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ABSTRACT: Heat shock protein 90 (Hsp90) is critical for the maturation of numerous client proteins, many

of which are involved in cellular transformation and oncogenesis. The ansamycins, geldanamycin (GA)
and its derivative, 17-allylaminogeldanamycin (17-AAG), inhibit Hsp90. As such, the prototypical Hsp90
inhibitor, 17-AAG, has advanced into clinical oncology trials. GA and 17-AAG potently inhibit tumor

cell proliferation and survival but have been reported to bind weakly to Hsp90 in vitro. Recent studies
have suggested that the in vitro potency of ansamycins against Hsp90 may be enhanced in the presence
of cochaperones. Here, we present evidence of an alternative explanation. Ansamycins reduced to their
dihydroquinones in the presence of common reducing agents in vitro have approximately 40-fold greater
affinity than the corresponding oxidized quinones. The dihydroquinone of 17-AAG is not generated in an
aqueous environment in the absence of reducing agents but is produced in both tumor and normal quiescent
epithelial cells. The reduced form of 17-AAG is differentiated from its oxidized form not only by the
higher affinity for Hsp90 but also by a protract&ds rate. Therefore, the in vivo accumulation of the
high-affinity dihydroquinone ansamycins in tumor cells contributes to the antitumor activity of these
compounds and alters our understanding of the active species driving the efficacy of this class of compounds.

Since the discovery of the antiproliferative activity of Others have sought to resolve the in vitro to in vivo
geldanamycin (GA},a compound derived from broths of discrepancies in the activities of the ansamycins. Evidence
Streptomyces hygroscopicii¥), a number of analogues, that the affinity of the ansamycins for Hsp90 alters when in
specifically 17-allylaminogeldanamycin (17-AAG) being the the presence of cochaperones has been offered as one
most advanced, have entered into clinical trials with cancer possible explanationi@, 19). Furthermore, the presence of
patients —5). These compounds target the N-terminal ATP Hsp90 complexed with its cochaperones has been shown to
binding pocket of heat shock protein 90 (Hsp96) 7). occur at a higher frequency in tumor cells as compared to
Hsp90 is an abundant, ubiquitously expressed molecularnormal epithelial or endothelial cells, and this may explain,
chaperone involved in the maturation of multiple client jy nart why ansamycins preferentially accumulate in tumors
proteins, many of which are involved in regulating cell (18 > 21). An opposing explanation has been provided by

si_gﬂalin% pl)roliferk?tion, and s(,jur\_/ivaség). Hsp90 part?elrs studies which demonstrated that the intracellular concentra-
with multiple cochaperones during the maturation or client tion of 17-AAG in cultured tumor cells accumulates with

E(rj(r):]mlre]?e ?f?(;jclil depelnzde(r:]ltielrjliaorotgisnsﬁ)ﬁzzsi)oaliﬁt(l:\l/l:ge to exposure, allowing for far greater cellular concentrations
Her—g oIo—Iik)é kin(ase )Akt EGpFR Src Ablpc—Met and relative to exogenous medi4). It was proposed from these
Raf—l’V\F/)hich are currer’nly t;eing ta,rgete,d for, intervéntion studies that the actual concentration in cells is in the high
within oncology drug discovery or in clinical development .mlc_romolgr. range, consistent vylth'prewous reports of low
in vitro affinity. Given the emerging importance of the target

(13). Incongruent in vitro and cellular potencies of the d this cl ¢ 4s | | h lari
ansamycins against Hsp90 activity have led many to questionan this class of compounds in oncology, we sought to clarify

the apparent target and mechanism of these compounds athe discrepancies between the in vitro and cellular activities.
well as the active species in cells4]. The affinity of GA Herein, we offer an alternative explanation providing direct
and its derivative 17-AAG for isolated full-length dimeric biochemical and cellular evidence that the reduction of the
Hsp90 has been reported in the low micromolar rarigge ( quinone moiety shared by these ansamycins to the dihy-
12, 15); however, the activities of these compounds toward droquinone yields a compound with nanomolar affinity to
inhibition of cell proliferation in a broad array of tumor cell  Hsp90 in vitro and is further distinguished from the quinone
lines are in the low nanomolar rangk4( 16, 17). parent compound by possessing an extended off-rate.

* To whom correspondence should be addressed. Telephone: 215-MATERIALS AND METHODS
628-5356. Fax: 215-628-5047. E-mail: amaroney@prdus.jnj.com.

