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Abstract

We have previously evaluated the role of NAD(P)H:quinone oxidoreductase 1 (NQO1) in the bioreductive
metabolism of 17-(allylamino)-demethoxygeldanamycin (17AAGQG), to the corresponding hydroquinone, a more
potent Hsp90 inhibitor. Here, we report an extensive study with a series of benzoquinone ansamycins, that include
geldanamycin, 17-(amino)-17-demethoxygeldanamycin, 17-(allylamino)-17-demethoxygeldanamycin and 17-
demthoxy-17-[[2-(dimethylamino)ethyl]amino]-geldanamycin. The reduction of these benzoquinone ansamycins
by recombinant human NQOI to the corresponding hydroquinone ansamycins was monitored by HPLC and
confirmed by LC-MS. Inhibition of purified yeast Hsp90 ATPase activity was augmented in the presence of NQO1
and abrogated by 5-methoxy-1,2-dimethyl-3-[(4-nitrophenoxy)methyl]indole-4,7-dione (ES936), a mechanism-
based inhibitor of NQO1, demonstrating that the hydroquinone ansamycins were more potent Hsp90 inhibitors than
their parent quinones. An isogenic pair of human breast cancer cell lines, MDA468 and MDA468/NQ16, differing
in expression of NQO1, were utilized and HPLC analysis demonstrated that hydroquinone ansamycins were
formed by the MDA468/NQ16 cells, which could be prevented by ES936 pre-treatment. The MDA468/NQ16 cells
were more sensitive to growth inhibition following treatment with the benzoquinone ansamycins, compared to the
MDAA468 cells; this increased sensitivity could be reduced by ES936 pre-treatment. The increased duration of
benzoquinone ansamycin exposure demonstrated increased potency and fold inhibition in MDA468/NQ16 cells
relative to the parental MDA468 cells. Computational-based molecular modeling studies displayed additional
contacts between yeast Hsp90 and the hydroquinone ansamycins, which translated to greater interaction energies
when compared to the corresponding benzoquinone ansamycins. In conclusion, these studies demonstrate that the
reduction of this series of benzoquinone ansamycins by NQO1 generates the corresponding hydroquinone

ansamycins which exhibit enhanced Hsp90 inhibition.
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Introduction

The 90-kDa heat shock protein, Hsp90, is a molecular chaperone responsible for the ATP-dependent folding,
stability and function of a number of “client” proteins that are involved in the development and progression of
cancer (Isaacs et al., 2003; Maloney and Workman, 2002), these proteins include ErbB2, Raf-1, Cdk4, Met, mutant
p53, telomerase hTERT, Hif-1a and the estrogen and androgen receptors. The function of Hsp90 has been shown to
be dependent on its ability to bind and hydrolyze ATP (Pearl and Prodromou, 2001; Obermann et al., 1998;
Panaretou et al., 1998) and competitive inhibition of ATP binding by the natural product geldanamycin (GM), a
benzoquinone ansamycin antibiotic isolated from Streptomyces hygroscopicus, leads to the degradation of the
client proteins by the ubiquitin-proteosome pathway (An et al., 1997; Schulte et al., 1995; Whitesell et al., 1994),
resulting in cell cycle arrest, differentiation and apoptosis (Munster et al., 2001; Hostein et al., 2001). Hsp90 is
therefore an attractive cancer drug target in that it has the potential for simultaneous disruption of multiple
oncogenic signaling proteins (Goetz et al., 2003; Richter and Buchner, 2001; Adams and Elliott, 2000; Csermely et
al., 1998). Furthermore, studies have revealed that the benzoquinone ansamycin Hsp90 inhibitors accumulate in
tumour cells more efficiently than in normal tissue leading to high differential selectivities (Chiosis et al., 2003). In
addition, immunoprecipitaion studies have demonstrated that Hsp90 from tumour cells has an enhanced affinity for
N-terminal ligands, resulting in increased ATPase activity and an increase in sensitivity to benzoquinone

ansamycins, than Hsp90 in normal cells (Kamal et al., 2003).

Geldanamycin, the prototypical benzoquinone ansamycin Hsp90 inhibitor, has poor aqueous solubility and displays
hepatotoxicity (Supko et al., 1995) and to overcome these undesirable properties a number of geldanamycin
analogues of the benzoquinone ansamycin class have been developed, which differ only in their 17-substituent.
These include 17-(allylamino)-17-demethoxygeldanamycin (17AAG) which has shown evidence of biological and
clinical activity although it has poor solubility and potential toxicity and the more water soluble 17-demthoxy-17-
[[2-(dimethylamino)ethyl]amino]-geldanamycin (17DMAG), both are currently in clinical trials (Banerji et al.,
2005; Goetz et al., 2005; Smith et al., 2005). The benzoquinone ansamycins are extensively metabolized in vivo,
the 17-position of 17AAG and 17DMAG is prone to dealkylation by cytochrome P450 to generate the
benzoquinone ansamycin and Hsp90 inhibitor 17-(amino)-17-demethoxygeldanamycin (17AG) (Egorin et al.,
1998). The redox active quinone moiety, of the benzoquinone ansamycins, is susceptible to reduction by flavin-
containing reductases to the semiquinone with subsequent generation of superoxide (Dikalov et al., 2002) or
hydroquinone species (Guo et al., 2005; Kelland et al., 1999), which is dependent on one- or two-electron
reduction. However, these metabolic pathways could introduce further selectivity to the activation of the
benzoquinone ansamycins to a more potent species, the hydroquinone ansamycin, within tumor cells, depending on

