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Natural Product Inhibitors of Hsp90: Potential Leads for Drug Discovery
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Abstract: Heat shock protein 90 has emerged as a promising target for the treatment of cancer and neurodegenerative dis-
eases. This review summarizes recent advancements towards the development of natural products as they pertain to the
biological and chemical understanding of this molecular chaperone.
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INTRODUCTION

In recent years, molecular chaperones such as the 90 kDa
heat-shock protein (Hsp90) have surfaced as promising tar-
gets for drug discovery [1-7]. Their role in the folding and
maturation of various client proteins, as well as the rematura-
tion of misfolded proteins [7-11], makes them potential tar-
gets for many diseases ranging from the disruption of multi-
ple signaling pathways associated with cancer [1, 2, 4, 6, 12-
17] to the clearance of protein aggregates in neurodegenera-
tive diseases [4, 5, 18-23]. In fact, cytotoxic inhibitors of
Hsp90 are the only cancer chemotherapeutic agents known
to impact all six hallmarks of cancer simultaneously [6]. As
defined by Hanahan and Weinberg, this includes 1) self-
sufficiency in growth signals, 2) insensitivity to antigrowth
signals, 3) evasion of apoptosis, 4) limitless replicative po-
tential, 5) sustained angiogenesis, and 6) tissue inva-
sion/metastasis [24]. Disruption of the Hsp90 protein folding
machinery by non-cytotoxic agents promotes dissociation of
heat shock factor 1 (HSF-1), which upregulates Hsp90 and
facilitates the disaggregation of proteins responsible for sev-
eral neurodegenerative diseases [21, 25].

Geldanamycin (GDA), a natural product isolated from
the bacteria Streptomyces hygroscopicus (Fig. (1)), was the
first identified Hsp90 inhibitor. Although it showed signifi-
cant anti-proliferative activity against many cancer cell lines,
its dose-limiting toxicity prevented successful completion of
clinical trials. Since that time, a variety of natural product
inhibitors of Hsp90 have emerged. Among these are her-
bimycin, radicicol, novobiocin, coumermycin Al, clorobio-
cin, epigallocatechin gallate (EGCQ), taxol, pochonin, der-
rubone, gedunin, and celastrol.

PROPERTIES OF Hsp90

Heat-shock proteins (Hsps) act as molecular chaperones,
guiding nascent polypeptides through the process of folding
and maturation into three-dimensional structures [26, 27].
Chaperones are also responsible for refolding denatured pro-
teins that result from cellular stresses such as nutrient depri-
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Fig. (1). Structure of geldanamycin.

vation, abnormal temperature or pH, malignancy, and expo-
sure to various toxins and drugs [4, 28]. Heat-shock response
is conserved across all species, from prokaryotes to eukaryo-
tes, and provides a mechanism for general upkeep of inter-
cellular processes, including protection against protein ag-
gregation in the cytosol [29, 30].

Hsp90, the most prominent of the heat-shock proteins,
makes up 1-2% of all cytosolic protein [8] and exists in
four isoforms: Hsp90c, Hsp90P, glucose-regulated protein
(GRPY4), and Hsp75/tumor necrosis factor receptor associ-
ated protein 1 (TRAP-1). Hsp90a and Hsp90P can be found
in the cytosol, and are the inducible and constitutive forms,
respectively. GRP94 resides in the endoplasmic reticulum,
while TRAP-1 is located in the mitochondrial matrix [31,
32]. To date, Hsp90 has been found to interact with over 200
client proteins, as well as ~50 co-chaperones, making it a
cornerstone in the cellular protein-folding machinery and an
emerging target for the treatment of various disease states
[33, 34].

Structure

Since the first reported crystal structure by Prodromou
and co-workers in 1996 [35], it has been determined that
Hsp90 is comprised of three distinct structural domains: a 10
kDa C-terminus, a 55 kDa middle domain, and a 25 kDa N-
terminus [36, 37]. In its biologically active form, Hsp90 ex-
ists as a homodimer bound in a quaternary helix bundle
formed by overlapping and antiparallel pairs of helices from
each of the C-terminus domains [38-41]. C-Terminal crystal
structures of bacterial HtpG [42] and eukaryotic Hsp90 [43]
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were solved in 2004 and 2006, respectively. Although ru-
mors of its existence have surfaced in industry, a co-crystal
structure of the C-terminal bound to an inhibitor has not been
published. Csermely et al. first reported this binding site in
1998 [44], and in 2000 Neckers and co-workers were able to
show that inhibition of Hsp90 at the C-terminus interrupts
activity in a non-ATP competitive fashion [45, 46]. This
discovery makes the C-terminus of Hsp90 a promising target
for drug development, and highlights the importance of util-
izing a co-crystal structure to further understand this process.

