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ABSTRACT

17-(Allylamino)-17-demethoxygeldanamycin (17AAG), a compound
that is proposed for clinical development, shares the ability of geldana-

mycin to bind to heat shock protein 90 and GRP94, thereby depleting cells
of pl85erbB2, mutant p53, and Raf-1. Urine and plasma from mice treated

i.v. with 17AAG contained six materials with absorption spectra similar to
that of 17AAG. Therefore, in vitro metabolism of 17AAG by mouse and
human hepatic preparations was studied to characterize: (a) the enzymes
responsible for 17AAG metabolism; and (b) the structures of the metab
olites produced. These materials had retention times on high-performance

liquid chromatography of approximately 2, 4, 5, 6, 7, and 9 min. When
incubated in an aerobic environment with 17AAG, murine hepatic super
natant (9000 x g) produced each of these compounds; the 4-miii metab

olite was the major product. This metabolism required an electron donor,
and NADPH was favored over NADH. Metabolic activity resided predom
inantly in the microsomal fraction. Metabolism was decreased by â€”¿�80%

in anaerobic conditions and was essentially ablated by CO. Microsomes
prepared from human livers produced essentially the same metabolites as
produced by murine hepatic microsomes, but the 2-min metabolite was
the major product, and the 4-min metabolite was next largest. There was

no metabolism of 17AAG by human liver cytosol. Metabolism of 17AAG
by human liver microsomes also required an electron donor, with NADPH
being preferred over NADH, was inhibited by â€”¿�80%under anaerobic

conditions, and was essentially ablated by CO. Liquid chromatography/
mass spectrometry analysis of human and mouse in vitro reaction mix
tures indicated the presence of materials with molecular weights of 545,
601, and 619, compatible with 17-(amino)-17-demethoxygeldanamycin

(17AG), an epoxide, and a diol, respectively. The metabolite with retention
time of 4 min was identified as 17AG by cochromatography and mass
spectral concordance with authentic standard. Human microsomal me
tabolism of 17AAG was inhibited by ketoconazole, implying 3A4 as the
responsible cytochrome P450 isoform. Incubation of 17AAG with cloned
CYP3A4 produced metabolites 4 and 6. Incubation of 17AAG with cloned
CYP3A4 and cloned microsomal epoxide hydrolase produced metabolites
2 and 4, with greatly decreased amounts of metabolite 6. Incubation of
17AAG with human hepatic microsomes and cyclohexene oxide, a known
inhibitor of microsomal epoxide hydrolase, did not affect the production
of metabolite 4 but decreased the production of metabolite 2 while in
creasing the production of metabolite 6. These data imply that metabolite
2 is a diol and metabolite 6 is an epoxide. Mass spectral fragmentation
patterns and the fact that 17AG is not metabolized argue for the epoxide
and diol being formed on the 17-allylamino portion of 17AAG and not on

its ansamycin ring. These data have implications with regard to preclinical
toxicology and activity testing of 17AAG as well as its proposed clinical
development because: (a) production of 17AG requires concomitant pro
duction of acrolein from the cleaved allyl moiety; and (Â¿>)17AG, which was

not metabolized by microsomes, has been described as being as active as
17AAG in decreasing cellular pl85erbB2.
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INTRODUCTION

Geldanamycin (Fig. 1), a benzoquinone ansamycin antibiotic re
lated to herbimycin A, has potent antiproliferative activity (1-4).
Furthermore, this antiproliferative activity correlates with the ability
of geldanamycin to deplete pl85erbB2. mutant p53, and Raf-1 (1-9).

Although the exact mechanisms by which geldanamycin depletes cells
of these oncoproteins is still being characterized, it is thought to be, in
part, related to the ability of geldanamycin to bind specifically to
HSPs.3 HSP90 and its homologue GRP94. and thereby destabilize the

heteroprotein complexes they form with oncoproteins (7-9).

As part of an effort to develop novel, potent, and selective inhibi
tors of pl85crhB2 that might also be useful antitumor agents, a number

of geldanamycin derivatives have been synthesized and characterized
biologically to varying degrees (1, 2). One of these derivatives,
17AAG (NSC 330507; Fig. 1), has been selected for potential clinical
development and. as part ofthat process, has undergone toxicological
evaluation in rats (10) and pharmacokinetic studies in mice and rats
(11). In these pharmacokinetic studies, substantial concentrations of a
likely 17AAG metabolite were noted in plasma and tissues. To char
acterize the pharmacology of 17AAG as fully as possible before
initiation of clinical trials, we studied the hepatic metabolism of
17AAG by mouse and human hepatic preparations. Our goals were to:
(a) define, as precisely as possible, the enzymes responsible for
metabolism of 17AAG; (b) define the structures of the products of
17AAG metabolism; and (c) investigate any species-specific differ

ences in 17AAG metabolism that might be relevant when the com
pound is given to humans. The results of those studies form the basis
of this report.

