated
Phase | clinical trials with 17-AAG in 1999 that are now
complete and several Phase Il trials are in progress
[62,71,79]. Also, the latest results with 17-AAG in breast
cancer and melanoma are especially encouraging [81-83].
These trials demonstrate that 17-AAG inhibits the biological
function of Hsp90 in patients with breast cancer, multiple
myeloma and other cancers. Several preclinical studies have
shown that 17-AAG may enhance the efficacy of a variety
of chemotherapeutic agents. 17-AAG was combined with
taxol to enhance cytotoxic effects on taxol-resistant ErbB2-
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Fig. (5). Figure shows the pocket that forms the ADP/ATP-binding site located at the N-terminus of Hsp90 in the apo form (A), in complex
with ADP (B), with geldanamycin (C) and with its analog 17-DMAG (D). PDB accession numbers: 1YES, 1BYQ, 1YET and 10SF, respec-

tively.
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Fig. (6). (A) Geldanamycin and its analogs (B) 17-AAG and (C) 17-DMAG.

overexpressing breast cancer cells [56] and with angiogene-
sis inhibitors in breast tumors with encouraging results [84].
17-AAG is also capable to potentiate both the in vitro and in
vivo radiation response of cervical carcinoma cells [85].
However, there are several limitations with 17-AAG such as
restricted solubility, hepatotoxicity, and its formulation,
which is difficult to handle [50]. However, the positive
clinical results with 17-AAG show that the Hsp90 target can
be inhibited without causing unacceptable toxicity.

The development of another geldanamycin analog, 17-
dimethylaminoethylamino-17-demethoxy-geldanamycin (17-
DMAG) (Fig. 6) was made in an effort to improve the solu-
bility and bioavailability of 17-AAG [51,63,82,86]. The de-
pletion of Hsp90 was more pronounced in cells exposed to
17-DMAG than treated with 17-AAG, 17-DMAG is easier to
formulate and since it is water soluble it has the potential to
be orally bioavailable [86,87]. 17-DMAG has entered clini-
cal trials.

The binding of 17-DMAG with human Hsp90p has been
studied in solution by a combination of Hydrogen/Deuterium
techniques analyzed by mass spectrometry [88]. The results
showed that peptide comprising residues 123-133, 201-208
and 620-635 of Hsp90 (Fig. 4) are protected in the presence
of 17-DMAG. The results point to conformational changes
in all three domains of Hsp90 caused by binding of 17-
DMAG demonstrating that long-range effects are present. To
sum up, the binding of the inhibitor induces a change both in
the interaction between the C-terminal and middle domains
and in the interface between the N-terminal and middle do-
mains [88].

) ®

Fig. (7). (A) Radicicol, (B) novobiocin and (C) cisplatin.

4.3. Radicicol, Purine Scaffold Inhibitors and Novobiocin

Radicicol (Fig. 7) is a 14-membered macrocyclic antibi-
otic isolated as an antibiotic of fungal origin [89] that has
effects on tumor cells similar to those of ansamycins [90].
However, radicicol, as geldanamycin, is inactive in vivo due
to its instability in serum and does not have acceptable
pharmacological properties for clinical application. On the
other hand, oxime derivatives of radicicol have potent anti-
tumor activity in vivo via destabilization of the binding of
Hsp90 with specific client proteins [91,92]. Oxime deriva-
tives are more stable than radicicol, do not cause serious
liver toxicity and work both in vivo and in vitro [93].

The binding of radicicol with human Hsp90B has also
been studied in solution by a combination of Hydro-
gen/Deuterium techniques analyzed by mass spectrometry
[88]. The results showed that peptides comprising residues
123-133, 584-589, and 620-635 of Hsp90 (Fig. 4) are pro-
tected in the presence of radicicol and the Phenyl ring of
Phe133 makes hydrophobic contact with the coplanar aro-
matic ring of radicicol. Also, the results for radicicol are in
good agreement with those for 17-DMAG (see above) indi-
cating that the different classes of inhibitors induce equiva-
lent changes in the conformation of Hsp90.

