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Derrubone, an Inhibitor of the Hsp90 Protein Folding Machinery
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High-throughput screening of a library of diverse molecules has identified derrubone (1), an isoflavone natural product
from Derris robusta, as a potent Hsp90 inhibitor. Subsequent testing in several cellular-based assays established 1 as
a low micromolar inhibitor in vitro. In addition, derrubone induced the degradation of numerous Hsp90 client proteins,
a hallmark effect resulting from Hsp90 inhibition. The identification of 1 as an Hsp90 inhibitor provides a new natural
product scaffold upon which the development of novel Hsp90 inhibitors can be pursued.

Inhibition of the 90 kDa family of heat shock proteins (Hsp90)
has become a therapeutic strategy for numerous diseases because
of its well-defined role as a molecular chaperone. Hsp90 is
responsible for the conformational maturation of nascent polypep-
tides and the refolding of denatured proteins into biologically active
tertiary and quaternary structures.' Client proteins dependent upon
Hsp90 have been implicated in all six hallmarks of cancer, and
inhibitors of Hsp90 provide a combinatorial attack on multiple
signaling pathways responsible for malignant cell growth.” Cur-
rently, there are more than 20 clinical trials in progress for the
treatment of several cancers with derivatives of the natural product
Hsp90 inhibitor, geldanamycin (GA).? In addition, recent work has
demonstrated that Hsp90 is a potential therapeutic target for various
neurodegenerative disorders in which aggregated proteins are a
defining pathology, including Alzheimer’s*® and Parkinson’s
disease.® The potential of Hsp90 as a therapeutic target for numerous
disease states has made the identification and optimization of novel
Hsp90 inhibitors an emerging therapeutic strategy.

To date, three natural products have been identified as Hsp90
inhibitors. GA and radicicol bind Hsp90 at the N-terminal ATP
binding site and prevent Hsp90-catalyzed ATP hydrolysis, dimer-
ization of the N-terminal domains, and subsequent “clamping” of
Hsp90 around the bound client protein—substrate.” Radicicol has
no inhibitory activity in vivo due to the electrophilic nature of the
a,B,y.0-unsaturated carbonyl and the allylic epoxide.® In contrast,
GA is highly active in vivo, and three derivatives, 17-AAG, 17-
DMAG, and 17-AAG hydroquinone, are currently being evaluated
in clinical trials.®> Novobiocin, a coumarin antibiotic, was recently
shown to bind a previously unrecognized C-terminal nucleotide-
binding site on Hsp90.” Unfortunately, it demonstrates weak
inhibitory activity in cellular-based assays (ICso ca. 500-700 uM)
compared to the N-terminal inhibitors (ICsy < 100 nM).'%!! Two
related coumarin antibiotics, chlorobiocin and coumermycin Al,
also bind to the C-terminus of Hsp90 and are approximately 2—-10-
fold more active than novobiocin, respectively.'®'!

In an effort to identify new Hsp90 inhibitors, several groups have
developed high-throughput screening (HTS) assays and used these
methods to identify new scaffolds that inhibit the Hsp90 protein
folding machinery. Recently, we reported the optimization of a
rabbit reticulocyte lysate (RRL)-based assay for HTS and utilized
this format to screen a library of diverse molecules for Hsp90
inhibition."? In this assay, the renaturation of thermally denatured
firefly luciferase is dependent upon Hsp90, and the presence of an
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Hsp90 inhibitor prohibits the refolding of luciferase, which
significantly reduces the bioluminescence of the luciferin product.
GA'3 and novobiocin'? display Hsp90 inhibitory activity in the RRL
assay, demonstrating that both N- and C-terminal inhibitors can be
detected via this approach. Upon screening a large library of known
drugs, experimental bioactives, and pure natural products, we
identified the natural product derrubone (1) as a new Hsp90
inhibitor.