! Abbreviations: GA, geldanamycin; 17-AAG, 17-allylaminogeldan- Materials. GA and 17-AAG were purchased from Invi-
amycin; dihydro-17-AAG, dihydroquinone 17-allylaminogeldanamycin; . dicicol h df
Hsp90, heat shock protein 90; DMSO, dimethyl sulfoxide; TCEP, tris- YOGen Inc. (San Diego, CA). Radicicol was purchased from

(2-carboxyethyl)phosphine; ANS, 1-anilino-8-naphthalenesulfonate. BIOMOL Research Laboratories Inc. (Plymouth Meeting,
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PA). [*H]-17-AAG and PH]dihydro-17-AAG were obtained
from Moravek Biochemicals (Brea, CApL-Dithiothreitol
(DTT), tris(2-carboxyethyl)phosphine (TCER)glutathione
(GSH), ATP, ADP, AMPPNP, and AT)S were purchased
from Sigma-Aldrich (St. Louis, MO).

Reduction of 17-AAG to Dihydro-17-AAGhe dihydro-
quinone of 17-AAG (dihydro-17-AAG) was formed by
dissolving 20 mg of 17-AAG in 4 mL of ethyl acetate

followed by the addition of 7 mL of a 10% aqueous solution Al ThermoFIuor assays were performed as previously
of sodium dithionite 22). The biphasic mixture was vigor-  described 23) in 384 black well Abgene PCR plates
ously stirred under argon, and the reaction went to comple- (Rochester, NY). Plates were heated from 25 to°@0at

tion within 1.5 h, as determined by LC-MS. LS-MS/ELS 1 °C/min, and images were collected atQ intervals. To
was performed on a system consisting of an electrospraycollect each data point, the plate was held at constant
source on a Thermo-Finnigan LCQ mass spectrometer (Sanemperature for 20 s, then illuminated with 33020 nm
Jose, CA), a SEDEX 75C evaporative light scattering |ight (Hamamatsu Photonics, Bridgewater, NJ), imaged for
detector (Richard Scientific, Novato, CA), a Shimadzu LC- 20 s with the shutter closed, and then imaged for 20 s with
10ADvp binary gradient pumping system (Columbia, MD), - the shutter open, using a CCD camera detecting emission at
a Gilson 215 (Middleton, W1) configured as an autosampler, 475-525 nm. Fluorescence intensity at each temperature was
and a SUPELCOSIL (3m, 3.3 cmx 2.1 mm) column  getermined by summing pixel intensity associated within

(Sigma-Aldrich, St. Louis, MO). The flow rate was 0.5 ML/ each well and then subtracting the sum of the same pixels
min with a linear gradient varied from 100% water with  ¢qjlected from the shutter-closed image.

0.05% trifluoroacetic acid to 100% acetonitrile with 0.05%
trifluoroacetic acid in 6 min. After completion of the reaction,
the mixture was poured into an extraction funnel and diluted
with water (15 mL) and ethyl acetate (10 mL). The organic
layer was washed three times with water and finally with
brine. The organic layer was collected, dried {8@),
filtered, and concentrated under vacuum. TCEP (10 molar
excess relative to dihydro-17-AAG) was added to the residue,
and the mixture was dissolved in DMSO to produce a 10
mM solution of dihydro-17-AAG containing 100 mM TCEP. : :
This procedure was followed for producing both radiolabeled parameter is the van't Hoff enthalpy.
and unlabeled dihydro-17-AAG. Tubes containing dihydro- ~ Binding affinity was calculated by examining the trend
17-AAG were purged with nitrogen gas, aliquoted, and stored Of Tm Vs ligand concentration, as previously describ2g).(
at —80 °C. Such calculations are highly dependent on the parameter used
Cloning and Expression of N-Terminal Hsp9DNA for the protein unfolding enthalpyAyHr,, and to a lesser
encoding amino acids-236 of human Hsp3 (thHsp9@.9— extent the heat capacity of protein unfolding,C,. For
236) was optimized fofEscherichia coliexpression and ~ rhHsp9@9—236, the parameters used to simulate ligand
synthesized by DNA2.0 (Menlo Park, CA). BanHI dosing were 100 kcal/mol (from protein thermal stability
(GlySer) site was added prior to amino acid 9 anda experiments) and 3 kcal/(m#) based upon the protein
site was incorporated after the stop codon by PCR. The PCRSequence dat24), respectively. Binding affinities obtained
fragment was subcloned into a modified pET28 vector by perturbations of protein stability are most accurate at the
containing a His tag followed by a TEV cleavage site and ProteinT, and were exirapolated to physiologically relevant

compound in addition to 4L of 0.05 mg/mL (1.8uM)
rhHsp9@9—236 in 40 mM Hepes, pH 7.5, 100 mM KCI, 5
mM MgCl,, and 1 mM EDTA, plus 6QuM 1-anilino-8-
naphthalenesulfonate (ANS), and were overlayed witih 1

of silicone oil to prevent evaporation. When included, stocks
of reducing agents (DTT, TCEP, GSH) were made fresh and
used at a final concentration of 1, 1, and 2.5 mM,
respectively.