MATERIALS AND METHODS

Reagents. Cyclohexene oxide and a-napthoflavone were obtained from

Aldrich Chemicals (Milwaukee. WI). Triethylamine. NADPH. NADH. sodium
diethyldithiocarbamatc. quinidine hydrochloride monohydrate, coumarin. so
dium laurate, (olbutamide. and ( + )-sulftnpyra7.one were obtained from Sigma

Chemical Co. (St. Louis. MO). Ciprotloxacin hydrochloride was obtained from
Bayer Corp.. Diagnostics Division (Kankakee. IL). Ketoconazole was gra
ciously provided by Dr. Jerry Collins. Center for Drug Evaluation Research.
Food and Drug Administration (Rockville. MD). ÃŸ-Glucuronidase (EC
3.2.1.31. type B-l from bovine liver), sulfatase (EC 3.1.6.1, type V from
limpets), phenolphthalein. phenolphthalein glucuronic acid, /Â»-nitrocutcchol
sulfate, and 4-nitrocatechol were purchased from Sigma Chemical Co. 17AG

(NSC 255109; Fig. 1) was obtained from the Developmental Therapeutics
Program, National Cancer Institute (Bethesda, MD). Ethyl acetate and accto-

nitrile (Baker Analyzed grade) were obtained from J. T. Baker (Phillipsburg,
NJ). Coomassie Blue protein determination kits were purchased from Pierce
Corp. (Rockford, IL).

Drug. 17AAG was supplied by the National Cancer Institute as a microflu-
idized preparation in 4% egg phospholipid and 5r/c dextrose. The drug in

vehicle was supplied as a lyophyllized powder in 10-ml clear glass serum vials

'The abbreviations used are: HSP. heat shock protein; I7AAG, l7-(allylamino)-17-

demethoxygcldanamycin; 17AG. 17-(amino)-17-demethoxygeldanamycin; CYP, cyto
chrome P450; HPLC, high-performance liquid chromatography; LC/MS. liquid chroma-

tography/mass spectrometry.

2385

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/11/2385/2466471/cr0580112385.pdf by guest on 19 M

ay 2023



HEPATIC METABOLISM OF 17-ALI.YLAMINOGELDANAMYCIN

H,C

CH30 '1 OCONH2

CH3 CH3

CompoundGeldanamycin1

7-{aIlylamino)- 17-demethoxygeldanamycin1

7-(amino)-17-demethoxygeldanamycÃŒnProposed

EpoxideMetaboliteProposed

Dio! MetaboliteRCH30CH2=CH-CH2-NHNH2oHjC

-b+-CHj-NHOH

CH2â€”CHâ€”CHÂ¡â€”NH

C,Molecular

Weight560585545601619

CH3 CH3

Fig. 1. A, structures of geldanamycin, I7AAG, 17AG, and proposed epoxide and diol
metabolites of 17AAG. B, proposed structures of m-93 mass spectrometry fragments of
17AAG, 17AG, and proposed epoxide and /ra/is-diol metabolites of 17AAG.

that contained either 2.5 or 10 mg/vial. Vials were stored in the dark and
between 4 and 8Â°Cuntil use. Drug was reconstituted by the addition of the

appropriate volume of sterile, pyrogen-free water.
Mice. Specific pathogen-free, adult, female CD-,Ft mice (5â€”6weeks of

age) were obtained from the Animal Program administered by the Animal
Genetics and Production Branch of the National Cancer Institute. Mice were
allowed to acclimate to the University of Maryland Animal Facility for at least
I week before studies were initiated. To minimize exogenous infection, mice
were maintained in microisolator cages in a separate room and handled in
accordance with the NIH Guide for the Care and Use of Laboratory Animals
(NIH 85-23, 1985). Ventilation and air flow in the Animal Facility were set to
12 changes/h. Room temperatures were regulated at 72 Â±2Â°F,and the rooms

were kept on automatic 12-h light/dark cycles. Mice received autoclavable

Teklad 5001 Chow and water ad libitum except on the evening prior to dosing,
when all food was removed and withheld until 4 h after dosing. Sentinel mice,
(CD-I mice in cages with bedding that contained 20% bedding removed from

study mouse cages at cage change) were maintained in the animal room and
assayed at monthly intervals for specific murine pathogens by murine antibody
profile testing (Litton Bionetics, Charleston, SC). These mice remained free of
specific pathogens throughout the study period, indicating that study mice were
free of specific pathogens.