Derrubone (1) was originally isolated and characterized as one
of a series of structurally related isoflavonoids derived from the
Indian tree Derris robusta."* Tsolation from this source provided
four isoflavones (including 1) and five 3-aryl-4-hydroxycoumarins
related to 1. However, to date, no biological activity for these
compounds has been reported. Soon after its discovery, the synthesis
of 1 was reported, but no additional studies were undertaken.'”
During our HTS for natural product inhibitors of Hsp90, we
identified 1 as a “hit” based on the inhibition of luciferase
refolding'? at a concentration of 20 uM. Control experiments
demonstrated that derrubone did not inhibit the enzymatic activity
of native luciferase, and the activity of luciferase was maintained
upon preincubation of the native enzyme with derrubone in
reticulocyte lysate (data not shown). Subsequent studies were
performed at various concentrations, and 1 demonstrated potent
Hsp90 inhibitory activity with an ICsy value of 0.23 £+ 0.04 uM
(Figure 1A). To our surprise, all of the related isoflavones and
hydroxycoumarins isolated from the same source, including der-
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Figure 1. Derrubone (1) inhibition of Hsp90. (A) Inhibition of
firefly luciferase refolding. Data points correspond to one repre-
sentative experiment performed in triplicate. (B) Inhibition of HRI
maturation and activation by derrubone. His-tagged HRI was
synthesized by coupled transcription—translation in reticulocyte
lysate in the presence of [*>S]methionine. After 10 min of synthesis,
derrubone at the indicated concentrations (lanes 3—6), geldanamycin
(10 uM, lane 2), or an equivalent volume of DMSO (0, lane 1)
was added and synthesis was continued for an additional 30 min.
Subsequently, samples were diluted into 7 volumes of heme-
deficient lysate and incubated for an additional 40 min. The His-
tagged HRI was adsorbed from samples by the addition of NTA-
Ni resin on ice for 1 h. Resins were washed, eluted by boiling in
SDS-sample buffer, and samples were analyzed by SDS-PAGE
and autoradiography after electrotransfer to PVDF membrane
(*, activated (autophosphorylated) HRI).

rustone (2), derrusnin (3), robustone (4), and robustic acid (5),
exhibited no Hsp90 inhibitory activity.

To investigate the mechanism by which derrubone inhibited the
Hsp90-dependent refolding of luciferase, denatured luciferase was
incubated in reticulocyte lysate in the presence or absence of 100
uM derrubone for 20 min followed by immunoadsorption of Hsp90
or luciferase. Western blotting of these samples indicated that
derrubone had no effect on the amount of luciferase that was
coadsorbed with Hsp90 (data not shown). Similarly, equivalent
amounts of Hsp90 were coadsorbed with luciferase in the presence
or absence of derrubone (data not shown). In addition, the
complexes formed between Hsp90 and luciferase in the presence
of 1 were stable to washing with buffer containing 0.5 M NaCl.
These results indicate that derrubone does not inhibit luciferase
refolding by generating some component that competes with
luciferase for Hsp90 binding nor does it act to sequester denatured
luciferase from Hsp90. Thus, 1 does not act by blocking the
interaction of Hsp90 with denatured luciferase, but rather it appears
that it could possibly act in a manner analogous to molybdate, by
stabilizing Hsp90—client interactions and preventing the progression
of Hsp90/cochaperone complex containing bound client through
its reaction cycle.

To further verify the effect of 1 on the Hsp90 chaperone machine,
its ability to inhibit the Hsp90-dependent maturation and activation
of the heme-regulated elF2a kinase (HRI) in heme-deficient
reticulocyte lysate was examined. Derrubone inhibited HRI matura-
tion and activation in a concentration-dependent manner (Figure
1B), as evidenced by a decrease in the amount of HRI exhibiting
slower electrophoretic mobility indicative of HRI autophosphoryla-
tion.'®!” However, a higher concentration of 1 than expected (100
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Figure 2. Derrubone does not inhibit the ATPase activity of Hsp70.
Compound 1 was added to purified mammalian Hsp70 (1 uM) or
bacterial DnaK (1 4M). The intrinsic ATPase activity was measured
using malachite green, and the results are plotted as a percentage
of the solvent control (DMSO; dotted line). The results are the
average of triplicates, and the error bars are the standard deviations.
For reference, typical Hsp70 inhibitors reduce the signal by at least
50% (see Experimental Section). Even at high concentrations (up
to 400 uM), 1 failed to significantly impact Hsp70’s ATPase activity.

uM) was required to inhibit HRI maturation and activation
compared to the inhibition of HRI activation in the presence of 10
uM GA.