Primary data (fluorescence intensity vs temperature) were
fit to standard equations describing protein thermal stability
as previously described28). These equations give six fit
parameters: fluorescence of the native protein Tat
fluorescence of the non-native proteinlat the temperature
dependence of these two fluorescences, the midpoint in the
transition between native and non-native protein, and a
parameter describing the shape of the curve. For reversibly
unfolding reactions that are at equilibrium, this latter

BanHI(GlySer) and\ot sites for subcloning (Novagen, San
Diego, CA). Expression was carried out in a BL21 RIL
(DE3) strain by growth at 37C in Luria broth (GibcoBRL,
Gaithersburg, MD) to an Ofgy = 0.6-0.8, followed by

addition of 0.1 mM IPTG and temperature reduction to 15

temperature (37C) using standard equations, assuming the
binding enthalpy A,Hs7) and the temperature-independent
heat capacity4,Cp) were—5 kcal/mol and—200 cal/(mol

K), respectively.

Stability of 17-AAG and Dihydro-17-AAG in Aqueous

°C. Cells were harvested 15 h postinduction. Purification of Solution by HPLC17-AAG (10 mM in 100% DMSO) was

His-tagged rhHsp9®9—236 was carried out using Ni-NTA
affinity columns. The His tag was removed by digestion with

diluted to 50uM in H,O and analyzed by HPLC after O or
8 h incubation at 25C in the absence or presence of 0.5

His-tagged Tev protease, and the protein was repurified by mM TCEP. The LC components employed were the Agilent

passing through Ni-NTA columns.
ThermoFluor Affinity Binding AssayCompounds were

1100 Series operated at 20/min through a Zorbax SB-
C18 column (5um, 150 mmx 0.5 mm). The gradient varied

prepared as 10 mM stocks in 100% DMSO; nucleotides were from 97% of 0.1% formic acid in water to 100% of 0.1%
prepared as 100 mM stock in 5 mM HEPES (pH 7.0). formic acid in 90:10 acetonitrile:water in 6 min with a 2
Ligands were serially diluted in their respective mother liquor min hold and then reequilibrated to starting conditions for 4
at a 1:2 volume ratio, providing 11 concentrations per series, min. The UV absorbance was measured at 254 nm. Com-
plus a 12th well containing only diluents. Compound pound identities were verified by LC-MS/MS analyses on
dilutions (50 nL) were dispensed in duplicate to assay platesan Agilent XCT Plus ion trap mass spectrometer (Palo Alto,
using a Cartesian Hummingbird (Genomics Solutions Inc., CA), and under reducing conditions the quinone and hyro-
Ann Arbor, MI). ThermoFluor reactions contained 50 nL of quinone ansamycins form the major peaks.
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Determination of Dissociation Constants by Equilibrium
Dialysis AssaysAll binding assays with rhHsp@®—236
were carried out using eitheiH]-17-AAG or [*H]dihydro-
17-AAG (specific activity 20 Ci/mmol) as a ligand. Equi-
librium dialysis was performed as describe2b), For a
typical assay, 10QL of N-terminal Hsp90 in binding buffer
was dialyzed against 15 mL of binding buffer (40 mM Hepes,
pH 7.5, 100 mM KCI, 5 mM Mgd, 0.5 mM EDTA, with
or without 1 mM TCEP) containing®iH]-17-AAG varying
in concentration from 0.1 to 8 nM for the dihydroquinone
species and from 0.2 to 8M for the quinone 17-AAG.
Assays with PH]dihydro-17-AAG were carried out in
binding buffer containing 1 mM TCEP. The concentration
of rhHsp9®9—236 was 50 nM and 4M, respectively.
Dialysis was performed at4C. Samples (1820 uL) taken
from dialysis bags and dialysis buffers were added to
scintillation vials containing 1.0 mL of BCS scintillation

Maroney et al.