In Vivo Studies. Drug solutions were prepared by adding the appropriate
volume of sterile distilled water such that each mouse received a dose of 40
mg/kg in a volume of 0.01 ml/g fasted body weight (11). Blood was sampled
at 5, 10, 15, 30, 45, 60, 90, 120, 180. 240, 360, 420, 960, and 1440 min after
dosing. Blood was collected by cardiac puncture into heparinized syringes,
transferred to Eppendorf microcentrifuge tubes, and stored on ice until centri-

fuged at 13.000 X g for 5 min to obtain plasma. Sets of animals to be sampled
at 960 or 1440 min after dosing were gang housed in metabolism cages, and
urine was collected on ice until animals were killed for blood sampling.
Plasma, urine, and dosing solutions were stored frozen at -70Â°C until ana

lyzed.

After measurement of plasma concentrations of 17AAG for pharmacoki-

netic studies ( 11), all remaining plasma was pooled. This pooled sample, which
included plasma from all times sampled, was extracted with 1.5 ml of ethyl
acetate by mixing for 10 min on a Vortex Genie 2 (Scientific Industries,
Bohemia, NY) set at 5. The sample was then centrifuged at 13,000 X g for 5
min, after which the organic layer was removed, transferred to a 12 X 75-mm

glass culture tube, and evaporated to dryness under a stream of nitrogen. The
dried extract was resuspended in 250 Â¿ilof mobile phase (40% acetonitrile.

60% 25 mM sodium phosphate, pH 3.00. and 10 mM triethylamine). transferred
to a microcentrifuge tube, and centrifuged at 13,000 x g for 5 min. The liquid

layer was placed into a microvial. and 175 /nl were subjected to HPLC
analysis.

Two hundred /nl of pooled urine from vehicle control treated mice or mice
treated i.v. with 40 mg/kg 17AAG were diluted with 200 ju.1of mobile phase,
and 100 /il of the mixture were subjected to HPLC analysis. In addition.
100-/il aliquots of pooled urine were incubated at 37Â°Cwith 100 /Â¿Iof 0.1 M

sodium phosphate buffer. pH 6.4 alone, or containing 1000 units of /3-glucu-

ronidase or I unit of sulfatase. After 0 or 4 h of incubation, mixtures were
centrifuged at 13,000 X g for 5 min, and 100 fj.\ of the resulting supernatants
were subjected to HPLC analysis. Conversion of phenolphthalein glucuronic
acid to phenolphthalein and p-nitrocatechol sulfate to 4-nitrocatechol were
used to confirm enzyme activity of ÃŸ-glucuronidase and sulfatase, respec

tively, and to assess potential cross contamination of one enzyme activity with
the other.

Preparation of Mouse Hepatic Fractions. Mice were euthanized by car
bon dioxide asphyxiation and exsanguinated by cardiac puncture, and their
livers were rapidly removed. Gallbladders were removed with care to prevent
contamination of the liver with bile, and livers were placed onto ice. Mouse
livers were aseptically homogenized in sterile, 100 mM sodium-potassium

phosphate buffer, pH 7.4 (3 ml of buffer:! g of liver) using a Dounce
homogenizer. The homogenate was transferred to 14-ml polypropylene test
tubes and centrifuged for 20 min at 9000 x g and 4Â°C. The resulting

supernatant was decanted, returned to its original volume with 100 mM
sodium-potassium phosphate buffer (pH 7.4), and stored on ice until used. For

some experiments, portions of the mouse 9000 X g supernatant fraction were
transferred to sterile, glass, 16 X 150-mm test tubes, capped with parafilm, and

placed in a boiling water bath for 10 min. Microsomal and cytosolic fractions
of murine livers were prepared by centrifugation of the mouse 9000 X g
supernatant fraction for 60 min at 100,000 X g and 4Â°C.The supernatant,

designated as the cytosolic fraction, was decanted into 14-ml polypropylene

tubes and placed onto ice. The microsomal pellet was resuspended to its
original volume in 100 mM sodium-potassium phosphate buffer (pH 7.4) and

placed onto ice. The protein concentrations of each hepatic fraction was
determined by the Coomassie Blue method (12). All mouse hepatic fractions
were either used on the day on which they were prepared or stored overnight
at -70Â°C.

Human Livers. Human liver samples (HL-5, HL-6, HL-7, and HL-13),

medically unsuitable for transplantation, were acquired under the auspices of
The Washington Regional Transplant Consortium (Washington, DC). Upon
acquisition, livers were immediately sectioned and stored at â€”¿�70Â°Cuntil used.

Preparation of Human Liver Microsomes and Cytosol. Human liver
microsomes were prepared as described by Jamis-Dow et al. (13). Seventy g

of liver were mixed with 450 ml of buffer A (154 mM KC1. 100 mM sodium

phosphate, and 1 mM EDTA, pH 7.4) and homogenized in a blender. After
filtration through gauze, the preparation was homogenized with a Dounce
homogenizer and centrifuged twice for 20 min at 13.000 X g and 4Â°C:the

pellet was discarded after the first centrifugation. The resulting supernatant
was filtered through gauze and centrifuged for 60 min at 105,000 X g and 4Â°C.

