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ABSTRACT

A chimera composed of the natural products radicicol and geldanamycin has been prepared through an amide linkage connecting the resorcinol
moiety of radicicol to the quinone ring of geldanamycin. The inhibitory activity of these compounds was determined by their ability to inhibit
Hsp90’s inherent ATPase activity along with degradation of the Hsp90 client protein, HER-2 in MCF-7 breast cancer cells.

The 90 kDa heat shock proteins (Hsp90) are essential for
refolding denatured proteins as well as for the conformational
maturation of nascent polypeptides into biologically active
three-dimensional structures.1 Several Hsp90 dependent client
proteins have been identified and include Src kinase, Raf,
HER-2, p185, mutant p53 (not normal p53), telomerase,
steroid hormone receptors, polo 1-kinase (PLK), protein
kinase B (AKT), death domain kinase (RIP), MET kinase,
focal adhesion kinase (FAK), as well as the aryl hydrocarbon
receptor, PKR, nitric oxide synthase, and others.2 Of these
Hsp90 client proteins, HER-2, Raf, PLK, RIP, AKT, FAK,
telomerase, and MET are directly associated with all six
hallmarks of cancer.3 Consequently, Hsp90 has emerged as
a promising biological target for the development of cancer
chemotherapeutics because multiple pathways can be simul-
taneously disrupted by inhibition of the Hsp90 protein folding
machinery.1

The Hsp90 protein folding process is ATP dependent.
Disruption of ATP binding and hydrolysis results in the

degradation of unfolded and partially folded client proteins
via the ubiquitin-proteasome pathway.4 Known inhibitors of
the Hsp90 protein folding process include geldanamycin
(GDA, Figure 1),5 herbimycin A (HB),6 and radicicol
(RDC).7 RDC is the most potent Hsp90 inhibitor in vitro
but has no activity in vivo.8 In contrast, GDA is less potent
than RDC in vitro with an IC50 of 1-3 µM.9 However, in
cellular studies, a derivative of GDA (17-AAG) was shown
to have greater affinity for the Hsp90 multiprotein complex
found in malignant cells with an IC50 of 5-100 nM.10
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Although 17-AAG has entered Phase I clinical trials for
the treatment of several cancers,11 17-AAG still maintains
additional toxicity and formulation problems12 that may prove
difficult to overcome. Therefore, the identification of new
inhibitors that are more accessible to structural modification
is likely to provide clinically useful alternatives to 17-AAG.

Although the entire three-dimensional structure of Hsp90
has not been elucidated, cocrystal structures of the N-terminal
region bound to GDA, RDC, and ADP have been solved
(Figure 2).13 The resorcinol moiety of RDC binds in the same

location as the adenine ring of ADP and mimics the hydrogen
bond donor/acceptor properties of the exo- and N7 endocyclic
amine/imine, respectively. In contrast, the quinone ring of
GDA binds toward the exterior of the pocket and participates
in hydrogen bond interactions with the amino acids that
normally bind to the diphosphate region of ADP. Key
interactions observed between the quinone and ATP binding
pocket suggest that binding to this region is critical to GDA’s
affinity for Hsp90.

Examination of the cocrystal structures suggested a
chimeric molecule composed of RDC’s resorcinol ring, and
GDA’s quinone may provide a molecule with high affinity
for Hsp90. Radanamycin amide (radamide, Figure 3) is such

a molecule that connects the resorcinol ring ofradicicol to
the quinone moiety of geldanamycin through an amide
linkage. Molecular modeling and docking experiments sup-
ported alignment of these two portions into the appropriate
locations within the ATP binding site of Hsp90.