the levels and type of bioreductive enzyme present.
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NAD(P)H:quinone oxidoreductase (EC 1.6.99.2, NQO1, DT-diaphorase) is an obligate two-electron reducing
flavin-containing enzyme which can use either NADH or NADPH as reducing cofactors and can catalyze the direct
two-electron reduction of quinones to hydroquinones (Ernster 1967). NQOI is expressed at high levels throughout
many human solid tumors and levels are higher in many human tumor cell lines and cancer tissues (colon, stomach,
pancreatic, lung and breast) in comparison to the normal equivalents (Cullen et al., 2003; Siegel and Ross, 2000;
Siegel et al., 1998). NQOI1 has been shown to activate a number of quinone-based bioreductive cytotoxic antitumor
agents including diaziquone (AZQ), mitomycin C, 3-[5-aziridinyl-3-(hydroxymethyl)-1-methyl-4,7-dioxoindol-2-
yl]prop-2-enol (EQ9Y), streptonigrin, 2,5-diaziridinyl-3-(hydroxylmethyl)-6-methyl-1,4-benzoquinone (RH1), and
B-lapachone, by reduction to hydroquinone species (Pink et al., 2000; Winski et al., 1998; Beall et al., 1996;
Walton et al., 1991; Siegel et al., 1990a; Siegel et al., 1990b).

The NQO1-mediated reduction of 17AAG using purified NQO1 and the increased sensitivity of human cancer cell
lines expressing NQOI to 17AAG were originally reported by Kelland et al (Kelland et al., 1999). We extended
these studies to examine the properties of the 17-(allylamino)-17-demethoxygeldanamycin hydroquinone
(17AAGH,) formed after reduction of 17AAG by NQOI1 (Guo et al., 2005). In addition, we also used the human
breast cancer cell line MDA468, deficient in NQO1 due to a genetic polymorphism, and an isogenic paired cell line
MDA468/NQ16, a stably transfected clone that expressed high levels of NQO1 protein, in combination with a
mechanism-based inhibitor of NQO1 (5-methoxy-1,2-dimethyl-3-[(4-nitrophenoxy)methyl]indole-4,7-dione,
(ES936)) to determine the effect of NQO1 on the metabolism of 17AAG in cells. Hsp90 ATPase activity assays
with purified yeast and human Hsp90 showed that 17AAGH, was a more potent inhibitor of Hsp90 than the parent
quinone (Guo et al., 2005). Molecular modeling studies of 17AAG and 17AAGHj; in the nucleotide-binding pocket
of the N-terminal domain of the yeast and human Hsp90 crystal structures, displayed a greater number of hydrogen

bond interactions with the hydroquinone resulting in greater interaction energies (Guo et al., 2005).

Here, we have examined the reduction of a series of benzoquinone ansamycins, which include GM, 17DMAG,
17AG and 17-demethoxy-17-[[2-(pyrrolidin-1-yl)ethyl]amino]-geldanamycin (17AEP-GA), using purified NQO1
to the corresponding hydroquinone ansamycins (Scheme 1), the inhibition of purified yeast Hsp90 ATPase activity
by this series of benzoquinone ansamycins in the presence and absence of NQO1. To confirm the bioreduction of
the benzoquinone ansamycins by NQO1 in cells we utilized the human breast cancer cell line MDA468 and the
iosgenic paired cell line MDA468/NQO1 in combination with ES936. We have also extended our molecular
modeling study to examine the interactions of both the quinone and hydroquinone forms of this series of
benzoquinone ansamycins in the N-terminal domain of yeast Hsp90 crystal structure. In this article, we describe the
data for this series of benzoquinone ansamycins, where possible we have illustrated the full data set for the series,

otherwise we have shown the data for 17DMAG and supplemented the remaining data as supporting information.

202 ‘€2 |11dV uo speuinor 134S Y e Biosfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on July 6, 2006 as DOI: 10.1124/mol.106.025643
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #25643
Materials and Methods

Materials

Geldanamycin (GM), 17-demethoxy-17-[[2-(dimethylamino)ethyl]Jamino]-geldanamycin (17DMAG) and 17-
demethoxy-17-[[2-(pyrrolidin-1-yl)ethyl]amino]-geldanamycin (17AEP-GA) were obtained from Invivogen Inc
(San Diego, CA); 17-(allylamino)-17-demethoxygeldanamycin (17AAG) and 17-(amino)-17-
demethoxygeldanamycin (17AG) was provided by the National Cancer Institute and Kosan Biosciences (Hayward,
CA). 2,6-Dichlorophenol-indophenol (DCPIP), NADH, NADPH, sodium borohydride, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), bovine serum albumin (BSA), B-lapachone, N-phenyl-1-
naphthylamine, D(-)penicillamine were obtained from the Sigma Chemical Co. (St. Louis MO). Malachite green
phosphate assay kit was obtained from BioAssay Systems Inc (Hayward CA). Mouse anti-Hsp70 and rabbit anti-
Raf-1 antibodies were obtained from Stressgen (Vancouver, British Columbia, Canada).
5-methoxy-1,2-dimethyl-3-[(4-nitrophenoxy)methyl]indole-4,7-dione (ES936) was supplied by Professor
Christopher J. Moody (School of Chemistry, University of Nottingham, Nottingham, United Kingdom). Yeast
Hsp90 and radicicol were obtained from Alexis (San Diego, CA). Recombinant human NQO1 (thNQO1) was
purified from Escherichia coli as described previously (Beall et al., 1994). The activity of rhNQO1 was 4.5 pmol
DCPIP/min/mg protein.