The 55 kDa middle domain of Hsp90 is the most variable
region across species, but nonetheless is intimately involved
in the binding and maturation of client proteins [9, 38]. The
25 kDa N-terminal domain is similar in composition to DNA
gyrase B, histidine kinase, and MutL — together forming the
GHKL (ATPase/kinase) superfamily [47]. This homology
was determined through domain-specific human [48] and
yeast [49] crystal structures and eventually led to elucidation
of the ATP-binding site at the N-terminus. A co-crystal
structure with ATP bound in a bent conformation, character-
istic of the GHKL superfamily, was reported soon after [50].
These structures have played a critical role in the design of
new and more potent Hsp90 inhibitors [51].

Hsp90 Folding Mechanism

Under normal physiological conditions, HSF-1 is tightly
bound to and regulated by Hsp90 in its inactive state (2a,
Fig. (2)). Upon activation, Hsp90 releases HSF-1, allowing
translocation to the nucleus and induction of Hsps by bind-
ing to the heat shock response element [52]. These newly
formed molecular chaperones are then responsible for gov-
erning the folding and maturation of nascent and denatured
polypeptides into biologically active structures. It should be
noted that the following description of this process has been
simplified for the purpose of this review. A gamut of pro-
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Fig. (2). The protein folding mechanism of Hsp90.
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teins have been linked to this folding mechanism, but only
key interactions are highlighted herein.

Hsp70 binds to nascent polypeptides emerging from the
ribosome in an ATP and Hsp40-dependent fashion. This
complex is stabilized by Hsp70 interacting protein (HIP),
and can be dissociated by Bcl2-associated athanogene (BAG).
Hsp70-Hsp90 organizing protein (HOP) contains tetratrico-
peptide repeats (TPRs) recognized by both molecular chap-
erones, and recruitment by the Hsp70 complex facilitates
transfer of the client protein to the Hsp90 homodimer (2b,
Fig. (2)) [53-55]. Next, several co-chaperones, partner pro-
teins, and immunophilins (shown in Table 1) bind Hsp90
(2¢, Fig. (2)), and form a stabilized heteroprotein complex
capable of binding ATP at the N-terminus [56-58]. Upon
ATP mediated dimerization of the N-termini the activated
Hsp90 multiprotein complex takes on a closed “clamped”
conformation, engulfing the bound client protein (2d, Fig.
(2)) [59, 60]. Recruitment of p23 facilitates ATP hydrolysis
(2e, Fig. (2)) and further stabilizes Hsp90 [61, 62], allowing
for maturation and subsequent release of the client protein
(2f, Fig. (2)) [63].

Table1. Co-Chaperones, Partner Proteins, and Immunophil-
ins Involved in the Hsp90 Folding Mechanism
Co-Chaperones Partner Proteins Immunophilins
Hsp40 HOP FKBP51
Hsp70 Tom70 FKBP52
Cdc37 PP5 Cyclophilin-40
Ahl ARA9 UNC-45
p23 CNS1
CHIP Dpit47
Tpr2
SGT1
CRN
WISp39
NASP
TAH1
Rarl

Inhibition of Hsp90 prior to ATP-mediated dimerization
(2g, Fig. (2)) can effectively destabilize the heteroprotein
complex. ATP hydrolysis provides the energy necessary for
conformational changes that facilitate folding and maturation
of the client. By preventing the maturation process, the
Hsp90 complex is essentially disabled, and becomes a sub-
strate for ubiquination and subsequent proteasomal degrada-
tion [64, 65]. Application of this concept has proven very
useful in the rematuration of heat denatured firefly luciferase.
A representative example by Yonehara [66] has demon-
strated that inhibition of Hsp90 reduces luciferase activity,
and a 2007 publication by Galam and co-workers used this
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information to establish a high-throughput screening assay to
identify both N- and C-terminal inhibitors of Hsp90 based on
the rematuration of heat denatured firefly luciferase [67].