cells per well (subconfluency) and treated 24 h later or seeded
at 10000 cells per well (confluency) and grown for another
4 days to reach quiescence prior to treatment. The cells were
dosed with 17-AAG for 3 days and were subjected to
CellTiter-Glo for determination of viable cells. Data were
analyzed using GraphPad Prism (version 4), and the 95%
confidence limits for all data generated were within 2-fold.
Measurement of Dihydro-17-AAG in HMECs and MCF7
Cells. HMECs were plated at 50% confluency and refed
growth media over a 10-day period until the plates reached
confluency. MCF7 cells were grown to near confluency in
100 mm plates. Both cell lines were exposed tq:00 (0.37
MBq) of [®H]-17-AAG at a concentration of 265 nM (3.3
uCi/mL) for 1 h at 37°C. The cell monolayers were washed
in cold PBS, extracted into 0.5 mL of isopropyl alcohol, and
immediately frozen to-80 °C. Radiochromatograms of the
extracts were obtained by HPLC analysis using an Agilent

cocktail (Amersham Biosciences, Piscataway, NJ). The vials 1100 series system with a 4.6 (i.d.) by 250 mm Zorbax C8

were counted in a 1450 Microbeta Plus liquid scintillation
counter (Perkin-Elmer, Wellesley, MA). At equilibrium
(typically after~ 48 h), the amount of 17-AAG bound to
rhHsp9@9—236 was determined from the differential of
radioactivity inside the dialysis bags and in the dialysis
buffers. Values folKq were derived from Scatchard plots.
Determination of the Off-Rate ofHl]-17-AAG and PH]-
Dihydro-17-AAG from rhHsp3f9—236. (A) Competition
Studies with 17-AAGA solution containing 1Q«M rhH-
sp9@9—236 and 20uM [3H]-17-AAG in binding buffer
without TCEP were incubated for 30 min at room temper-
ature. At initiation, a 100-fold excess of unlabeled 17-AAG
was added to the solution, and b0 aliquots were applied
at equal time intervals between 0.5 and 15 min on Bio-Rad
MicroBio-Spin-6 chromatography columns previously equili-
brated with binding buffer. Immediately after sample ap-
plication the columns were centrifuged according to the

protocol supplied by the manufacturer. Samples obtained

during the time course were counted as described above. Th
data were normalized to the first time point (0.5 min), and
a first-order exponential fit was calculated.

(B) Competition Studies with Dihydro-17-AAGhH-
sp9@9—236 (0.2uM) and 0.4uM [3H]dihydro-17-AAG in
binding buffer with 1 mM TCEP were incubated overnight
at 4°C. The solution was brought to room temperature for
1 h. At initiation, a 100-fold excess of unlabeled dihydro-
17-AAG was added to the solution, and M0 aliquots were
applied at equal time intervals between 5 min and 4.5 h on
Bio-Rad MicroBio-Spin-6 chromatography columns previ-
ously equilibrated with binding buffer containing 1 mM
TCEP. Centrifugation and counting steps were the same a
described above for the 17-AAG. The data were normalized
to the first point (0.5 h).

Viability AssaysMCF7 mammary carcinoma cells (HTB-
22; ATCC, Manassas, VA) were grown in DMEM plus 10%

FBS and seeded at 2000 cells per well in white-walled, clear

bottom plates (3610; Corning Life Sciences, Acton, MA).

After allowing for adherence overnight, cells were incubated
with 17-AAG for 3 days and were subjected to CellTiter-

Glo (Promega Corp., Madison, WI) for determination of

viable cells under proliferating conditions. Human mammary
epithelial cells (HMECs, CC-2551; Clonetics/Cambrex, East
Rutherford, NJ) were grown in complete MEGM as recom-
mended by the supplier. Cells were either seeded-8020

column. The column was eluted using a linear gradient
starting at 6% acetonitriteformic acid (0.1%) in water
formic acid (0.1%) and increasing to 100% acetonitrile
formic acid over 6 min and then held at this composition
for 10 min. The flow rate was 1 mL/min and column
temperature 40C. Radioactive flow detection was completed
with an IN/US Systems Ing-RAM detector equipped with

a 0.5 mL liquid flow cell and EcoScint scintillation cocktalil
(National Diagnostics) flowing at 2 mL/min.

RESULTS

High-Affinity Binding of Ansamycins to Hsp90 in Vitro Is
Dependent upon the Presence of Reducing Agdrter-
moFluof binding technology was used to determine the
association constants of compounds to rhHe@B236. In
this approach, an environmentally sensitive fluorescent dye
(ANS) is used to monitor protein unfolding as a function of
temperature; compound binding to target proteins is detected
%y measuring an increase in protein thermal stabi®$).(
Addition of a fixed dose of GA to rhHsp®®—236 increased
the T, from 50 to 57°C (Figure 1A). A complete concentra-
tion response curve for GA revealed&gof 143 nM (Figure
1B), consistent with previously reported values<28).
Multiple parameters were examined during the development
of the affinity binding assay conditions including the addition
of reducing agents. Whereas reducing agents had no effect
on the thermal stability of rhHsp@®—236 alone, addition
of TCEP nearly doubled the amount of thermal energy
needed to destabilize rhHsp£®-236 in the presence of GA,
increasingT, even further (Figure 1). Likewise, th€; of