Cell lines

The human breast cancer cell line MDA468 and the NQO1 stably transfected cell line MDA468/NQ16 have been
described previously (Dehn et al., 2004). Cells were grown in RPMI 1640 containing 10% (v/v) fetal bovine serum
and 1% (v/v) penicillin, streptomycin, and glutamine. MDA468 and MDA468/NQ16 cell sonicates were prepared
from by probe sonication in ice-cold 25 mmol/L Tris-HCI (pH 7.4) containing 250 mmol/L sucrose and 5 pmol/L

flavin adenine dinucleotide.

Inhibition of NQOL1 by ES936

The inhibition of NQO1 by ES936, a potent mechanism-based inhibitor of NQO1, was achieved using a single dose
of ES936 100 nmol/L which was nontoxic and resulted in >96% inhibition of NQO1 activity after 4 hours in
MDA468/NQ16 cells (Dehn et al., 2003).

HPLC and LC-MS analysis

The metabolism of the benzoquinone ansamycins by NQO1 was analyzed by high performance liquid
chromatography (HPLC) on a Luna C18 Sum, 4.6 x 250mm reverse-phase column (Phenomenex, Torrance, CA) at
room temperature. HPLC conditions were as follows: buffer A, 50 mmol/L ammonium acetate (pH 4) containing
10 pmol/L D(-)-penicillamine; buffer B, methanol (100%). Both buffers were continuously bubbled with argon,
gradient, 30% B to 90% B over 10 minutes and then 90% B for 5 minutes (flow rate of 1 ml/min). The sample

6
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injection volume was 50ul. Liquid Chromatography Mass Spectrometry (LC-MS) was performed using positive
ion electrospray ionization and the mass spectra were obtained with a PE Sciex API-3000 triple quadrupole MS
(Foster City, CA) with a turbo ion spray source interfaced to a PE Sciex 200 HPLC system. Samples were
chromatographed on a Luna C18 5um, 50 x 2mm reverse-phase column (Phenomenex, Torrance, CA) using a
gradient elution consisting of a 2 minute initial hold at 20% B followed by an increase to 80% B over 20 minutes at
a flow rate of 200 ul/min and a sample injection volume of 20 pL. Solvent A, 10 mmol/L ammonium acetate
containing 0.1% (v/v) acetic acid (pH 4.4) and solvent B, 10 mmol/L ammonium acetate in acetonitrile containing
0.1% (v/v) acetic acid. The mass spectrometer settings were turbo ion spray temperature of 250°C, spray needle
voltage at 4,500V, declustering potential at 35V, and focus plate at 125V. Mass spectra were continuously recorded

from 150 to 1000 amu every 3 seconds during the chromatographic analysis.

Hsp90 ATPase activity assay

Inhibition of yeast Hsp90 ATPase was measured as described previously (Rowlands et al., 2004). In brief, 2.5ug of
purified yeast Hsp90 was incubated in 100 mmol/L Tris-HCI (pH 7.4) containing 20 mmol/L KCI, 6 mmol/L
MgCl,, 200 umol/L. NADH, the appropriate benzoquinone ansamycin (2 pmol/L and 4 pmol/L) with or without
0.33pg rhNQO1, and 2 pumol/L ES936. Reactions (25ul) were started by the addition of 1 mmol/L ATP and
allowed to proceed at 37°C for 3 hours. Reactions were then diluted with 225uL of 100 mmol/L Tris-HCI (pH 7.4)
containing 20 mmol/L KCl1 and 6 mmol/L MgCl, mixed thoroughly, and 80uL were transferred to each well (96-
well plate) followed by 20pL malachite green reagent. After 10 minutes, trisodium citrate (83 mmol/L) was added

to stabilize the color and plates were read at 650 nm.

Growth inhibition assays

Growth inhibition was measured using the MTT assay. Cells were seeded at 2 x 10° per well (96-well
plate) in complete medium for 16 hours. The cells were then pretreated with 100 nmol/L ES936 or an
equal amount of DMSO for 30 minutes and then exposed to the appropriate benzoquinone ansamycin for
4 hours, after which cells were washed free of drug and incubated in fresh medium for an additional 72
hours. The increase in drug exposure time from 4 hours to 72 hours (continuous exposure) was performed
for 17AAG and 17DMAG. Cell viability was measured by the MTT assay as described previously
(Winski et al., 2001). Inhibition of rhNQO1 by ES936 was >98%.