A Selective Target for Cancer Treatment

Cancer is often referred to as a multifaceted class of dis-
eases [68], dependent upon satisfaction of each of the six
hallmarks as defined by Hanahan and Weinberg [24]. Al-
though many cancer chemotherapeutics have successfully
targeted proteins associated with multiple hallmarks, none
have been able to simultaneously affect all six. Of the nu-
merous client proteins dependent upon Hsp90 for folding
and maturation, many are deemed essential for malignant
progression. Over the last ten years, Hsp90 client proteins
have been linked to all six hallmarks of cancer (Table 2) [6,
14], making Hsp90 inhibition an exciting new chemothera-
peutic target. Whitesell and Lindquist reviewed this concept
in 2005 [13], and several studies and clinical trials have veri-
fied Hsp90 as a viable cancer target [69-71].

Table 2. The Six Hallmarks of Cancer

Hallmark Hsp90 Client Proteins

Self-sufficiency in growth Raf-1, AKT, Her-2, MEK, Ber-Abl,

signals FLT-3, EGFR, IGF-1R, FGFR, KDR

Insensitivity to antigrowth

signals Wee 1, Myt 1, CDK4, CDK6, Plk

RIP, AKT, mutant p53, ¢c-MET,

Evasi f tosi
vasion of apoptosis Apaf-1, Survivin

Limitless replicative potential Telomerase (h-TERT)

Sustained angiogenesis FAK, AKT, HIF-1a, VEGFR, FLT-3

Tissue invasion/metastasis ¢-MET, MMP

Inhibitors of Hsp90 have shown as high as a 200-fold
differential selectivity toward malignant versus normal cells.
Several mechanisms have been suggested to explain this
high selectivity. First, Hsp90 is significantly upregulated in
malignant cells to compensate for their dependency on the
overexpression of client proteins, including ErbB2, Her-2, c-
Met, Raf-1, and Akt [72-77]. The increased concentration of
Hsp90 in tumor cells inherently results in greater drug accu-
mulation. A second mechanism, introduced by Conforma
Therapeutics in 2003, proposes that the Hsp90 heteroprotein
complex (2¢, Fig. (2)) exhibits a higher affinity for N-
terminal inhibitors than the inactive homodimer (2a, Fig.
(2)). In cancer cells, Hsp90 exists predominantly in a hetero-
protein complex due to the over abundance of mutated, dena-
tured, and naturally expressed proteins. In contrast, the pri-
mary form of Hsp90 in normal cells is the homodimer, which
explains why N-terminal inhibitors accumulate in the high-
affinity Hsp90 complex found in tumor cells [2, 78, 79]. Fi-
nally, a 2006 report by Duvvuri and co-workers [80] sug-
gests a physiochemical explanation for selectivity. Under
normal physiological conditions, lysosomal pH is around 4—
5. Hsp90 inhibitors, like many chemotherapeutic agents,
often contain basic nitrogens, and in a process known as pH
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partitioning [81] become protonated as the ammonium salt
within the lysosome, trapping them in the organelle and pre-
venting interaction with Hsp90, which resides in the cytosol.
Conversely, the lysosomal pH in cancerous cells is essen-
tially neutral, favoring an unprotonated amine [82, 83] and
suggesting that the equilibrium drug concentration between
lysosome and cytosol favors cytosolic interaction with tu-
mor-derived Hsp90 more than in normal cells (Fig. (3)).

Cancerous Normal
Lysosome Lysosome
pH~7 pH~4-5
DH*
I
D

Increased interaction
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.

Fig. (3). The effects of lysosomal pH on cellular drug distribution.
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Neurodegenerative Applications

Neurodegenerative disorders such as Alzheimer’s, Park-
inson’s, Huntington’s, and spinal and bulbar muscular atro-
phy (SBMA), are in part characterized by the accumulation
of misfolded protein aggregates. Under normal circumstan-
ces, this buildup can be prevented through resolubilization
and rematuration of proteins by molecular chaperones. How-
ever, when suffering from these pathological conditions,
aggregation exceeds the capacity of normal chaperone func-
tion, resulting in neuronal death [84].