GA for rhHsp9@9—236 in the presence of TCEP was 48-

fold higher in affinity, yielding aKq of 3 nM (Figure 1B).
Similar results were obtained in the presence of other
reducing agents, such as DTT, and to a lesser extent with
GSH (Table 1). Although full-length Hsp90 was unsuitable
in the ThermoFluor assay since it did not possess a single
cooperative unfolding transition, similar binding affinity in
the presence of reducing agents was confirmed using a
fluorescent-labeled GA probe (data not showd8)( The

2The ThermoFluor assay was developed by 3-Dimensional Phar-
maceuticals, Inc., which has been merged into Johnson & Johnson
Pharmaceutical Research & Development, L.L.C. ThermoFluor is a
trademark registered in the United States and certain other countries.
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mild reducing agents such as DTT. GAg or 17-AAG (1b) is
reduced by DTT to their corresponding dihydro-G2g) or dihydro-
17-AAG (2b) analogues.

0.1 1

Fraction unfolded

65

=

63 4 agents was more consistent with the cellular potency reported

for this compound Z0).

The adenosine nucleotides have been reported to bind in
the high micromolar range, wherein ADP has a greater
affinity to Hsp90 than ATP 10, 27, 31). In this regard, the
AT, of rhHsp9@9—236 in the presence of a fixed concen-
tration of ADP was 2.9C (Figure 1A) with aKy of 50 uM
(Figure 1B and Table 1). Th&y was not significantly
4] affected by the presence of reducing agents, supporting that

LE-08 1.E-07 1.E-06 1.5-05 1E-04 1E-03 1E-02 the phenomenon observed in the presence of GA was not a
Log[L] (M) general occurrence.

Ficure 1. (A) Hsp90 protein stability as a function of temperature. ~ As mentioned earlier, the large divergence in binding
The thermal stability of rhHsp@®—236 (1.84M) was measured  affinity of GA in the absence or presence of TCEP is of

using ThermoFluor in buffer plus ANS dye (squares), with 312 ; ; ; ;
M ADP (triangles), or with 125M GA (circles) under standard interest since it has long been recognized that the relatively

conditions. Reactions included no TCEP (open symbols, dotted lO_W affln_lty _Of ansamycins for Hsp90 in vitro is inconsistent
lines) or 1 mM TCEP (closed symbols, solid lines). Reactions were With their high cellular potencyl@, 18). Therefore, to test
heated at 2C/min, and fluorescence intensity of the prote&iNS the general nature of the effect of reducing agents on
dye at 500 nm was measured using CCD. Data were normalizedequilibrium binding of ligands to rhHsp@®—236, the

using standard equations, and the curve midpdip} (as fit as - e ; ; ;
previously described. (B) Dose-dependent changes infghtor affinity of additional active site directed molecules was tested

GA and ADP binding to rhHspa—236 Protein T, was with a panel of reducing agents (Table 1). Similar to GA, a
determined using the indicated concentrations of GA (circles) or 40-fold increase in affinity of 17-AAG, a structurally related
ADP (triangles) in the absence (open symbols, dotted lines) or analogue of GA, for rhHsp@®—236 was observed in the
presence (closed symbols, solid lines) of 1 mM TCEP. Results nresence of TCEP (Table 1). Radicicol, which is structurally

shown represent averages from six separate experiments. Bindin : . .
affinity was determined by fitting data to previously described nrelated to GA and does not contain the quinone moiety,

61 -
59 A

57 A

Tm (°C)

55 A

53 A

51 A

equations 23). bound to rhHsp9@9—236 with aKy of 1 nM, consistent
with previously reported values7,( 27). However, the
Table 1: Affinity of Ansamycins and Nucleotides to ThermoFluor concentration curves in the presence of all
rhHsp9@9—-236 As Measured by ThermoFluor Microcalorimetry reducing agents were atypical with this compound. Further
Ka (uM) analysis of radicicol in the presence of DTT indicated that
compound none TCEP DTT GSH the_re was coyalent mpdlflcatlon of radicicol (data not shpvyn).
This is consistent with the report by others that radicicol
17-AAG 2.0 0.05 0.10 1.25 forms a 1,6 adduct with DTT by Michael addition of the
dihydro-17-AAG 0.05 0.025 0.025 0.05 . -
GA 0.143 0.003 0.005 0.025 thiol of DTT to thea,3,y,0-unsaturated ketone of radicicol
dihydro-GA 0.005 0.001 0.005 0.003 (32). Despite this complication, reducing agents did not
radicicol 0.001 0.002 0.010 0.001  change the overall affinity of radiciol for rhHsp80—236.
ﬂg 333 333 333 333 Like nucleotide binding, reducing agents had no effect on
yS 250 250 333 250 - o X
AMPPNP 500 500 500 500 radicicol affinity to rhHsp9@9—236, suggesting that the
ADP 50.0 50.0 55.6 50.0 differences observed with the ansamycins were related to

the reduction of the quinone moiety, which is unique to these
relativeKq measured in the presence of a series of reducing molecules (Figure 2).