Immunoblot analysis

MDA468 and MDA468/NQ16 cells were grown in 100-mm plates in complete medium to ~70% confluency. For
Hsp70 and Raf-1 analysis, cells were treated with DMSO or 17DMAG (50-100 nmol/L) in 10 mL complete
medium for 24 hours. Following drug treatment, cells were washed in PBS and then lysed by the addition of
radioimmunoprecipitation assay buffer [SO mmol/L Tris-HCI (pH 7.4), 0.5% (v/v) NP40] containing 1 Mini

protease tablet (protease inhibitor cocktail, Roche, Indianapolis, IN) and phosphatase inhibitors (30 mmol/L NaF,
7
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40 mmol/L B-glycerophosphate, 20 mmol/L sodium pyrophosphate, I mmol/L orthovanadate, | mmol/L EGTA).
Lysates were probe sonicated (2 seconds) on ice and then centrifuged to remove cellular debris. Protein
concentrations were determined on supernatant by the method of Lowry et al. (Lowry et al., 1951). Samples were
heated to 70°C in 2 x Laemmli SDS sample buffer, and proteins were separated by 12% SDS-PAGE (precast
minigel, Bio-Rad, Hercules CA) and then transferred to 0.4-um polyvinylidene difluoride membranes. Membranes
were blocked in 10 mmol/L Tris-HCI (pH 8.0), 150 mmol/L NaCl, 0.2% Tween 20, and 5% nonfat milk for a
minimum of 1 hour at room temperature. Anti-Hsp70 and anti-Raf antibodies were added for 1 hour at room
temperature. All primary antibodies were diluted 1:1,000m except actin (1:5,000). Horseradish peroxidase-labeled
secondary antibodies (Jackson ImmunoResearch Labs, West Grove, PA) were diluted 1:5,000 and added for 30

minutes. Proteins were visualized using enhanced chemiluminescence detection.

Molecular modeling of the benzoquinone ansamycin and corresponding hydroquinone ansamycin in the
amino-terminal domain of the yeast Hsp90 crystal structure

Molecular modeling studies were performed on a Silicon Graphics Octane 2 workstation using the Insightll
software package version 2000 (Accelrys, Inc., San Diego, CA). The crystallographic coordinates for the 2.5A
structure of the amino-terminal domain of yeast Hsp90, PDB: 1A4H (Prodromou et al., 1997) were obtained from
the RCSB Protein Data Bank. The Builder Module was used to add hydrogens to the protein structure and the
ionizable residues were corrected for physiologic pH. The benzoquinone ansamycin and the corresponding
hydroquinone structures were constructed and assigned the correct atom type and bond order, from the co-
crystallized geldanamycin structure. Once constructed, the ligands were in turn positioned, using the coordinated
system of the protein, in the nucleotide-binding domain of Hsp90, the ligand assembly was then associated with the
Hsp90 protein structure. For the molecular mechanics and molecular dynamics calculations, the Discover Module
was used and the potentials and charges of the Hsp90-ligand complex were corrected using CVFF (Dauber-
Osguthorpe et al., 1988). The Hsp90-ligand complex was then minimized using the conjugate gradient method
(1,000 iterations). The Docking Module was used to perform the intermolecular energy calculation to determine the
non-bonded interaction energy between the Hsp90 protein and the appropriate ligand. An interface 6A radius
subset encompassing the ligand-binding domain was selected and both van der Waals and electrostatic energies

were calculated with a specified cutoff of 8A.
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Results

The reduction of this benzoquinone ansamycin series using purified thNQO1, with either NADH or NADPH as
cofactors, generated the corresponding hydroquinone ansamycin. The incubation of the benzoquinone ansamycin
of interest with thNQO1 and NADH, was monitored by HPLC analysis, resulted in the generation of the polar
hydroquinone ansamycin metabolite with subsequent loss of the benzoquinone ansamycin (Figure 1A and B data
shown for 17DMAG for other compounds see supplemental data). The formation of the hydroquinone ansamycin,
from the corresponding benzoquinone ansamycin, was NQO1 dependent and could be prevented by ES936, a
mechanism-based inhibitor of NQO1 (Figure 1C data shown for 17DMAG for other compounds see supplemental
data). In addition, the benzoquinone ansamycins could be chemically reduced using sodium borohydride to
generate the hydroquinone ansamycin as previously reported (Guo et al., 2005, Schnur et al., 1995). The
identification of the hydroquinone ansamycin product, from the chemical or NQO1-mediated reduction of the
benzoquinone ansamycin, was confirmed by LC-MS giving ions for GMH, at m/z 580.5 [M+NH,"]", 17AGH, at
m/z 548.2 [M+H']", 17DMAGH, at m/z 619.3 [M+H']" and 17AEP-GAH, at m/z 645.3 [M+H']" (Figure 1 D data
shown for 17DMAG for other compounds see supplemental data). All of the hydroquinone ansamycins formed by
the reduction of the benzoquinone ansamycins in this series were susceptible to autooxidation. The rate of
autooxidation of the hydroquinone ansamycin was dependent on the substituent at the 17-position, from our
studies, the geldanamycin hydroquinone from this series was the most stable (data not shown). The autooxidation
of the hydroquinone ansamycin could be impeded by continuously gassing the HPLC buffers during analysis with

nitrogen or argon and by the addition of a copper chelator to the HPLC buffers (see Materials and Methods).

The malachite green Hsp90 ATPase activity assay, has been previously utilized as a high-throughput screen to
evaluate Hsp90 inhibition (Rowlands et al., 2004), it was employed here to examine the differences in inhibitory
activity of this series of benzoquinone ansamycins and their respective hydroquinones on the yeast Hsp90 ATPase
reaction (Figure 2). In these assays, purified yeast Hsp90 and ATP was incubated with the appropriate
benzoquinone ansamycin (2uM and 4uM) and NADH in the presence and absence of thNQOI1, over a 3 hour time
period, after which reactions were terminated and the concentration of inorganic phosphate was measured using the
malachite green assay (Rowlands et al., 2004). A significant decrease in ATPase activity was observed with each of
the benzoquinone ansamycins examined in the presence of NQO1, in comparison to that obtained for the
benzoquinone ansamycins with NADH, and this could be prevented by pre-treatment with ES936. At these
concentrations minimal inhibition of the Hsp90-mediated ATPase reaction was observed for I7DMAG and
17AEP-GA, which further highlighted the effect of the hydroquinone ansamycin on Hsp90 inhibition. The results
from this ATPase assay showed that for this series of benzoquinone ansamycins, the hydroquinone ansamycin,