Inhibition of Hsp90 stimulates the release of HSF-1,
which in turn translocates to the nucleus, promoting tran-
scription of HSPs [21, 25]. Increased levels of Hsp70 and
Hsp90 have shown to be inversely proportional to B-amyloid
and tau aggregation, and directly proportional to the binding
of tau to microtubules, suggesting that inhibition of Hsp90
could serve as a neuroprotective approach for the treatment
of Alzheimer’s disease through dissolution of protein aggre-
gates [22]. Recent studies by Shen and co-workers have af-
firmed this hypothesis by demonstrating the protective ef-
fects of GDA in vivo against 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP)-induced dopaminergic toxicity asso-
ciated with the formation of Lewy bodies (o-synuclein ag-
gregation) in a Parkinson’s disease model through inhibition
of Hsp90 [19]. A similar study by Waza showed that 17-



Natural Product Inhibitors of Hsp90

17-AAG

Fig. (4). Structures of 17-AAG and AEG3482.

allylamino-17-demethoxygeldanamycin (17-AAG, Fig. (4)),
a highly selective and more potent analogue of GDA, can
diminish the effects of SBMA by inhibiting Hsp90, thus
promoting degradation of mutant androgen receptor (AR)
resulting from expansion of trinucleotide CAG repeats in the
AR gene [20]. Ansar and co-workers have produced a library
of non-toxic Hsp90 inhibitors that further highlight this con-
cept through neuronal protection against AB-induced toxicity
[85].

Finally, Huntington’s, Parkinson’s, and Alzheimer’s dis-
ease attribute neuronal apoptosis to activation of the c-jun N-
terminal kinase (JNK) signaling pathway. Hsp70 can prevent
this cascade by binding to JNK, disrupting substrate interac-
tions necessary for the initiation of apoptosis. In 2006, Gallo
and co-workers demonstrated that the imidazothiadiazole
sulfonamide AEG3482 (Fig. (4)) inhibits Hsp90, causing the
release of HSF-1 and inducing Hsp transcription. This in turn
provides neuroprotection through Hsp70 inhibition of the
JNK signal transduction pathway [5]. Studies are underway
to further refine the potential significance of modulating the
Hsp90 protein folding machinery in a manner that can allevi-
ate the accumulation of protein aggregates while providing a
large therapeutic window and low cytotoxicity [85].

NATURAL PRODUCT INHIBITORS OF Hsp90

Clinical trials have shown that Hsp90 inhibitors are not
only potent as anti-cancer agents, but are also well tolerated
by patients. In fact, the toxicities and side effects discovered
have not been directly linked to Hsp90 inhibition, but rather
to hepatotoxicity, gastrointestinal irritation, and constitu-
tional symptoms [86, 87]. It is not surprising, therefore, that
medicinal chemists have become interested in discovering
new scaffolds that exhibit Hsp90 modulatory activity for the
treatment of cancer and neurodegenerative diseases. Given
the inherent diversity and vast array of scaffolds that allow
for protein interaction, natural products have become a key
component in Hsp90 research [88].

A. Geldanamycin and Herbimycin

Geldanamycin and herbimycin (Fig. (5)) are naturally
occurring benzoquinone ansamycin antibiotics that can be
isolated through fermentation of Streptomyces hygroscopicus
[89, 90]. The first total synthesis of herbimycin was reported
by Nakata and co-workers in 1991 [91]. However, the total
synthesis of GDA was not available until 2003, when Andrus
and co-workers reported a procedure that afforded the natu-
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ral product as a 1:10 mixture with (—)-o-quinogeldanamycin
in low yield [92]. This result was due primarily to problem-
atic oxidation of the trimethoxy precursor to the paraqui-
none. Andrus improved upon this methodology [93], and a
subsequent 20 step total synthesis (2% overall yield) was
achieved by Panek and Qin in 2008 [94].

Geldanamycin R! = OCHj, R?=H

17-AAG R!=NHCHCH,, R?=H
17-DMAG R!' = NH(CH,),N(CH;),, R”Z=H
Herbimycin ~ R!=H, R?=CH;

Fig. (5). Structures of geldanamyecin, structural analogues 17-AAG
and 17-DMAG, and herbimycin.