reagents roughly paralleled the solution reduction potential Equilibrium Binding of 17-AAG and Dihydro-17-AAG to
(Table 1). Although structural analysis from cocrystallization rhHsp9@9—236. To confirm results observed in Thermo-
of ansamycins with Hsp90 has proven that these compoundsFluor, PH]-17-AAG and purified fH]dihydro-17-AAG
bind to the ATP pocket of Hsp906( 29), it cannot be (stored in 10-fold molar excess with TCEP) were added to
determined if the structures correspond with the quinone or rhHsp9®9—236 under conditions of equilibrium binding.
dihydroquinone form due to the resolution of the data. The Scatchard analysis offl]-17-AAG binding to rhHsp96.9—
higher in vitro affinity of GA in the presence of reducing 236 produced &, of 1.1uM whereas {H]dihydro-17-AAG



5682 Biochemistry, Vol. 45, No. 17, 2006 Maroney et al.

&
J

o
L

20 1

Bound/Free
=)
—
La
1

0

0 20 40
Bound, nM

Bound/Free

Dihydro17AAG, Kq = 2.4 nM

i

5 X ; ; . > Minutes
Bound, uM FiGURE 4: Stability of 17-AAG and dihydro-17-AAG by HPLC.
17-AAG (10 mM in 100% DMSO) was diluted to %M in H,O
and analyzed by HPLC after @ & h incubation at 25C in the
absence or presence of 0.5 mM TCEP. Under these conditions, 17-
AAG elutes at~11.5 min, whereas dihydro-17-AAG elutes-a8
min. HPLC traces for each sample are shown offseall min
interval for ease of viewing. Inset: UV/vis spectrum of bM
17-AAG in buffer without (bold line) or with 1 mM DTT (thin
line) showing the distinct spectral properties of 17-AAG and
dihydro-17-AAG -axis, absorbances-axis, wavelength).
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AAG was so significantly prolonged such that a value could

not be determined over the time period (4.5 h) of the

0 experiment (Figure 3B). These data suggest that the dihy-
Min droquinone form of 17-AAG may be contributing to the

accumulation observed in tumors.

0 1 2 3 4 Stability of 17-AAG in an Agueous Eronment.It was

of interest to determine whether the dihydroquinone form

of the ansamycins occurs as a result of natural instability in

'[:3'&5’ dﬁﬁf&r§?73/§2gl§r?hﬁ2%'%’§i§ Ozfsbé“%“eg d‘i't‘g';:e"?:;)?ezggta an aqueous environment. Therefore, 17-AAG was suspended
17- — - ) . - 0

tive from two equilibrium dialysis experiments for both 17-AAG in serum free_ med'“”_‘ containing 1% DMSO, and the

and dihydro-17-AAG (open and closed circles, respectively). Linear duinone and dlhydroqumone_ forms were separated by HPLC

regression fits provide#q values of 1.1uM for 17-AAG and 2 and tracked by UV absorption over time. The UV spectral

nM for dihydro-17-AAG. The inset shows the same data for analysis of the quinone and dihydroquinone forms of 17-

dihydro-17-AAG with the horizontal axis in the nanomolar scale. AAG revealed absorption between 250 and 300 nm (Figure
(B) Dissociation of 17-AAG and dihydro-17-AAG from rhHspe®— . . . .
236 [*H]-17-AAG in binding buffer without TCEP (open circles) % inset), and detection of the two species was determined

or [H]dihydro-17-AAG in binding buffer containing 1 mM TCEP  at 254 nm during the HPLC separation. The concentration
(closed circle) were competed with either unlabeled 17-AAG or of 17-AAG was approximately halved by 8 h; however, at