Derrubone’s ability to inhibit Hsp90 and not Hsp70, which
coassemble to form a competent heteroprotein complex with
luciferase in reticulocyte lysate, was determined using purified
recombinant Hsp70. Incubation of 1 with either mammalian Hsp70
or the bacterial homologue DnaK (Figure 2) resulted in no inhibition
of their inherent ATPase activities at up to 400 uM. These results
suggest that 1 manifests its activity solely through an interaction
with Hsp90.

Proteolytic fingerprinting experiments were carried out to
characterize the mechanism by which 1 inhibited luciferase rena-
turation catalyzed by the Hsp90 chaperone machine. The trypsin
fingerprint of Hsp90 in reticulocyte lysate containing up to 500
uM 1 was indistinguishable from the control default Hsp90
fingerprint (DMSO drug vehicle, data not shown). Order of addition
experiments indicated that 1 had no effect on trypsin fingerprints
of Hsp90 generated from reticulocyte lysate containing geldana-
mycin, molybdate, or novobiocin, whether derrubone was added
before or after the other agents. In addition, 1 (500 4M) did not
protect purified Hsp90 C-terminal domain from digestion with
trypsin. Furthermore, coimmunoadsorption pull-down assays indi-
cated that derrubone had no discernible effect on the interactions
of p23, Cdc37, FKBP52, HOP, or Hsp70 with Hsp90. Thus, like a
recent report on the Hsp90 inhibitory activity of celastrol,'®
derrubone appears to inhibit the activity of the Hsp90 chaperone
machine by a mechanism that is distinct from GA and novobiocin.
Furthermore, these results suggest the possibility that 1 may not
interact with Hsp90 present in the cryptic complexes it forms with
cochaperones in the absence of interacting client targets.

To test the hypothesis that 1 may inhibit Hsp90 function by
stabilizing Hsp90—client interactions and preventing Hsp90s pro-
gression through its reaction cycle, we tested the ability of 1 to
inhibit geldanamycin-induced inhibition of the interaction of Hsp90
and its cochaperone Cdc37 with the Hsp90-dependent kinase,
HRI.'®!'? His-tagged HRI was synthesized in the presence of
DMSO, geldanamycin, or 1 for 30 min. DMSO, geldanamycin, or
1 was then added, and their effect on the binding of Hsp90 and
Cdc37 to newly synthesized HRI was then assessed by immuno-
precipitation of His-tagged HRI (Figure 3). As previously demon-
strated,'® geldanamycin completely blocked the interaction of Cdc37
with HRI, while reducing Hsp90s binding by approximately 80%.
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Figure 3. Effect of derrubone (1) on geldanamycin-induced
dissociation of Hsp90 and Cdc37 from HRI. His-tagged HRI was
synthesized by coupled transcription—translation in reticulocyte
lysate as described in the Experimental Section. After 10 min of
synthesis, geldanamycin (lanes 1 and 3), derrubone (1) (lanes 2
and 4), or DMSO (lane 5) was added to the samples, and synthesis
was continued for 30 min. DMSO (lanes 1, 2, and 5), derrubone
(lane 3), or geldanamycin (lane 4) was then added, and samples
were incubated for an additional 10 min. The His-tagged HRI was
adsorbed from samples and analyzed for the coadsorption of Cdc37
and Hsp90 as described in the Experimental Section. A sample
containing no template (NT) encoding HRI was used as the control
for nonspecific binding (lane 6). Upper panel: PVDF membrane
stained with Coomassie Blue; MW, molecular weight (kDa) of
protein standards; HC, heacy chain of the IgG. Second panel:
autoradiogram of immunoprecipitated [**S]labeled HRI. Third panel:
Western blot of coadborbed Hsp90. Fourth panel: Western blot of
coadsorbed Cdc37. Numbers above the lanes indicate band density
relative to that of the control (% control).