The antitumor properties of GDA were first reported in
1986, and were initially attributed to its ability to inhibit v-
Src phosphorylation in whole cells via Src tyrosine kinase
[95, 96]. However a direct link between v-Src and GDA was
never reported, as they were unable to directly inhibit the
purified recombinant protein [97]. This suggested there
might be a non-explicit interaction between the kinase and
GDA. In 1994, Whiteshell and Neckers proved this relation-
ship as a downstream effect of GDA’s ability to specifically
bind and antagonize Hsp90, a chaperone for v-Src [98, 99].
Using affinity purification, immobilized GDA affixed to
agarose beads was incubated with reticulocyte lysate, result-
ing in identification of Hsp90. Further investigation proved
that GDA specifically inhibited the Src-Hsp90 heteroprotein
complex, facilitating degradation of the client protein. This
observation was consistent with all prior work linking GDA
to Src tyrosine kinase.

Initial reports by Roe and co-workers reported that GDA
acted as a polypeptide mimic, interacting with Hsp90 at a
highly conserved, 15 A polypeptide substrate binding pocket
involved in protein folding and maturation [48, 50]. How-
ever, Roe’s co-crystallization of Hsp90 with GDA later re-
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vealed that it was actually binding to a previously unknown
ATP binding pocket [100]. This seminal work opened the
door for structure-activity relationship (SAR) studies that
have led to the development of several analogues.

Although respectable ICsy values have been reported for
GDA and herbimycin against various cancer cell lines, their
poor solubility and hepatotoxicity in animals has prevented
them from successfully completing clinical trials as anti-
cancer agents [101]. SAR studies have shown that modifica-
tions to the carbamate group of GDA substantially decrease
the potency of newly formed derivatives, as it serves to
mimic the exocyclic amino and imino nitrogens of adenine.
A similar loss in activity can be observed upon reduction of
the 2-3 double bond, as the target—specific conformation of
the macrocycle is compromised [88, 100]. Modification of
the 17-methoxy substituent appears to be the most effective
option, as it projects away from the ATP binding pocket and
exhibits a minimal affect on Hsp90 affinity [50, 102]. Substi-
tuting an electron donating group for the 17-methoxy group
decreases toxicity by stabilizing the quinone moiety and re-
tarding formation of the semiquinone, which is capable of
reacting with molecular oxygen, and producing superoxide
radicals [103, 104].

The synthetic analogue 17-AAG (Fig. (5)), produced by
Schulte and Neckers, displayed a 100-fold increase in differ-
ential selectivity at doses similar to GDA, as well as de-
creased hepatotoxicity [105]. Although 17-AAG proved to
be more potent than GDA, solubility issues and its moder-
ately persistent toxicity proved to be a factor in clinical de-
velopment [106]. Additional work has produced 17-(dime-
thylaminoethylamino)-17-demethoxygeldanamycin ~ (17-
DMAG, Fig. (5)), which displays lower toxicity, higher po-
tency, and improved bioavailability with respect to 17-AAG

Radicicol ¢-RDC
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[106, 107]. 17-DMAG has entered phase I clinical trials and
has demonstrated sensitization of therapeutically resistant
cancer stem cells to chemotherapy [108].

Since the development of 17-AAG, several analogues of
GDA have exhibited improved antitumor properties, as well
as demonstrated neuroprotective activity. These include bio-
engineered compounds developed through site-directed muta-
genesis of the polyketide synthase gene cluster [109], semi-
synthesized analogues from biosynthetically generated me-
tabolites [110], as well as several compounds arising from
traditional synthetic techniques [111, 112]. The biologically
modified synthetic approaches have offered alternative
pathways to GDA analogues that were previously hindered
by the lack of an efficient total synthesis. Traditional syn-
thetic work, while effective, has been limited to alteration at
the 17-position and the quinone moiety itself.

B. Radicicol and Pochonin

To date, radicicol (RDC, Fig. (6)) is the most potent natu-
ral product inhibitor of Hsp90, manifesting an ICs, value of
23 nM [100]. Its mechanism of action is similar to that of
GDA, in that it binds to the N-terminal ATP-binding pocket
of Hsp90. However, it does not manifest selectivity for the
activated heteroprotein complex over the inactive form, as is
the case for GDA. This can be attributed to the more rigid
structure of RDC [100, 113]. RDC, isolated from Dihet-
erospora chlamydosporia, has proven to have many down-
stream oncogenic effects through Hsp90 inhibition, including
activity against 17-AAG resistant retinoblastoma cells [114].
However, no activity has been demonstrated in vivo, as RDC
is rapidly converted to inactive metabolites due to the elec-
trophilicity of the epoxide ring and o.,B,y,0-unsaturated car-
bonyl [115].