The resulting cytosolic supernatant fraction was stored, as 5-ml portions, at
-70Â°C. The microsomal pellet produced was resuspended in buffer B (5 mM

MgCl,, 100 mM sodium phosphate, and l mM EDTA, pH 7.4), centrifuged for
a second time for 60 min at 105,000 X g and 4Â°C,and resuspended again in

buffer B. The protein concentrations of the microsomal and cytosolic fractions
were determined by the Coomassie Blue method (12) and then adjusted to 10
mg/ml with buffer B. The final microsomal preparation was dispensed into
single-use vials and stored at â€”¿�70Â°Cuntil use.

Microsomes prepared from metabolically competent AHH-1 TK+/â€”
human B-lymphoblastoid cells lines transfected with and stably expressing

cDNAs encoding specific human CYPs were purchased from the Gentest Corp.
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(Woburn, MA). The AHH-1 TK+/- cell line does not contain detectable

levels of microsomal epoxide hydrolase activity.
Microsomes from hmEH cells, which constitutively express transfected

human microsomal epoxide hydrolase (EC 3.3.2.2) cDNA (14, 15), were also
purchased from the Gentest Corporation.

Incubation of Hepatic Preparations with 17AAG. Aerobic incubations
were performed in uncapped, glass, 10-ml serum vials. Anaerobic or CO-
poisoned incubations were performed in glass, 10-ml serum vials that were

fitted with rubber stoppers, placed onto ice, and subsequently percolated and
purged for 5 min with N2 or CO, respectively. Incubation vessels were
arranged in a Dubnoff shaking water-bath set at 37Â°Cand 32-36 oscillations/

min. Incubation mixtures were of 2.5 ml volume and contained 1.25 ml mouse
hepatic 9000 x g supernatant or 0.25 ml mouse or human microsomes or
cytosol, 0.25 ml of 100 mM MgCU, 0.25 ml 10 HIMNADPH or 10 mw NADH.
and 100 mM sodium-potassium phosphate buffer (pH 7.4) to complete the 2.5
ml incubation volume. Reaction mixtures were prewarmed for 5 min at 37Â°C,

after which reactions were initiated by the addition, with a Hamilton syringe,
of 10 /A!of a 5 mg/ml solution of 17AAG or 17AG. After incubation for 0, 3,
6, or 9 min, 200-/A] aliquots were removed from the reaction mixture and
pipetted directly into 1.5-ml Eppendorf microcentrifuge tubes that contained 1
ml of ethyl acetate and 10 /A! of a 25 jug/ml solution of a-napthoflavone
(internal standard) in acetonitrile. Eppendorf' tubes were vortexed briefly and

then were centrifuged at 13,000 X g for 5 min. The resulting upper, organic
layers were transferred, with glass, Pasteur pipettes, into new Eppendorf
microcentrifuge tubes and dried under a stream of nitrogen. The dried residues
were resuspended in 125 /A!of mobile phase and centrifuged at 13,000 X g for

5 min. The resulting supernatants were transferred to autosampler vials, and
100 Â¿Â¿Iof each supernatant were injected, by autosampler, into the HPLC

system described below.
In experiments evaluating the effects of specific inhibitors on the metabo

lism of I7AAG by human hepatic microsomes, 100 /UMdiethyldithiocarbam-

ate, ciprofloxacin, coumarin, sodium laurate, or 1 /AMquinidine was introduced
into reaction mixtures by the addition of 25 ju.1of 100-fold concentrated

solutions of drug in distilled water. Similarly. 3 JIM ketoconazole was intro
duced by adding 25 /A!of a 100-fold concentrated solution of drug in 0.008 M
HC1/0. l M sodium phosphate buffer, and 100 /AMsulfinpyrazone or tolbuta-
mide was introduced by the addition of 2.5 /A! of 1000-fold concentrated

solutions in DMSO. Inhibitors were incubated with the reaction mixture for at
least 5 min before introduction of 17AAG. Parallel control incubations in
volved appropriate volumes of vehicle without drug.

In some experiments, to evaluate the potential role of epoxide hydrolase in
the metabolism of 17AAG by human hepatic microsomes. 1 mM cyclohexene
oxide (an inhibitor of epoxide hydrolase; Ref. 16) was introduced into reaction
mixtures by the addition of 5 fil of a 500 mM solution of cyclohexene oxide in
acetone. In other experiments to evaluate the potential role of epoxide hydro
lase in the metabolism of 17AAG, the enzyme source in the reaction consisted
of 0.25 ml of microsomes from cells expressing human CYP3A4 alone or
combined with 0.25 ml of microsomes from cells expressing human epoxide
hydrolase.