The presence 1 had no effect on the interaction of Hsp90 and Cdc37
with HRI, and the addition of 1 after incubation of HRI with
geldanamycin had no effect on the geldanamycin-induced dissocia-
tion of Hsp90 and Cdc37 from HRI (Figure 3). However, if the
reaction mixture was incubated in the presence of 1 prior to the
addition of geldanamycin, the binding of Hsp90 and Cdc37 was
maintained at 46% and 32% that of the binding observed in the
control samples, respectively. Thus, 1 must interact directly with
complexes of Hsp90/Cdc37 containing bound HRI, as the presence
of 1 antagonized the ability of the Hsp90-specific inhibitor
geldanamycin to dissociate Hsp90 and Cdc37 from these complexes.
We have previously demonstrated that preincubation of reticulocyte
lysate with molybdate similarly inhibits the ability Hsp90 to bind
geldanamycin.?®

Upon verification of the ability of 1 to interact with Hsp90
chaperone complexes, we sought to evaluate the activity of 1 in
several cell-based assays. The antiproliferative activity (Figure 4A)
of 1 was determined against two distinct human breast cancer cell
lines: MCF-7, an estrogen receptor alpha positive (ERo+) cell line,
and SkBr3, an ERa- and Her2-overexpressing cell line. The ICs
values obtained for antiproliferative activity against MCF-7 and
SkBr3 cells were 9 = 0.7 and 12 £ 0.3 uM, respectively, indicating
that 1 is capable of diffusing through the cell membrane and
targeting Hsp90 within cells.

A hallmark of Hsp90 inhibition is the ability to induce the
degradation of Hsp90-dependent client proteins. Because Hsp90
inhibition prevents the maturation of client protein—substrates
through the formation of a destabilized complex, Hsp90-dependent
proteins become substrates for the ubiquitin—proteasome pathway,
thus abolishing the protein.>' One such client protein-substrate,
the human epidermal receptor 2 (Her2), is a cell-surface tyrosine
kinase that mediates signal transduction pathways responsible for
cell growth and proliferation.”? Her2 is overexpressed in 20-40%
of human breast cancers and is the target of the clinically used
monoclonal antibody herceptin.>® Derrubone was tested in an
ELISA assay using SkBr3 cells to confirm its ability to induce Her2
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Figure 4. Hsp90 inhibitory activity of derrubone (1) in various cell-
based assays. (A) Antiproliferative activity of derrubone in two
human breast carcinomas. (B) Hsp90 client protein degradation

(Her2) in SkBr3 cells. Methods are as described in the Experimental
Section.
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Figure 5. Induced degradation of Hsp90 client proteins via
derrubone (1) inhibition of Hsp90. Derrubone, at varying concentra-
tions (uM), was evaluated for its ability to downregulate several
client proteins as described in the Experimental Section. GA (500
nM) and DMSO were used as positive and negative controls,
respectively.

degradation in vitro (Figure 4B). Its activity in this assay (ICso =
14.0 £ 1.6 uM) correlated well to its antiproliferative activity in
this cell line, providing a direct link between Her2 degradation and
tumor cell viability. The ability of 1 to degrade numerous Hsp90
client proteins, including Raf-1, Akt, and ERa, was also determined
in MCF-7 cells via Western blot analysis, as shown in Figure 5.
Derrubone induced the degradation of these Hsp90 client proteins
in a concentration-dependent manner. Abolishment of the ERa in
the MCF-7 cell line suggests that 1 or more potent derivatives may
have the potential to treat ERo+ breast carcinomas, a commonality
of ~70% of all human breast cancers.>*

Accordingly, derrubone (1) has been identified as a natural
product inhibitor of the Hsp90 protein folding machinery. It inhibits
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Hsp90-dependent refolding of luciferase and antagonizes the ability
of the Hsp90-specific inhibitor geldanamycin to disrupt complexes
formed between Hsp90, Cdc37, and their client kinase, HRI.
Furthermore, it exhibits potent antiproliferation and Her2 degrada-
tion in human breast cancer cell lines. In addition, 1 specifically
downregulates numerous Hsp90 client proteins in a concentration-
dependent manner. The identification of 1 as an Hsp90 inhibitor
provides a new natural product scaffold upon which the develop-
ment of improved Hsp90 inhibitors can be pursued.