The discovery of the antibacteriotic novobiocin (Fig. 7)
as an Hsp90 inhibitor involved two important findings. One
was the screening of a structurally distinct small molecule
with affinity for Hsp90 and the second was the identification
of an uncharacterized ATP binding site at the C-terminal
domain of Hsp90. Novobiocin binds both to the N- and to
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(A

Fig. (8). Purine scaffold molecules. (A) PU3 and (B) analogs.

the C-termini of Hsp90 [26,28,94]. These findings were ob-
tained using both competitive assays with geldanamycin and
radicicol and deletion mutants consisting of either the N-
terminal domain or the C-terminal domain. Novobio-
cin reduces the cellular level of several oncogenic protein
kinases, including HER-2 and Raf-1, and inhibited the asso-
ciation of Hsp70 and p23 with Hsp90 [26,94]. Although the
inhibitory action of novobiocin has been identified as very
low, the development of novobiocin analogs for Hsp90 inhi-
bition allowed the identification of compounds with higher
potency that caused the degradation of several Hsp90 client
proteins in both breast and prostate cancer cell lines [95].
Another compound, cisplatin (Fig. 7), is a selective C-
terminal nucleotide competitor that strengthens the Hsp90-
Hsp70 complex and has potential to be used as a model tar-
get to the development of new drugs against cancer using
Hsp90 as target [28].

Chiosis and colleagues have designed small molecules
that bind to Hsp90 by making use of existent crystallo-
graphic data [36,96,97]. These small-molecules use purine as
scaffold and are highly potent Hsp90 inhibitors with im-
proved drug-like properties (Fig. 8).

5. FUTURE DIRECTIONS

There are several new strategies and recently discovered
compounds that have inhibitory action against Hsp90 and
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potential to enter preclinical trials for antitumor characteriza-
tion. A structure-based design approach has been used to
generate potent resorcinylic pyrazole/isoxazole amide ana-
logs as Hsp90 inhibitors with therapeutic potential that have
entered Phase | clinical trials. These molecules have antipro-
liferative effects and cause induction of Hsp70 and Hsp27,
depletion of client proteins, statistically significant growth
inhibition and regressions in human tumor xenografts
[98,99]. A new compound, macbecin (Fig. 9), compares fa-
vorably to geldanamycin, being more soluble, stable, and
more potent. This quinone-containing Hsp90 inhibitor in-
duces both tumor cell growth inhibition and the degradation
of Hsp90 client proteins [100]. Tanespimycin, a 17-AAG
derivative, in combination with trastuzumab [101] and IPI-
504 [102] (Fig. 9) are improved formulations which are be-
ing used as Hsp90 inhibitors with relative success in clinical
trials.

Although many new screening have been used to select
new compounds with inhibitory action against Hsp90, the
improvement of pharmacological properties and potency of
the natural pharmacophores remains important. It is worth
mentioning the use of phenolic derivatives of geldanamycin
isolated from Streptomyces sp [103], the combination of
17AAG with carboplatin [104] (Fig. 9), and SNX-2112,
which was selected by a purine-based affinity resin [105].
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Fig. (9). (A) Macbecin, (B) IPI-504, (C) carboplatin and (D) imatinib.
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Furthermore, the importance of posttranslational modifi-
cations in regulating Hsp90 function has not been entirely
elucidated yet. Hsp90 is regulated by co-chaperones and by
post-translational modification, such as phosphorylation,
acetylation, and ubiquitinylation. Hyperacetylation of Hsp90
disrupts assembly with co-chaperones, in particular, the af-
finity of co-chaperone p23 for Hsp90 was dramatically re-
duced. Since the association with p23 requires ATP binding
activity it is likely that hyperacetylation of Hsp90 lowers this
activity. In fact, hyperacetylation of Hsp90 seems to inhibit
its ATP-binding and decreases association of Hsp90 with its
client proteins [106]. Inhibitors of acetylation have effects
similar to those caused by compounds targeting the ATP-
pocket at the N-terminus of Hsp90 that decrease the ATPase
activity. These effects induce growth arrest and apoptosis in
a variety of human cancer cells, reduced expression of mu-
tant, but not wild-type, p53, depletion of Herl, Her2, and
Raf-1 proteins, lower ERK1/2 activity, and Hsp70 induction
in both Her2 overexpressing breast cancer cells and lympho-
cytes. These potential epigenetic regulatory signals have
consequences for various biological processes and poten-
tially important implications for the development of cancer
therapeutics [107].