HPLC. In most cases, the HPLC system consisted of a Hewlett-Packard

(Palo Alto, CA) series 1100 autosampler, a Waters (Waters Corp., Milford,
MA) M45 pump fitted with a Waters Novapak C,8 Guard-Pak insert, and a
Waters Novapak C18 column (4-/Â¿m particle size, 3.9-mm inside diame

ter X 150 mm). The mobile phase was isocratic and consisted of 40%
acetonitrile, 60% 25 mM sodium phosphate (pH 3.00), and 10 mM triethyl-

amine pumped at a flow rate of 1 ml/min. Column eluent was monitored at 313
nm with a Waters 440 detector. Under these conditions, the retention times for
17AAG and internal standard were approximately 17 and 31 min, respectively.
The lower limit of quantitation was 0.1 /Ag/ml (0.17 /AM),and the coefficient
of variation was s 10% at both low (0.3 /Ag/ml. 0.51 /AM)and mid-range (3

/Ag/ml, 5.1 /AM)concentrations. The standard curve of 17AAG was linear from

0.1 /Ag/ml (0.17 /AM)to 600 /Ag/ml (1020 /AM).
Absorbance spectra of 17AAG and proposed metabolites in plasma, urine,

or in vitro incubation mixtures were obtained using the same columns and
mobile phase described above and a Hewlett-Packard I090M HPLC fitted with
a diode-array detector and a Hewlett-Packard Chemstation operating under
Microsoft Windows 3.1-based software.

Calculation of Rates of Production of 17AAG Metabolites. Data for the
ratio of metabolite peak area to internal standard peak area were plotted against

time and then fit by linear regression analysis. The rate of metabolite produc
tion was defined as the slope of the line determined by this linear regression
analysis. Rates of metabolite production were normalized on a mg-of-protein

basis. Most experiments used a I7AAG concentration of 20 /Ag/ml (34 /UM).
Liquid Chromatography/Mass Spectrometry. Samples for LC/MS anal

ysis were generated by proportional scale-up, to 25 ml, of the standard reaction

mixture of mouse or human microsomes and I7AAG. Reactions were per
formed in 250-ml Erlenmeyer flasks. The reaction mixtures were stopped by

being transferred to separatory funnels and mixed with ethyl acetate. The ethyl
acetate fractions were evaporated to dryness under nitrogen and stored at
-20Â°C until LC/MS analysis. A Hewlett-Packard model 1050 LC pump was

used to provide linear gradients and a constant flow rate of 200 /Al/min. All
chromatography was performed on a YMC.Inc. (Wilmington, NC) J-sphere
ODS-M80 column (2 X 250 mm) packed with 4-ju.m particles. A 45-min

gradient, starting with acetonitrile:0.1% formic acid in water (30:70, v/v) and
ending with acetonitrile:0.1 % formic acid in water (60:40. v/v). was used for
elution of metabolites. Mass spectrometry was performed on a Finnigan (San
Jose, CA) model TSQ-7000 triple quadropole mass spectrometer equipped

with a standard Finnigan electrospray ion source. Materials absorbing at 310
nm were detected in-line prior to entry into the mass spectrometer. Mass

spectra were acquired in the positive mode at a rate of 1 scan/s over a mass
range of 150-900 daltons. Fragmentation was accomplished using in-sourcc
collision-induced dissociation with a tube lens voltage of 100 V.

RESULTS

17AAG Metabolites in Urine and Plasma of Mice Treated with
17AAG. The HPLC tracing of pooled urine from mice treated i.v.
with 40 mg/kg of 17AAG contained a number of peaks (Fig. 2A) that
were not present in the dosing solution (Fig. 2C). Specifically, new
peaks were observed at approximately 2, 4, 5, 6, 7, and 8.5-9 min. Of

these, the material eluting at approximately 4 min was the largest. The
absorbance spectra of these new peaks were similar to each other and
to that of 17AAG, with some minor shifts in individual species (Fig.
3). Furthermore, these same materials were present in the plasma of
these mice and were present in roughly the same proportions as in
urine (Fig. 2ÃŸ).

When urine from mice treated i.v. with 40 mg/kg of 17AAG was
assayed after incubation for 4 h with either ÃŸ-glucuronidase or sul

fatase, there was no change in the HPLC tracing when compared with
that of urine that had been incubated for 4 h with buffer only or that
had been assayed immediately after addition of the ÃŸ-glucuronidase or
sulfatase. In this experiment, the ÃŸ-glucuronidase and sulfatase were

shown to be active because of their conversion of phenolphthalein
glucuronide to phenolphthalein and nitrocatechol sulfate to nitrocat-

echol, respectively. These results implied that none of the metabolites
observed in urine and plasma represented a cleavable conjugate of
17AAG or one of its metabolites.