dihydro-17-AAG, respectively. Samples were extracted over the no time was there evidence that dihydro-17-AAG was being
time course indicated, and radioactivity was captured by spin 5rmed (Figure 4). In the presence of 0.5 mM TCEP (10-
column chromatography. The inset shows the data for 17-AAG in fold | |ati 17-AAG . v 70%
the minute time scale with exponential fit. old molar excess relative to 17-7 ), approximately 70%
of 17-AAG rapidly converts (within 0.5 h; data not shown)
bound with aKy of 2.4 nM (Figure 3A). The micromolar  to the dihydroquinone, and in the presence of reducing agent
affinity of 17-AAG is consistent with previously reported this form is stable owe8 h (Figure 4). In conclusion, the
data using the filter binding assag?. A shift to greater high-affinity dihydro-17-AAG does not form spontaneously
binding affinity of 17-AAG to rhHsp9689—236 in the in aqueous solution without the assistance of a reducing
presence of TCEP confirmed the original ThermoFluor data agent.
(Table 1). Reduction of 17-AAG in Whole Cell§he lack of
The ansamycins have been reported to accumulate prefformation of dihydro-17-AAG in an aqueous environment
erentially in tumor tissue in vivo20). Although several suggested to us that if the high-affinity form of the compound
theories have been proposed, the mechanism of this acwere to play a physiological role in inhibiting Hsp90, then
cumulation remains controversial4, 18). One possible  the formation of dihydro-17-AAG must occur within the
explanation, given our observation that dihydroquinone cellular environment. Furthermore, ansamycins potently
ansamycins have a greater affinity for Hsp90, is that theseinhibit the growth of a wide variety of tumor cells in the
forms may also demonstrate differences in the association/low nanomolar range with little effect on the viability of
dissociation rates for Hsp90 as compared to quinone ansa-quiescent normal endothelial and epithelial celld, (18).
mycins. Therefore, we examined the dissociation rate of 17- One possible explanation for this effect is that the reduction
AAG and dihydro-17-AAG. The dissociation rate for 17- of ansamycins in a tumor cell environment may be greater
AAG was 0.4 min! (Figure 3B). The relatively fas{q rate as compared to normal epithelial cell¥). To address these
is consistent with a fad{,, rate previously reported for 17-  possibilities, we first examined the effect of 17-AAG on cell
AAG (27). In contrast, the dissociation rate for dihydro-17- viability in MCF7 human breast cancer cells and primary

Time, Hours
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Table 2: Conversion of 17-AAG to Dihydro-17-AAG in HMECs
and MCF7 Cells

viability % [3H]- % [3H]dihydro-
ICs0 (uM) 17-AAG 17-AAG
media 94.7 5.2
MCF7 cells 0.128 31.51.0 68.4+ 1.0
proliferating HMECs 0.008 ND ND
quiesced HMECs >10 30.2+ 0.8 69.7+ 0.8

HMECs. The IG, values for viability of MCF7 cells and
proliferating HMECs were 128 and 8 nM, respectively, and
greater than 1M in quiesced HMECs (Table 2). Similar
differences between Wgvalues of proliferating and quiesced
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agents and the ongoing clinical studies with the ansamycins.
Clearly, the progression of the concept that Hsp90 inhibitors
will be clinically beneficial to cancer patients remains
unfulfilled but highly compelling. In this light, we have
sought to resolve the apparent conflict between in vitro and
cellular potencies that have overshadowed the mechanism
of action of the ansamycins.

Using a ThermoFluor affinity binding assay, our results
confirm previous reports indicating that 17-AAG and GA
have a submicromolar to low micromolar affinity to Hsp90
(Figure 1 and Table 1)26—28). To our surprise, the
dihydroquinone forms of ansamycins demonstrate substan-
tially greater affinity to Hsp90 as compared to the quinone

cells were observed in normal human umbilical vein endo- forms as determined by two different approaches (Thermo-
thelial cells, clearly indicating that replicating cells were the  Fjyor microcalorimetry and filter binding sssays) (Figures 1

more sensitive species (data not shown). We next determinechng 3A and Table 1). The effect of reducing agents appeared
whether the reduction of 17-AAG could be detected in these g pe limited to the ansamycin class of compounds since the

cells. An initial experiment examining the time course of gtrycturally unrelated inhibitor, radicicol, and ATP analogues
conversion of 17-AAG to dihydro-17-AAG indicated that 4o not contain the reducible quinone moiety and their

the reaction went to equilibrium withil h inMCF7 cells  jffinities to Hsp90 are unaltered in the presence of reducing
(data not shown). Therefore, media or MCF7 cells were ggents (Table 1).

incubated with 265 nM*H]-17-AAG for 1 h followed by Schnur and colleagues synthesized analogues of GA with
lysis in ethanol. Due to concerns with stability, these samples yqgjfications in the quinone ring and concluded on the basis
were immediately applied to HPLC with an in-line radioac- f 5 structure-activity relationship that the quinone and not
tive detector. The extraction efficiency as detailed in the the gihydroguinone moiety was essential for cellular activity
protocol was greater than 99%, and no change in specific (22). They examined the degradation of the ErbB2 receptor

activity occurred during th 1 h exposure offH]-17-AAG
in media alone (Table 2). Approximately 68% G&H[-17-
AAG was found as the dihydroquinone in MCF7 cells,

indicating that indeed reduction occurs in whole cells and

therefore may be directly contributing to the cellular activity
of ansamycins (Table 2). Reduction of 17-AAG took place

in quiesced HMECs to the same extent as MCF7 cells;

therefore, it is unlikely that the difference in cellular potency

of ansamycins in tumors vs resting epithelial cells can be

explained simply by a difference in reducing environment

(Table 2). Overall, these results support that dihydro-17-AAG

does form in cells and may play a physiological role in
regulating tumor growth.