Experimental Section

Luciferase Refolding Assay. To characterize the effect of derrubone
on chaperone-dependent refolding of luciferase in reticulocyte lysate,
the time course of luciferase renaturation was carried out as described
previously.'? To confirm that the rate of luciferase renaturation was
linear over the time period of the assay in the presence of DMSO or
the specified concentration of derrubone, samples were taken over the
time course of the experiment for quantification of luciferase levels by
Western blotting [antiluciferase monoclonal antibody 12164, Sigma
(1:1000)]. No breakdown of luciferase was detected in the presence or
absence of derrubone over the time course of the experiment.

Hsp90-dependent refolding of firefly luciferase in rabbit reticulocyte
lysate'3 25 was then carried out to determine the ICs, for inhibition of
luciferase refolding by derrubone with the minor modifications to the
assay as described previously.'? Reactions were carried out in triplicate
at room temperature in 96-well microtiter plates, and experiments were
repeated at least twice, with relative light unit (RLU) production
measured using a Ly, Il (Molecular Devices) microplate reader and a
10 s integration time. The ICsy value was determined as the concentra-
tion required to inhibit recovery of luciferase activity by 50% relative
to the DMSO control. The effect of derrubone on the activity of native
luciferase was also assayed as a control as described previously.'>?
In addition native luciferase was preincubated in reticulocyte lysate
under protein synthesis conditions!>2° in the presence or absence of
100 uM derrubone for 20 min. Derrubone was observed to have no
inhibitory effect on the activity of native luciferase and did not affect
the stability of the native enzyme incubated in reticulocyte lysate.

Characterization of Derrubone (1) on the Hsp90 Chaperone
Machine in Reticulocyte Lysate. Trypsin fingerprinting of Hsp90
containing DMSO (vehicle control), 100 uM derrubone, 10 uM GA,
20 mM molybdate, or 15 mM novobiocin, either alone or in combina-
tion, was carried out as previously described.?® The effect of derrubone
(100 uM) on the interaction of p23, Cdc37, FKBP52, HOP, and Hsp70
with Hsp90 in reticulocyte lysate and on Hsp90-dependent maturation
of HRI in heme-deficient lysate was also carried out as described
previously.2®

To determine the effect of derrubone on the interaction of Hsp90
with denatured luciferase, denatured luciferase was incubated in
reticulocyte lysate for 20 min in the presence of DMSO or 100 uM
derrubone under the conditions described above for the determination
of derrubone’s ICsy value. Hsp90 or luciferase was then immunoad-
sorbed from 100 uL of reaction mixes with anti-Hsp90 (20 uL of OSU
anti-Hsp90 prebound to goat antimouse agarose) or antiluciferase (40
ug, Chemicon goat antiluciferase, AB3256 prebound to donkey anti-
goat agarose), respectively, as described previously.?® Immune resins
were then washed at both low [10 mM PIPES (pH = 7.2) plus 100
mM NaCl (P100)] or high stringency [10 mM PIPES (pH = 7.2) plus
500 mM NaCl (P500)].2> Samples were analyzed by SDS-PAGE and
Western blotting to quantify coadsorption of luciferase and Hsp90 with
one another.