S-nitrosylation is also another important regulator of
Hsp90 activity. The nitrosylating agent NO modifies and
inhibits both human Hsp90 ATPase activity and its positive
effect on the substrate eNOS [108]. Heat shock increases the
turnover of Hsp90 phosphate groups [109] and apparently
phosphorylation decreases the ATPase activity of Hsp90. A
previous work [110] has found that Hsp90 phosphorylation
leads to the release of the chaperone from the target protein
and can be inhibited by geldanamycin. Another importance
of post-translational modifications for the function of Hsp90
in cancer is that of the action of phosphorylation on the in-
teraction of Hsp90 and apoptosome [111]. Hsp90 inhibits the
apoptosome [112] and failure of apoptosis contributes to
oncogenesis [48]. Kurokawa et al. [111] showed that hypo-
phosphorylation of Hsp90p at Ser 226 and Ser 255 promotes
apoptosome inhibition suggesting that kinases and phospha-
tases regulating Hsp90pB phosphorylation are potential thera-
peutic targets and that tyrosine kinase inhibitors such as
imatinib [113] (Fig. 9) could be used in combination with
specific inhibitors of Hsp90.

Curiously, Hsp90 inhibitors have little effect on normal
cells but have high affinity for recombinant Hsp90 proteins
produced by bacteria, likely because they target Hsp90 that
do not have post-translation modifications [50,51]. These
observations are likely to be the focus of future studies with
significant biological and clinical ramifications.

Another very promising area of research in this field is
the association of Hsp90 with peptides which are specific in
cancers [114]. Ishii et al. [115] showed that a restricted cyto-
toxic T lymphocyte epitope of a mouse leukemia was associ-
ated with Hsp90 in the cytosol. Recently, Callahan and co-
authors [116] have shown that Hsp90 plays a global role in
direct antigen presentation to MHC | molecules which are
responsible for presenting antigens of cancers and viruses to
CD8+ T cells. Therefore, the association of cancer specific
antigenic peptides to HSP90 may serve as an indication to
the immune system. To sum up, post-translation modifica-
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tions that affect properly Hsp90 function (see above) would
also affect the presentation of cancer specific antigens.

Since general increasing in chaperone expression favors
oncogenesis, the early promise of Hsp90 inhibitors is stimu-
lating interest in additional chaperone targets. For instance,
Hsp70 has been considered a promising target because it
limits response to Hsp90 inhibition [117]. One way or the
other, it has been exciting to the study cancer therapeutics
using Hsp90 as a target. Important research has yet to be
done such as having high resolution structure of the entire
human Hsp90 in complex with many ligands and co-
chaperones, defining the exactly function of each Hsp90
isoform and screening compounds with better solubility and
less toxic effects. However, an important part of the effort
has already been accomplished and encouraging recent re-
sults with compounds already in clinical trial are raising
positive hope.
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ABBREVIATIONS

17-AAG = 17-(§1lly|amino)-17-demethoxygeldana-
mycin

17-DMAG = 17-dimethylaminoethylamino-17-demeth-
oxygeldanamycin

CHIP = C-terminus of Hsp70 interacting protein

EST = Expression sequence tag

HOP = Hsp70-Hsp90 organizing protein

HSF = Heat-shock factor

HSR = Heat-shock response

Hsp70 = 70 kDa heat-shock protein

Hsp90 = 90 kDa heat-shock protein

TPR = Tetratricopeptide repeat
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