DISCUSSION

in cells as an indication of active analogues. These authors
compared cellular activities of GA derivatives with substitu-
tions at the 18th position of the quinone ring. Modifications,
such as acetylation, which cannot be reduced, were inactive
in cells, whereas guanidine substitutions were active, leading
to the conclusion that the dihydroquinone was not essential
for activity. However, this study did not consider that
intracellular reduction of the guanidine analogues might
explain the cellular activity. We suggest that the reduction
of the guanidine analogues was essential for cellular activity,
consistent with the high affinity observed with dihydro-
guinone ansamycins reported herein (Table 1).

Recently, Kamal and colleagues provided in vitro evidence
that the affinity of 17-AAG toward Hsp90 could be
modulated by the addition of cochaperones, leading the

Geldanamycin and its derivatives represent a class ofauthors to conclude that the multichaperone complex is
compounds that have profoundly influenced the oncology essential for attaining a high-affinity state with 17-AAGSJ.

community in regard to the value of targeting the inhibition In the reported reconstitution studies of Kamal et al., no
of Hsp90 for the treatment of cancer. These compounds arereducing agent was added with recombinant Hsp90 when
highly potent inhibitors of cell proliferation across a broad examined alone. However, DTT was part of the purification
panel of tumor cells with averaged¢3 in the low nanomolar ~ protocol for the cochaperones as indicated by their references.
range (7, 33—35). Such broad activity coupled to the Therefore, it is equally possible that the apparent increased
evolving elemental understanding of how Hsp90 inhibitors affinity of Hsp90 for 17-AAG was due to the presence of
block multiple oncogenic signaling pathways has guided the reducing agent delivered with the cochaperones. Furthermore,
initial development of these compounds as cancer drugs.no evidence was provided to demonstrate that complex

While the difficulties in formulating 17-AAG have to some

formation was actually achieved in the reconstituted system

extent been overcome with newer generations of more (18). Additional evidence of an in vitro high-affinity site has
soluble compounds, all of the ansamycin derivatives being also been demonstrated from binding studies measuring

tested currently in the clinic are limited by intravenous
administration and hepatic dose limiting toxicity related to
the quinone moiety structurally shared by all of the deriva-
tives @, 5, 36—39). Therefore, a rationale to discover non-
ansamycin Hsp90 inhibitors to avoid hepatotoxicity and
potentially provide an oral route of administration for patients
is highly attractive and well justified. Nevertheless, there is
much to be learned from the preclinical history of these

competition between GA linked to biotin and 17-AAG in
the presence of tumor cell lysates followed by immunopre-
cipitation (18). Hereto, it is plausible that the tumor lysate
provided a reducing environment to transform 17-AAG to
dihydro-17-AAG similar to the effects reported here in MCF7
cells (Table 2).

Although reduction of the ansamycins may be a simple
explanation resolving the difference between weak in vitro
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affinity and strong cellular activity, it does not fully account cancer patients is unclear. In a small clinical phase | sample
for the differences in cellular potencies between tumor and population treated with 17-AAG no correlation between 17-
resting normal cells (Table 2). Our initial findings indicate AAG disposition or toxicity and the DT-diapharose (NQO1)
that the reduction of 17-AAG does not occur in an aqueous genotype was observe&)( Overall, our results suggest a
environment, suggesting that if the reduction were physi- role for dihydroquinone ansamycins in the inhibition of
ologically significant, it would need to convert within the Hsp90, and given the slow off-rate of this form of 17-AAG,
context of the cellular environment (Figure 3). Indeed, it may also explain the selective in vivo accumulation of

reduction is observed in the MCF7 tumor cells; however, the
the quantitative formation of dihydro-17-AAG in MCF7

ansamycins in tumors.

breast tumor cells is similar to the amount detected in normal ACKNOWLEDGMENT

quiesced HMECs (Table 2). The fact that reduction takes
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place in these cells at all supports the idea that the higherthSpgmg_Z%_

affinity dihydroquinone ansamycins are active metabolites
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