generated by NQO1, was the more potent Hsp90 inhibitor.
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These studies were extended to a cell-based system and the formation of the hydroquinone ansamycins was
investigated in cell sonicates prepared from the isogenic MDA468 and MDA468/NQ16 human breast cancer cell
lines. These cell lines have been used previously to examine the role of NQO1 in antitumor quinone metabolism
(Dehn et al., 2004), including 17AAG (Guo et al., 2005). The parental MDA468 cell line is deficient in NQO1
(<10 nmol DCPIP/min/mg) because of homozygous expression of the NQO1*2 polymorphism (Traver et al.,
1997). The MDA468/NQ16 cell line was generated by the stable transfection of the parental MDA468 cell line
with human NQOI, resulting in high NQO1 activity (>1,800 nmol DCPIP/min/mg). The HPLC analysis of
MDA468 and MDA468/NQ16 cell sonicates treated with these benzoquinone ansamycins yielded similar results to
those obtained previously with 17AAG (Guo et al., 2005). The hydroquinone ansamycins were not detected in the
MDAA468 cell sonicates (Figure 3A data shown for 17DMAG for other compounds see supplemental data).
Whereas, the MDA468/NQ16 cell sonicates readily generated the hydroquinone ansamycin (Figure 3B data shown
for I17DMAG for other compounds see supplemental data), which was NADH or NADPH dependent and the
formation of the hydroquinone could be prevented by ES936 (Figure 3C data shown for 17DMAG for other

compounds see supplemental data).

The effect of growth inhibition induced by this series of benzoquinone ansamycins in the MDA468 and
MDA468/NQ16 cells was determined by MTT assay. In this study, the cells were treated with the benzoquinone
ansamycin for 4 hours in the presence and absence of ES936 (Figure 4A and B data shown for 17DMAG for other
compounds see supplemental data). The results from these experiments showed that MDA468/NQ16 cells had
increased sensitivity to the benzoquinone ansamycin (17DMAG; ICs, 0.22 + 0.05 pmol/L) compared with parental
MDA468 cells (17DMAG; ICs, 2.06 + 0.25 pmol/L). The sensitivity to the benzoquinone ansamycin could be
abrogated by pre-treatment with ES936 (17DMAG + ES936; I1Csg, 1.81 + 0.20 umol/L). The natural product, non-
quinone Hsp90 inhibitor, radicicol, was used as a negative control and the growth-inhibitory effects were
essentially identical in MDA468 and MDA468/NQ16 cells, reinforcing the effect of the hydroquinone on the
growth inhibition observed in MDA468/NQ16 cells (Table 1). In addition, the effect of 17AAG and 17DMAG
exposure time on the MDA468/NQ16 cells and the MDA468 cells was examined using the MTT cytotoxicity
assay. The fold increase in growth inhibition in MDA468/NQ16 cells relative to MDA468 cells was 12 fold with
17AAG and 9 fold with 17DMAG after a 4 hour exposure. An increase in the time of exposure of cells to 17AAG
or 17DMAG from 4 hours to 72 hours, resulted in the increase of fold potentiation in MDA468/NQ16 cells relative
to MDA468 cells to 66 fold with 17AAG (Figure 4C) and 15 fold with 17DMAG (Figure 4D) respectively. In
agreement with cellular data, the potentiated inhibition of Hsp90 observed in MDA468/NQ16 cells resulted in
increased degradation of the Hsp90 client protein, Raf-1, with a corresponding increase in Hsp70 induction (Figure

4E data shown for 17DMAG) relative to the parental MDA468 cells.

Molecular modeling studies of this series of benzoquinone ansamycins and their corresponding hydroquinones into

the ATP-binding site of the yeast Hsp90 crystal structure revealed significant differences in the binding energies
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post-minimization. The non-bonded interaction energy is the sum of the van der Waals and electrostatic energies,
the measure of the affinity between the Hsp90 protein and the ligand investigated. In all the benzoquinone
ansamycins examined, the hydroquinone had a greater non-bonded interaction energy than the parent quinone.
These data support the hypothesis that the hydroquinone ansamycin is a more potent inhibitor of Hsp90. Following
minimization, the Hsp90-ligand complex was visualized to identify important amino acid residues in the ATP-
binding domain that interact via hydrogen bonding with the ligand investigated; there was no significant change in
the global conformation of Hsp90. A number of protein-ligand and through-solvent interactions lock the
macrocycle of benzoquinone and the hydroquinone ansamycins in an overall conformation similar to that reported
for the original yeast Hsp90-geldanamycin co-crystallized structure (Prodromou et al., 1997). The Hsp90-
hydroquinone ansamycin complex revealed additional direct hydrogen-bonding interactions between the
hydroquinone ansamycin and the Hsp90 protein, accounting for the greater interaction energy (Table 2 data shown
for I7DMAG for other compounds see supplemental data), compared to the parent quinone. In the ATP-binding
domain of yeast Hsp90, the C21 ketone of the benzoquinone ansamycins hydrogen bonds with the amine of Lys98
and the C18 ketone of the quinone ring system interacts with a water molecule that in turn contacts Asp40 (Figure
5A and C data shown for 17DMAG for other compounds see supplemental data). The C21 hydroxyl of the
hydroquinone ansamycins GMH,, 17AGH, and 17AEP-GAH, also hydrogen bonds with the amine of Lys98 and
the C18 hydroxyl of the hydroquinone ring system directly hydrogen bonds to Asp40, whereas the C21 hydroxyl of
17AAGH; and 17DMAG;, does not interact directly with Lys98. The hydrogen atom of the C18 hydroxyl, in all of
the hydroquinone ansamycins examined, interacts with an oxygen atom of the carboxylate side chain of Asp40,
which results in a more compact C-clamp conformation around helix-2 and in the case of the 17-amino-substituted
ansamycins the hydroquinone allows the amide of the ansa ring to interact with the backbone nitrogen of Phe124
(Figure 5B and D data shown for 17DMAG for other compounds see supplemental data). Although no direct
interactions were observed with yeast Hsp90 and the 17-substituent of the benzoquinone ansamycins or their
respective hydroquinones, the side chain is orientated into solvent and does not appear to directly interfere with the