In Vitro Metabolism of 17AAG by Murine Preparations. In
vitro incubation, under aerobic conditions and for 60 min, of 17AAG
with 0.1 M sodium-potassium phosphate buffer (pH 7.4) or control

mouse urine, plasma, or RBCs did not produce any of the metabolites
observed in urine or plasma of mice treated with 17AAG. In contrast,
incubation, under aerobic conditions, of 17AAG with murine hepatic
9000 X g supernatant produced essentially the same profile of pro
posed 17AAG metabolites as observed in urine and plasma of mice
treated with the drug (Fig. 44). Moreover, the metabolites were
present in roughly the same proportions as in urine and plasma (Fig.
4A). Under the conditions described in "Materials and Methods," this

reaction was linear for at least 10 min, and there were no materials in
the murine hepatic 9000 X <?supernatant that interfered with meas
urement of 17AAG or proposed metabolites. Boiling the 9000 X g
supernatant destroyed its ability to metabolize 17AAG (Table 1). /;;
vitro metabolism of 17AAG by murine hepatic preparations required
an electron donor, with NADPH being preferred over NADH, and
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Fig. 2. HPLC tracings of urine (A) and plasma extract (ÃŸlfrom mice treated i.v. with 40 mg/kg of 17AAG (11) and authentic 17AAG standard and I7AAG (C) formulated for
administration as a microfluidi/ed preparation. The peak eluting at â€”¿�17 min represents 17AAG, whereas the peaks eluting at approximately 2, 4, 5. 6. 7. and 8.5 min represent proposed

metabolites.

2388

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/11/2385/2466471/cr0580112385.pdf by guest on 19 M

ay 2023



HEPATIC METABOLISM OF 17-ALLYLAMINOOELDANAMYCIN

Fig. 3. Absorbance spectra of 17AAG and proposed metabolites. Urine from mice treated i.v. with 40 mg/kg of 17AAG was analyzed by HPLC with diode array detection i
described in "Materials and Methods." Numbers adjacent to the absorbance peaks at ~330 nm represent the retention times of (he various HPLC peaks demonstrated in Fig. 14.
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Fig. 4. HPLC tracings of extracts of in vitro incubation mixtures of 17AAG, NADPH. and mouse liver 9.000 x Â¿>supernatant (A) or human liver microsomes (/?).
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Table I Kate of production of 17AAG metilhoiite* by murine hepatic fraction* under various condition*

Metabolite"

Hepaticfraction9000
X Â£supernatant9000
X gsupemaiantBoiled

9000 X gsupernatant9000
X gsupernatantMicrosomesCytosolCofactorNADPHNoneNADPHNADHNADPHNADPH20.7

Â±0.3"-'o-'00.043.280.3443Â±0.80.400.67.81.751.4 Â±0.3000.23.80.660.2 Â±0.05000.041.00.270.3 Â±0.080001.30.0490.14 Â±0.02000.080.120.26

" Metabolite were named according to approximate retention time on HPLC.
'' Because authentic metabolite standards were not available, rates were calculated as the slope of the line defined by the ratio of area of metabolite to that of internal standard IW.VK.V

time, with observations made at 0, 3. 6. and 9 min. Units are change in ratio/min/mg protein X 10~3.

' Values represent the means Â±SD of three experiments, each performed in duplicate.
'' Values represent the means of two individual experiments, each performed in duplicate.

Table 2 Effect of anaerobic conditions or carbon monoxide on metabolism of 17AAG
by murine hepatic microsomes

Metabolite"45679AÃ©robic-rate''12.2

Â±2.1''8.5

Â±1.24.3
Â±1.33.1

Â±0.73.5
Â±0.3Percentage

ofinhibitionAnaerobic71

Â±480
Â±284

Â±2366
Â±981

Â±11Carbon

monoxide96

Â±199
Â±181
Â±1198
Â±297
Â±2

" Melabolites were named according to approximate retention times, in min, on HPLC.
' Because authentic metabolite standards were not available, rates were calculated as

the slope of the line defined by the ralio of area of metabolite to that of internal standard
versus time, with observations made at 0. X 6, and 9 min. Units are change in ratio/
min/mg protein X 10~\

' Values represent means Â±SD of three experiments, each performed in duplicale.

Table 3 Effect of anaerobic cumulions or carbon mtmixide on metabolism of 17AAG
hy Immun hepatic microsomes

Percentage ofinhibitionMetabolite"245h9Aerobic-rate''-'0.170.2440.100.14().(K)850.0140.1X124NQ''0.01620.0253Anaerobic9291677072100608564C'arbonmonixide10010094UHI87I(X)1(X)100100

" Metabolites were named according to approximate retention times, in rain, on HPLC.
'' Because authentic metabolite standards were not available, rates were calculated as

the slope of the line defined by the ratio of area of metabolite to that of internal standard
versus time, with observations made at 0. 3. 6. and 9 min. Units arc change in ratio/
min/mg protein.