We sought to prepare this chimera and to furnish additional
analogues that could unveil structure-activity relationships
between RDC, GDA, and radamide. Thus, compound1 was
synthesized from methyl 2,4-dihydroxy-5-methyl benzoate14

(2, Scheme 1) by silyl protection of the phenols followed
by chlorination of the aromatic ring to provide4. Treatment
of 4 with lithium diisopropylamide at-78 °C followed by
addition of allyl bromide provided the allylated product,5.
Ozonolysis of the double bond and oxidation of the resultant
aldehyde gave the corresponding acid7.

The quinone precursor10 was prepared from 1,4-bis-
(methoxymethoxy)-2-methoxybenzene (8),15 by nitration16

and reduction of the nitro group (Scheme 2). Since the
quinone ring is redox-active17 and an excellent Michael
acceptor, we also prepared a trimethoxy phenyl derivative
11, which is not subject to the same reactivity as a quinone
but still maintains hydrogen bond-accepting capabilities. In
the event,7 was coupled with anilines10 and11 to provide
the corresponding amide products,12 and13. Removal of
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Figure 1. Hsp90 inhibitors.

Figure 2. Binding interactions of GDA and RDC with Hsp90.
b ) one molecule of H2O.

Figure 3. Radanamycin amide, a radicicol and geldanamycin
chimera.

4460 Org. Lett., Vol. 6, No. 24, 2004



the silyl protecting groups gave14 and15, of which14 was
a direct precursor to1. Following the procedure of Andrus
and co-workers,15 the methoxymethyl ethers were cleaved
with in situ-derived trimethylsilyl iodide to furnish the
hydroquinone product,16. Oxidation of the hydroquinone
with palladium on carbon12 provided the paraquinone product
1.

Upon completion of the synthesis of1, our efforts turned
toward evaluation of its biological activity. Recombinant
yeast Hsp90 was overexpressed and purified according to
the procedure of Buchner.7 The pure protein was incubated
with ATP and either15, 16, or 1, and the production of
inorganic phosphate was determined (Figure 4).8

The IC50 of GDA as determined by this assay was
consistent with previously reported values (2.5µM),8 and
the inhibitory activity of 16 and 1 was 1.8 and 5.9µM,
respectively. The IC50 of 15 was higher than 40µM,

suggesting that the incorporation of methyl ethers onto the
aromatic ring disrupts a key hydrogen bond network in the
ATP binding pocket. Andrus and co-workers recently
reported a similar result for the trimethoxy derivative of
GDA, which resulted in a substantial loss in cellular
efficacy.18

As mentioned previously, Hsp90 is responsible for the
conformational maturation of several polypeptides into
biologically active, three-dimensional structures. When the
Hsp90 protein folding process is disrupted, these client
proteins are unable to adopt their native structures, which
ultimately leads to their degradation. Therefore, one can
confirm Hsp90 inhibition by observing whether Hsp90 client
proteins are degraded by analysis of cellular lysates in the
presence of varying concentrations of Hsp90 inhibitors.
When increasing concentrations of16, 1, and 15 were
incubated with MCF-7 breast cancer cells, a decrease in the
Hsp90-dependent client protein, HER-2 was observed by
Western Blot analysis (Figure 5), providing evidence that

these molecules also inhibit Hsp90 in cells. P85 is not an
Hsp90-dependent client protein and was used as a control.

In contrast to GDA, radamide (1) is prepared in a minimal
number of steps and is amenable to the rapid construction
of analogues that will be useful for elucidation of Hsp90
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Scheme 2. Preparation of Radamide

Scheme 1. Synthesis of Radicicol’s Resorcinol Moiety

Figure 4. Inhibition of Hsp90’s ATPase activity.

Figure 5. HER-2 degradation assays. Concentrations of drug in
µM are listed above each lane. V) vehicle (1% DMSO).
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structure-activity relationships. Studies are now underway
to prepare more active inhibitors of Hsp90 based upon this
chimeric species.

In conclusion, we have designed, synthesized, and pro-
vided biological data to support the hypothesis that a chimera
comprised of RDC and GDA is a novel lead compound for
the future development of Hsp90 inhibitors.
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