binding of the ligands to the Hsp90 binding pocket.
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Discussion

The reduction of 17AAG by NQOI1 and the correlation between the cellular levels of NQO1 and sensitivity to
17AAG, was first reported by Kelland et al (Kelland et al., 1999). They also described increased inhibitory activity
of geldanamycin and 17AAG in NQO/1-transfected BE cells relative to NQO1-null BE parental cells and suggested
that NQO1 may play a role in the cellular metabolism of these benzoquinone ansamycins (Kelland et al., 1999). We
extended these studies for 17AAG by examining the purified rhNQO1-mediated reduction of 17AAG;
identification of the reduction product, 17AAGH,, by HPLC and LC-MS; assessing the inhibition of Hsp90
ATPase activity of 17AAG and 17AAGH, generated by NQO1 and abrogated by ES936; examining toxicity in
isogenic MDA468 and MDA468/NQ16 cells and investigating the interactions of 17AAG and 17AAGHj; in the
ATP binding domain of Hsp90 by computational modeling (Guo et al., 2005).

In this article, we have examined a series of benzoquinone anamycins, differing in structure only at the 17-position,
to determine whether the “active” hydroquinone ansamycin hypothesis can be applied to a range of the common
benzoquinone ansamycin compounds, including 17DMAG which is currently in phase I trials in patients with
metastatic, unresectable solid tumors and lymphomas. In each case we achieved reduction of the benzoquinone
ansamycin to the corresponding hydroquinone ansamycin using purified rhNQOI1, the resulting hydroquinone was
identified by HPLC and LC-MS. To confirm that the hydroquinone ansamycins, generated by NQO1, were more
potent Hsp90 inhibitors than their respective parent quinones, we used purified yeast Hsp90 to assess the ATPase
activity. Indeed as expected, the hydroquinone ansamycins were more potent inhibitors of the yeast Hsp90 ATPase
reaction. The inhibition of ATPase activity by the hydroquinone ansamycins could be abrogated by use of ES936, a
mechanism-based inhibitor of NQO1, confirming the role of the hydroquinone moiety in potentiating Hsp90

inhibition.

The NQO1-dependent formation of the hydroquinone ansamycins was detected by HPLC analysis in
MDA468/NQ16 sonicates but not in MDA468 sonicates and could be blocked by use of ES936. Furthermore, the
effect of this series of benzoquinone ansamycins on growth inhibition was increased in MDA468/NQ16 cells
relative to the NQO1-deficient parental MDA468 cell line, which was consistent with previous data (Guo et al.,
2005, Kelland et al., 1999). The inhibition of NQO1 with ES936 in MDA468/NQ16 cells resulted in growth
inhibitory activity of the benzoquinone ansamycins to approximately those observed in the parental MDA468 cells.
In addition, the non-quinone Hsp90 inhibitor, radicicol, displayed essentially the same growth inhibitory profile in
both MDA468 and MDA468/NQ16 cells. These data clearly demonstrate that the increased sensitivity in cells
containing elevated NQO1 levels is due to the reduction of the benzoquinone ansamycin to the more active
hydroquinone form and in concurrence with previous data (Guo et al., 2005). The increased fold potentiation of
17AAG and 17DMAG in MDA468/NQ16 relative to MDA468 cells with increased exposure time may be a result

of increased accumulation of the hydroquinone ansamycin, generated by NQOI, in cells over time, due to the
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decreased lipid solubility of the hydroquinone form relative to the parent quinone. The differences in fold
potentiation between 17AAG and 17DMAG could be due to the rate of NQO1-mediated reduction, as 17AAG is
reduced at a faster rate relative to 17DMAG (data not shown), or the stability of the hydroquinone ansamycin
formed. Therefore, the marked increase in fold potentiation, particularly with 17AAG, could be significant with
respect to anti-tumor effect, in tumors containing high levels of NQO1. The amount of NQO1 needed to generate
adequate levels of hydroquinone ansamycin sufficient for optimal growth inhibitory activity will vary from cell to
cell and will depend on a variety of factors including the reduction rate, the stability of the hydroquinone generated

and the rate of repair of any cellular damage resulting from Hsp90 inhibition.