KF25706

Pochonin A

Fig. (6). Structures of radicicol, c-RDC, KF25706 and Pochonin A & D.

Pochonin D
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Several analogues of RDC have been synthesized that
minimize in vivo metabolism by decreasing its electrophilic
nature [116-121]. These compounds display nanomolar ac-
tivity in vivo. For example, synthesis of radicicol 6-oxime
derivatives, such as KF25706 (Fig. (6)), has produced sev-
eral compounds that demonstrate potent antiproliferatvie
activity. Furthermore, the oxime stereochemistry has shown
to be critical, as higher potency is observed with the E iso-
mer [116, 117, 122]. Other studies have determined that
Hsp90 inhibitory activity is dependent on the RDC scaffold
being constrained to a bent conformation. This can be as-
sisted by an sp”-hybridized C6 or a B-oriented oxygen close
in proximity to C10 and C12 [123]. However, the best re-
source for synthetic SAR studies has been the total synthesis
of RDC and analogues by Danishefsky and co-workers
[124]. This route offers a remarkably straightforward synthe-
sis, providing several opportunities for diversification. By
replacing the electrophilic allylic epoxide with a cyclopropyl
group (c-RDC, Fig (6)), these researchers were able to rein-
troduce activity comparable to GDA in vivo.

Isolation of the structurally similar pochonin family of
natural products from Pochonia chlamydosporia has also
shown promise in Hsp90 inhibition, particularly with po-
chonin A and pochonin D [125, 126]. Pochonin A and D
have been shown to directly inhibit Hsp90 [126]. Pochonins
A-F, while themselves displaying cytotoxicity in the micro-
molar range [125], provide an opportunity for conforma-
tional diversity that is not as easily achieved with radicicol
[127]. As a result, several syntheses have now been com-
pleted [127, 128].

C. Chimeric Analogues of Geldanamycin and Radicicol

SAR studies have shown that GDA activity is dependent
upon the structural integrity of the quinone ring as well as
the stereochemistry of the carbamate. Similarly, RDC activ-
ity is dependent on the resorcinol ring, and to a lesser extent
the epoxide [129]. In addition, the amide functionality in
GDA appears to impart high differential selectively towards
the Hsp90 heteroprotein complex [130].

Seminal work by Shen and co-workers utilized this know-
ledge to compose a new class of chimeric analogues, com-
bining the pro-inhibitory properties of GDA and RDC to
form radamide, radester, and radanamycin Fig. (7) [131-
134]. Each chimera improved upon Hsp90 inhibitory activity
with respect to the parent compounds (IC5o =42 uM, 7.1uM,

O
HN OMe HN
) o:<
(6] H
OMe
Cl Cl
(6]
HO OH HO

Radamide Radester

OH
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and 1.2 uM against MCF-7 breast cancer cells, respectively),
and was synthesized in a minimal number of steps that al-
lows for diversification of this potential drug class. Early
studies by this group identified the hydroquinone species to
be more active than the corresponding quinone, which was
later confirmed with GDA by several other research labora-
tories [134].

D. Novobiocin, Coumermycin Al, and Clorobiocin

The coumermycin family of antibiotics (Fig. (8)), iso-
lated from Streptomyces spheroids, has long been used clini-
cally for antimicrobial purposes [135, 136]. Mechanistically,
they bind the ATP binding pocket of DNA gyrase, another
member of the GHKL superfamily [47], thus preventing
ATP hydrolysis [137, 138]. Novobiocin in particular has
been shown to display anti-cancer properties, and has been
used in the clinic for many years [139]. Ground breaking
work by Neckers and co-workers demonstrated that this ac-
tivity could be ascribed to novobiocin’s Hsp90 inhibitory
activity. Using affinity chromatography, Neckers determined
that novobiocin could competitively displace immobilized
GDA bound to Hsp90, however GDA could not displace
immobilized novobiocin when the reciprocal experiment was
performed. Further studies revealed that novobiocin bound to
a previously unrecognized C-terminal binding pocket, and
induced degradation of Hsp90-dependent client proteins [45,
46]. These studies laid the groundwork for a vast library of
novobiocin and coumermycin analogues that have since been
prepared [85, 140-143].