' Values represent individual experiments, each performed in duplicate.
'' In this experiment, the rate of production of metabolite 6 was not quantifiable.

resided primarily in the microsomal fraction (Table 1). When 17AAG
was incubated with murine hepatic 9000 X # supernatant and NADH
or a mixture of NADH and NADPH, there were no metabolites
observed other than those produced when NADPH was the electron
donor. Metabolism of 17AAG by murine hepatic microsomes was
greatly decreased under anaerobic conditions and essentially abol
ished in a CO environment (Table 2). There were no metabolites of
17AAG observed under anaerobic conditions other than those pro
duced under aerobic conditions.

Metabolism of 17AAG by Human Hepatic Preparations. Me
tabolism of 17AAG resided entirely in the microsomal fraction, with
no metabolism produced by human hepatic cytosol. Human hepatic
microsomes produced the same metabolites as observed in plasma and
urine of mice treated with 17AAG and produced in vitro by murine

hepatic fractions (Fig. 45). Furthermore, this HI vitrti metabolism by
human hepatic microsomes required an electron donor, with NADPH
being favored over NADH. and. for the metabolites eluting at 2, 4, 5,
and 9 min. was linear for at least 10 min. However, there were notable
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Fig. 5. LC/MS analysis of extracts of in vitro incubation mixtures containing 17AAG.
NADPH. and murine (A) or human hepatic microsomes (fl). The chromatograms display
ahsorbance at 310 nm IW.Ã•H.Vtime. Molecular weights and proposed identities based on
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637

differences between the in vitro metabolism of 17AAG by human and peak, which was the major metabolite produced in vitro by murine
murine hepatic microsomes (Fig. 4). The major human metabolite, hepatic microsomes, was the second largest metabolite produced by
which had a retention time of ~2 min, was a minor product of in vitro human liver microsomes. After initial experiments showed there to be
metabolism of 17AAG by murine hepatic microsomes. The 4-min an approximately 2-fold difference among the four human hepatic

Table 4 Effects nf inhibitors on metabolism of 17AAG b\ human hepatic microsomes

Metabolite"

InhibitorCiprofloxacinDiethyldithiocarbamateQuinidineKetoconazoleSulfinpyrazoneCoumarinSodium

laurateTolbutamideTarget

CYP1A22E12D6.3A3A2C2A62C.4A2C2120
Â±23fc'c'108

Â±38102
Â±2439

Â±21104
Â±18109^Ilo134491

2586
3282
2144
1359

16116116845\MÂ±

15110
Â±596
Â±526
Â±2559

Â±16129116586133

3116
3467
2220
2871

1814877NQ'973

1672
1269
246
3061

28127119116

" Metabolites were named according to approximate retention times, in min. on HPLC.
' Percentage of control.
' Values represent means Â±SD of three experiments, each performed in duplicate.
'' Values from individual experiments, each performed in duplicate.
' Rale for production of metabolite 6 could not be quantitated in this experiment.
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microsomal sources in their rates of production of metabolites with
retention times of 2, 4, 5, 6, and 9 min, all subsequent experiments
used a pooled mixture of microsomes prepared from the four livers
indicated in "Materials and Methods." As with murine hepatic micro-

somes, in vitro metabolism of 17AAG by human hepatic microsomes
was decreased by ~80% under a nitrogen environment and was

deceased by >90% under a CO environment (Table 3).
Identification of 17AAG Metabolites and the Enzymes Respon

sible for Their Production. LC/MS analysis of ethyl acetate extracts
of incubation mixtures of 17AAG and murine or human microsomes
provided initial information regarding the identities of proposed
17AAG metabolites (Figs. 5 and 6). Not unexpectedly, the mass
spectra of 17AAG and all metabolites showed extensive adduction of
water, [M + 18]+, and sodium, [M + 23]+ (Fig. 6). Molecular

weights of metabolites could be unequivocally established based on
the observation of a protonated molecule, [M + H] +, and correspond

ing water and sodium adducts. In addition to the parent compound,
with a molecular weight of 585, there were individual peaks with
molecular weights of 545, 601, and 619 (Fig. 5). The material with M,
545, i.e., 40 amu less than the molecular weight of 17AAG, was
tentatively assigned the identity of 17AG (Fig. 1). The material with
Mr 601, i.e., 16 amu greater than the molecular weight of 17AAG, was
thought to represent an epoxide (Fig. 1). The material with Mr 619,
i.e., 18 amu greater than the molecular weight of the proposed epoxide
and 34 amu greater than the molecular weight of 17AAG, was thought
to represent a diol (Fig. 1). Furthermore, the mass spectrometric
fragmentation pattern of parent compound and the materials with Mr
545, 601, and 619 all included the same characteristic fragment ion,
[M-93]+ (Fig. 6). This ion is consistent with loss of a methanol (32

amu) and carbamic acid (61 amu) from the ansamycin ring, with the
resultant production of a more resonant ring structure (Fig. 1). Ob
servation of this fragment ion in the mass spectrum of an HPLC peak
confirmed that peak as a metabolite of 17AAG.