Computational-based modeling studies of the benzoquinone ansamycins and the hydroquinone ansamycins in the
nucleotide-binding domain, of the N-terminal domain, of the yeast Hsp90 crystal structure, displayed a greater
number of hydrogen bond interactions between the Hsp90 protein and the hydroquinone ansamycin, resulting in
increased total interaction energies compared to the parent quinone. The benzoquinone ansamycin and
hydroquinone ansamycin series investigated in this study differed only in substitution at the 17-position, and in all
instances the 17-substituent pointed into solvent and did not appear to interact directly with the Hsp90 protein. The
greater interaction energies of the hydroquinone ansamycins can be explained by the additional direct hydrogen
bond contacts with the Hsp90 protein, mainly due to the hydrogen bond donor contribution of the hydroquinone
moiety, which results in a more compact C-shaped conformation which is evident from the hydrogen bonding
interaction between the C18 hydroxyl and the Asp40 residue of helix-2, the strength of this interaction, as indicated
by the hydrogen bond length, appears to correlate with the electrostatic contribution to the non-bonded interaction
energy across this hydroquinone ansamycin series. The more compact conformation of the hydroquinone
ansamycin around helix-2, the greater protein-hydroquinone ansamycin hydrogen bond contacts and the resultant
greater interaction energies for the hydroquinone ansamycins relative to the parent quinone for this series provide

explanation as to why the hydroquinone ansamycins are more potent Hsp90 inhibitors.

In summary, our data show that for this series of benzoquinone ansamycins, the hydroquinone can be generated
more efficiently in tumor cells containing high levels of NQOI and that the hydroquinone form, based upon target
inhibition in both cell-free, cellular systems and molecular modeling studies, represents a more potent inhibitor of
Hsp90. Although the parent benzoquinone ansamycins retain the ability to inhibit Hsp90 in a concentration
dependent manner, the superior Hsp90 inhibitory potency of he hydroquinone ansamycins relative to their parent

quinones has important implications for drug development.

A rational extension to this research would be to develop a prodrug approach (Scheme 2), to deliver the more
potent hydroquinone ansamycin intracellularly. The generation of a series of hydroquinone ansamycin prodrugs
would initially circumvent the NQO1-mediated reduction of the benzoquinone ansamycin and may additionally

improve the solubility and bioavailability characteristics of the Hsp90 inhibitor. An ideal prodrug candidate would
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generate, via intracellular enzymatic hydrolysis, a relatively stable hydroquinone ansamycin, which is also a potent
inhibitor of Hsp90 and in its quinone form is a good substrate for NQOI to facilitate reduction back to the more
potent Hsp90 inhibitor, the hydroquinone ansamycin. In addition, the hydroquinone ansamycin has increased water
solubility and a decreased tendancy to cross cell membranes leading to increased accumulation of the more potent
Hsp90 inhibitor, the hydroquinone ansamycin, in tumor cells containing NQO1 (Guo et al., 2005, Workman
2003). This prodrug approach may further improve the selectivity of the Hsp90 inhibitor, in that the hydrolyzing

enzyme may be specific to or more abundant in a certain tissue type.
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Scheme 1. The NQO1 mediated reduction of the benzoquinone ansamycin Hsp90 inhibitors.

Scheme 2. A proposed model of prodrug delivery of the hydroquinone ansamycins and the maintenance of
the hydroquinone form of the Hsp90 inhibitor by NQOL1.

Figure 1. HPLC and LC-MS analysis of the reduction of 17DMAG by NQOL1 to 177DMAGH,.

HPLC analysis of the rhNQO1-mediated reduction of (A) 17DMAG to (B) 17DMAGH; and inhibition of this
reduction by (C) ES936. (A) 17DMAG and NADH; (B) 17DMAG, NADH, and rhNQO1; (C) 17DMAG, NADH,
rhNQOI1, and ES936 (1 pmol/L). Reaction conditions: 20 umol/L 17DMAG, 500 umol/L NADH, and 6.6 ug
rhNQO1 in 50 mmol/L potassium phosphate buffer (pH 7.4; 1 mL) containing 1 mg/mL BSA. After 30 minutes,
the internal standard N-phenyl-1-naphthylamine (10 pg/mL) was added, the sample centrifuged and the supernatant
was analyzed immediately by HPLC at 270 nm. (D) LC-MS confirmed 17DMAGH, as the product of NQO1-
mediated reduction of 17DMAG.

Figure 2. Inhibition of yeast Hsp90 by the benzoquinone ansamycins.

Yeast Hsp90 ATPase activity was measured in reactions with either vehicle (DMSO) or the appropriate
benzoquinone ansamycin in the presence and absence of rhNQOI, the reactions were analyzed after 3 hours.
Phosphate concentrations were measured using the malachite green assay. Open columns, the benzoquinone
ansamycin and NADH; filled columns, the benzoquinone ansamycin, NADH, and NQO1; hatched columns, the
benzoquinone ansamycin, NADH, NQOI1, and ES936. Columns, mean (n = 3); bars, SD. Hsp90 ATPase activity in
incubates containing the benzoquinone ansamycin, NADH, and NQO1 were statistically different from incubates
containing either the benzoquinone ansamycin and NADH or the benzoquinone ansamycin, NADH, NQO1, and
ES936, *, P <0.05, one-way ANOV A with Tukey for pairwise comparison.

Figure 3. HPLC analysis of 171DMAGH, formation by MDA468 and MDA468/NQ16 cell sonicates.