SAR studies from our laboratory have revealed signifi-
cant features that can control the activity manifested by these
novobiocin analogues. Synthesis of A4 in 2005, along with
DHNI1 and DHN2 in 2006 (Fig. (9)), highlighted key struc-
tural differences necessary for distinguishing between inhibi-
tion of DNA gyrase and Hsp90 [139, 140]. The 4-hydroxyl
and 3'-carbamate of novobiocin are critical for DNA gyrase
activity. Removing the 4-hydroxyl moiety and hydrolysis of
the carbamate provided a 500-fold increase in selectivity
towards Hsp90. A methyl group at the C8 position also mod-
erately increased activity. As of 2006, A4 was not only the
most potent novobiocin analogue to date, but interestingly
displayed no growth inhibitory activity. This feature was
exploited in its development as a neuroprotective agent in
2007 when Burlison and co-workers demonstrated that A4
could provide significant protection against AB-induced tox-

Radanamycin

Fig. (7). Structure of the chimeric analogues of Geldanamycin and Radicicol.
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icity of neurons at non-cytotoxic concentrations [85]. Subse-
quent SAR studies concluded that the benzamide functional-
ity of novobiocin was necessary for cytotoxicity [143, 144].
It was also found that addition of a p-hydrogen bond accep-
tor and an m-aryl side chain were most effective at increas-
ing anti-proliferative activity. Further derivatization resulting
in heterocyclic analogues of the benzamide side chain re-
vealed the most potent novobiocin analogue to date, KU-
122. Installation of a 2-indole moiety in lieu of the native
benzene ring resulted in a significant increase in anti-
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Fig. (9). Structures of novobiocin analogues.
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proliferative properties (ICsp = 0.37 uM in SKBr3 breast
cancer cells, 0.17 uM in HCT-116 colon cancer cells). This
variation in activity can be credited to the hydrogen bond
donating capability and the rigid 2,3-olefin on the indole
ring. These novobiocin analogues are unique in that rational
modification of these compounds can provide molecules that
selectively treat bacterial infections, cancer, or neurodegen-
erative diseases. Multiple projects are currently underway to
further elucidate these properties and to create more potent
Hsp90 inhibitors [145].
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E. EGCG

Epigallocatechin-3-gallate (EGCG, Fig. (10)) is a natu-
rally occurring polyphenol extract from the green tea, Ca-
mellia sinensis [146]. Although green tea has been marketed
in Eastern medicine for years as an anticancer agent, it
wasn’t until 2003 that Palermo and co-workers ascribed this
feature to inhibition of Aryl Hydrocarbon Receptor (AhR)
activity [146]. Shortly thereafter, affinity studies concluded
that EGCG did not bind directly to AhR, but instead antago-
nized Hsp90. Affinity purification studies concluded that
EGCQG, like novobiocin, binds to the C-terminus of Hsp90
[147, 148].

OH

OH

HO 0 .«
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Fig. (10). Structure of EGCG.

More recent studies have described EGCG’s potential as
a neuroprotective agent [149]. Although Weinreb and co-
workers attribute this property to EGCG’s ability to chelate
iron in areas of the brain associated with Parkinson’s and
Alzheimer’s disease, one cannot overlook the vastly growing
library of Hsp90 inhibitors known to display neuroprotective
qualities.

F. Taxol

Taxol’s (Fig. (11)) biological activity as an anticancer
agent has been attributed to its stabilization of microtubules
and prevention of mitosis, and has been used clinically for
over twenty years [150]. Through the activation of kinases
and transcription factors, it has also been shown to elicit cell
signaling in a manner indistinguishable from bacterial
lipopolysaccharide (LPS) [151, 152].

s H:
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Fig. (11). The structure of taxol.

Its isolation from the English yew tree, Taxus baccata L.,
by Monroe Wall, and his subsequent discovery of its anti-
cancer properties, stands as one of the most significant find-
ings in the history of natural product research [153, 154].
What is interesting, however, is that in recent years Rosen
and co-workers have been able to show through affinity puri-
fication that taxol binds Hsp90, producing a stimulatory re-
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sponse [155-157]. This stimulatory response not only sensi-
tizes malignant tumors to taxol, but could even prove useful
in the future development of neuroprotective agents. The site
to which taxol binds Hsp90 has not yet been elucidated.