To determine the effect of derrubone on geldanamycin-induced
dissociation of Hsp90 and Cdc37 from HRI, His-tagged HRI was
synthesized by coupled transcription/translation in reticulocyte lysate
in the presence of [33S]methionine as previously described.?” After 10
min of incubation, geldanamycin (20 4M), derrubone (100 M), or an
equivalent volume of DMSO was added, followed by an additional 30
min of incubation. Subsequently, geldanamycin (20 uM), derrubone
(100 uM), or an equivalent volume of DMSO was added, and the
reaction mixtures were incubated for an additional 10 min. A reaction
mixture lacking plasmid encoding His-tagged HRI was used as a control
for nonspecific binding. His-tagged HRI was immunoadsorbed by
immobilized antipenta-His antibodies (Qiagen), followed by washing
of immunoresins 1x with P100, 2x with P500, and 1x with P50.
Samples were separated by SDS-polyacrylamide gel electrophoresis
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and electrotransferred to a polyvinylidene difluoride (PVDF) membrane.
The PVDF membrane was stained with Coomassie Blue, destained,
and analyzed by Western blotting for Hsp90 and Cdc37 and autorad-
iography as previously described.'®*” Band densities of Hsp90 and
Cdc37 on the Western blots were quantified using an Alphalmager HP
system and expressed as percent of the band density of the DMSO
control.

Purified Hsp70 ATPase Assay. The intrinsic ATP hydrolysis
activity of bovine Hsp70 and bacterial DnaK was measured using
malachite green, as previously reported.® Briefly, 1 4uM chaperone was
incubated for 3 h at 37 °C with | mM ATP and either 1 or a solvent
control (DMSO). After this incubation, a malachite green—molybdate
solution was added, followed by quenching with 3% sodium citrate.
The absorbance was measured at 620 nm in a SpectraMax M5
(Molecular Devices).

Antiproliferative Effects of Derrubone (1). MCF-7 cells were
maintained in a 1:1 mixture of Dulbecco’s modified Eagle’s medium:
Ham’s F-12 (Gibco) supplemented with nonessential amino acids,
L-glutamine (2 mM), streptomycin (500 x#g/mL), penicillin (100 units/
mL), and 10% fetal bovine serum. SkBr3 cells were maintained in
McCoy’s 5A media (Iwakata and Grace modification, Cellgro) with
L-glutamine supplemented with streptomycin (500 ug/mL), penicillin
(100 units/mL), and 10% fetal bovine serum. Cells were grown to
confluence in a humidified atmosphere (37 °C, 5% CO,). The
antiproliferative activity of derrubone was determined as described
previously.'? ICs values were calculated using Graphpad Prism from
three separate experiments performed in triplicate.

Client Protein Degradation via Her2 ELISA. An ELISA assay
to determine the ability of derrubone (1) to degrade the Hsp90 client
protein Her2 was performed as previously described with minor
modifications.?® Briefly, SkBr3 cells were grown as described above,
seeded (3000 cells/well) in 96-well plates, and allowed to attach
overnight (37 °C, 5% CO,). Derrubone or GA, at varying concentra-
tions, was added and the cells were returned to the incubator for 24 h.
Media was removed and the cells were washed three times with ice-
cold buffer (PBS with 1% Tween). Methanol (—20 °C) was added and
the plates were placed at 4 °C for 10 min to permeabilize and fix the
cells. The plates were washed again with ice-cold buffer and incubated
in blocking buffer (5% BSA in PBST) for 1 h at rt. The plates were
incubated with a Her2-specific antibody (rabbit IgG; 1:500 dilution in
blocking buffer) at 4 °C overnight. The plates were washed again and
incubated at room temperature for 2 h in the presence of an HRP-
conjugated antirabbit IgG (1:1000 in blocking buffer). Plates were
rinsed, chemiluminescent reagent was added, and the plates were
immediately read on a luminometer (Molecular Devices). ICs, values
were calculated using Graphpad Prism from three separate experiments
performed in triplicate.

Western Blot Analysis of Derrubone (1). MCF-7 cells were grown
to confluence as described above, seeded in culture dishes (1 x 109/
dish), and allowed to attach overnight (37 °C, 5% CO,). Derrubone
was added at varying concentrations and returned to the incubator (37
°C, 5% CO,) for 36 h. Cells were harvested and analyzed for Hsp90
client protein degradation as described previously.*”
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