HPLC analysis confirmed the formation of 17DMAGH; following reduction of 17DMAG by MDA468/NQ16 cell
sonicates. (A) 17DMAG, NADH, and MDA468 cell sonicates; (B) 17DMAG, NADH, and MDA468/NQ16 cell
sonicates; (C) 17DMAG, NADH, and MDA468/NQ16 cell sonicates and ES936 (1 umol/L). Reaction conditions:
20 umol/L 17DMAG, 500 umol/L. NADH, and 500 pg of cell sonicate in 50 mmol/L potassium phosphate buffer
(pH 7.4; 1 mL) containing 1 mg/mL BSA. After 30 minutes, the internal standard N-phenyl-1-naphthylamine (10
pg/mL) was added, the sample centrifuged and the supernatant was analyzed immediately by HPLC at 270 nm.

Figure 4. Effect of 17DMAG on growth inhibition and Hsp90 client proteins in human breast cancer cells.
Growth inhibition following 17DMAG treatment was measured by MTT analysis in (A) MDA468 (NQO1-null)
and (B) MDA468/NQ16 (high NQO1) cell lines in the presence (filled symbols) and absence (open symbols) of
ES936. Points, mean (n = 3); bars, SD. The effect of exposure time on the fold potentiation of (C) 17AAG and (D)
17DMAG growth inhibition in MDA468 and MDA468/NQ16 cells. ICs, values were measured in MDA468 and
MDA468/NQI16 cells after exposure to 17AAG or 17DMAG for 4hr and 72hr time periods. Data is expressed as
the ratio of the ICs, for MDA468 cells divided by the ICsy for MDA468/NQ16 cells. (E) The effect of 17DMAG on
Hsp70 and Raf-1 protein levels. Hsp70 and Raf-1 protein levels were analyzed by immunoblot analysis after
treatment of MDA468 and MDA468/NQ16 cells with 17DMAG for 24 hours. Hsp70 immunoblot analysis was
performed on 10 pg whole-cell sonicate. Raf-1 immunoblot analysis was performed on 100 pg whole-cell sonicate.
Results were confirmed in duplicate experiments.

Figure 5. Molecular modeling of the N-terminal of the yeast Hsp90-17DMAG/17DMAGH; complex.

Flat ribbon representation of the yeast Hsp90 ATP-binding domain with (A) 17DMAG and (B) 17DMAGH, and
stick display style representation of the key interactions with (C) 17DMAG and (D) 17DMAG all figures display
hydrogen bond contacts (blue dashed lines) with amino acid residues and water molecules (colored by atom type,
except ligand carbons atoms which are colored yellow). The figures were constructed using Discovery Studio
Viewer Professional Software (Accelrys, Inc., San Diego, CA).
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|C50(LIM) 1Cso Fold

Compound 52768 MDA468+ES936 NQ16 NQ16+ES936 __Difference
GM 0.063+0.011 _ 0.064+0.013 _ 0.023+0.0008 _ 0.057+0.01 3
17AAG* __ 10.05+1.07 7.34+1.04 0.86+0.16 7.67+1.36 12
17AG 6.77+0.77 6.62+0.42 1.1+0.11 5.61+1.05 6
17DMAG __ 2.06+0.25 1.9+0.19 0.22+0.05 1.81+0.2 9
17AEP-GA __ 2.69+0.08 2.68+0.12 0.65+0.04 2.59+0.18 4
Radicico __ 3.81+0.44 4.04+0.35 1

Table 1. Growth inhibition effect of a series of Hsp90 inhibitors in MDA468 and MDA468/NQ16 cells
following treatment (4 hours).
* Data for 17AAG and radicicol has been reported previously (Guo et al., 2005).
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MOL #25643
c . Evau Ealect Erotal H-Bond Interaction I:I)-!-Bond
ompoun elec ota Amino Acid . Istance
(kcal/mol)  (kcal/mol) (kcal/mol)  Solvent Ligand A)
ASP-79 Carbamate NH» 2.04
LYS+98 Quinone C=0 1.74
HOH400 Carbamate C=0 2.14
HOH402 Carbamate NH; 2.22
HOH403 Methoxy (ansa) OCHgs 2.35
17DMAG -26.5 217 42 HoH403 Carbamate R-O-CONH, ~ 2.18
HOH405 Hydroxy (ansa) OH 2.32
HOH407 Quinone C=0 1.65
HOH485 Amine R-N(CHj3) 1.95
HOH529 Amide NH 1.95
ASP-40 Hydroquinone O-H 2.00
ASP-79 Carbamate NH; 1.86
PHE124 Amide C=0 2.14
HOH400 Carbamate C=0 1.99
17DMAGH; -30.9 281 -58.9 HOH402 Carbamate NH; 2.35
HOH403 Methoxy (ansa) OCHjs 2.38
HOH405 Hydroxy (ansa) OH 1.93
HOH529 Amide NH 2.07

Table 2. Total interaction energy, van der Waals, electrostatic energy, and hydrogen bonding interactions
between yeast Hsp90 and 177DMAG/17DMAGH,.
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NAD(P)H NAD(P)*

» \ NQo1
H+
4 ‘ A\ ’
2 -2_ 202
P
o) NH,
H,0,

o)
Compound R (17-Substitutent) MW
GM OCH;3 560

17AAG NHCH,CHCH, 586
17AG NH, 545
17DMAG  NHCH,CH,N(CH;), 616
17AEP-GA NHCH,CH,NC,Hg 643

15

2H*

Scheme 1.
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