G. Derrubone

Derrubone (Fig. (12)) is a prenylated isoflavone that was
first isolated from the Indian tree, Derris robusta, in 1969
[158]. A total synthesis was reported three years later by Jain
and Jain that consisted of 14 steps [159]. This feat was
matched by Hossain and co-workers in 2006, and then im-
proved upon by Hastings in 2007, reducing its preparation to
8 linear steps [160, 161]. Through utilization of the HTS
luciferase assay discussed earlier [67], Hadden and co-
workers identified derrubone as a C-terminal inhibitor of
Hsp90 that yielded an ICs, value of 11.9 uM against MCF-7
breast cancer cells [162].

Fig. (12). Structure of Derrubone.

SAR studies by Hastings and Hadden have identified key
features of derrubone that allow optimal interactions with
Hsp90, and several potent analogues have been synthesized
[160]. First, the C3 aromatic ring substituent is essential for
activity. Addition of an electron-withdrawing group at the
C4’ position can further increase anti-proliferative activity,
whereas substitution at C3” results in complete loss of activ-
ity. Second, replacing the prenyl substituent with a more
polar functionality results in decreased activity, whereas re-
placement with non-polar functionalities gives comparable
activity to the prenyl group. A slight increase in activity was
observed when the C6 substituent was translocated to the C8
position. Overall, this study produced analogues with ICsg
values in the low micromolar range, and further development
of the derrubone library is currently underway.

H. Gedunin and Celastrol

In recent years, gedunin (Fig. (13)), a tetranotriterpenoid
isolated from the Indian neem tree Azadirachta Indica [163],
and structurally related celastrol (Fig. (13)), a quinone me-
thide triterpene from the Celastraceae family of plants, have
become compounds of interest due to their anti-proliferative
and neuroprotective properties [164-166]. Recently, studies
identified these natural products as Hsp90 inhibitors [3, 167,
168]. Using a connectivity map, Lamb and co-workers were
able to find high correlation scores between gedunin, celas-
trol, GDA, 17-AAG, and 17-DMAG, suggesting that the
natural products exhibited their activity through Hsp90
modulation. A subsequent paper confirmed this hypothesis,
however the mechanism of action was not fully revealed. In
a fluorescence polarization assay, gedunin and celastrol
failed to displace GDA, indicating the natural products were
not binding competitively to the N-terminal ATP-binding
site. Zhang and co-workers have reported that celastrol may
disrupt Hsp90 function by blocking interactions between the
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Gedunin

Fig. (13). Structures of Gedunin and Celastrol.

molecular chaperone and the co-chaperone, Cdc37, prevent-
ing formation of the Hsp90 heteroprotein complex [164].
Based on structural similarities between gedunin and celas-
trol, it is likely that gedunin utilizes a similar mechanism of
action towards Hsp90 inhibition.

In an attempt to elucidate structure—activity relationships
between the molecular chaperone and natural products, mul-
tiple libraries have been synthesized [169]. Although the
analogues made thus far have not proven more effective than
gedunin in anti-proliferation assays, Brandt and co-workers
have identified key structural features necessary for activity
[170]. Steric bulk applied to the C7 position has a pro-
nounced effect on anti-proliferative activity, as inhibitory
activity is diminished in response to size. Although it ap-
pears as though the electronic nature of the substituent is not
imperative, the presence of a hydrogen bond acceptor can
slightly improve anti-proliferative properties. C7 substituents
also exhibit influence on the overall conformation of the
molecule, and influence the binding of other substituents.
The olefin of the o,B-unsaturated ketone is also essential for
activity. One can assume this is due to the electrophilic na-
ture of this moiety, however modifications to and reduction
of the ketone itself have proven otherwise. Hydrogen bond
accepting properties at the C3 substituent, as well as the ri-
gidity of the 1,2-olefin are responsible for retention of activ-
ity. Studies are currently underway to further clarify
gedunin’s structure—activity relationship with Hsp90.

CONCLUSION

Natural products have long withstood the test of time for
their contributions to medicinal chemistry. The development
of new and interesting scaffolds, as well as small molecules
that exhibit target selectivity, have been dependent on the
isolation and modification of complex structures from Mother
Nature. As Hsp90 continues to emerge as a target for the
treatment of cancer, neurodegenerative diseases, and other
disease states, the construction of viable inhibitors with drug-
like properties becomes increasingly more important. The
structures presented in this article have provided a summary
of past achievements by natural product chemists and their
recent impact on future applications.
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