The identity of the 17AAG metabolite with retention time of 4 min
was established when authentic standard 17AG was shown to have a
retention time of 4 min and a mass spectrum that matched that of the
4-min metabolite. Furthermore, there was no apparent in vitro metab

olism of 17AG when it was incubated aerobically with human micro
somes and NADPH.

Because authentic standards for the proposed epoxide and diol
metabolites of 17AAG were not available, subsequent studies focused
on identifying the specific CYP isoform, or isoforms, responsible for
metabolizing 17AAG. Compounds examined for their ability to in
hibit in vitro metabolism of 17AAG by human hepatic microsomes
included ciprofloxacin, diethyldithiocarbamate, quinidine, ketocon-

azole, sulfinpyrazone, coumarin, sodium laurate, and tolbutamide. Of
these compounds, only ketoconazole produced significant inhibition
of the metabolites eluting at 2, 4, 5, 6, and 9 min (Table 4). Based on
these results, a tentative assignment of CYP3A4 was made for the
CYP isoform that metabolized 17AAG. This hypothesis was tested by
performing parallel incubations of 17AAG with human hepatic mi
crosomes and cloned human CYP3A4, CYP2C9. or CYP2E1 (Fig. 7).
A typical profile of human microsomal metabolism of 17AAG was
observed in the human hepatic microsomal reaction mixture (Fig. 1A).
Specifically, the major metabolite was noted at ~2 min, and there was

a second large metabolite peak at 4 min. Small peaks were observed
at approximately 5 and 6 min. Incubation of 17AAG with cloned
CYP3A4 resulted in two major metabolic peaks of approximately
equal size (Fig. IB). The first of these was the 4-min metabolite,

known to be 17AG. The second of these appeared at 6 min. Of note,
no large peak was noted at 2 min. This implied that the major
metabolite observed in reaction mixtures of human microsomes with
17AAG was not simply produced by CYP3A4; rather, a minor met

abolic peak observed in the human microsomal reaction was a major
peak observed when 17AAG was incubated with CYP3A4. There was
no apparent metabolism of 17AAG by cloned CYP2C9 or CYP2E1.

Consideration of these results led to the hypothesis that 17AAG
was metabolized by CYP3A4 to metabolites eluting at 4 and 6 min,
and because the metabolite eluting at 4 min was known to be 17AG,
the metabolite eluting at 6 min was thought to be an epoxide that
microsomal epoxide hydrolase. a non-CYP, microsomal enzyme, sub
sequently converted to a fran.v-diol. which was represented by the

metabolite eluting at 2 min. Confirmation of this hypothesis and the
resultant ability to identify the metabolite eluting at 2 min as the
fran.v-diol, and the metabolite eluting at 6 min as an epoxide, likely to
be on the 17-allylamino hydrocarbon group, was obtained two ways.

In the first, human hepatic microsomes were incubated with I7AAG
in the presence or absence of 1 mM cyclohexene oxide, u known
inhibitor of microsomal epoxide hydrolase (Fig. 7. A and C: Ref. 16).
Addition of 1 mM cyclohexene oxide to the microsomal incubation
mixture resulted in a marked decrease in the 2-min peak and a
corresponding dramatic increase in the 6-min peak (Fig. 1C). In a

second approach, 17AAG was incubated with cloned human CYP3A4
or with a combination of cloned CYP3A4 and cloned microsomal
epoxide hydrolase. As expected, incubation of 17AAG with CYP3A4
resulted in large peaks at approximately 4 and 6 min. Inclusion of
epoxide hydrolase in the incubation mixture resulted in a great reduc
tion in the 6-min metabolite peak and a dramatic increase in the 2-min

peak (Fig. 7. B and D). These results indicated that the metabolite
eluting at 2 min represented a fra/i.v-dihydroxy metabolite of 17AAG,

resulting from the action of microsomal epoxide hydrolase on the
metabolite eluting at 6 min. which represented an epoxide produced
by CYP3A4. Evidence that these metabolic alterations were on the
allyl moiety was derived from the previously described mass spectral
fragmentation patterns, which included ions at |M-93] +, and argued

against modifications on the ansamycin ring.

DISCUSSION

17AAG is a compound undergoing extensive evaluation (4, 10, 11)
prior to initiation of clinical trials. The studies described in this report
were undertaken with the goals of: (a) defining, as precisely as
possible, which hepatic enzymes were responsible for metabolism of
17AAG; (b) defining the structures of the products of 17AAG me
tabolism; and (c) investigating any species-specific differences in

17AAG metabolism that might be relevant when the compound is
given to humans. The results described in the manuscript indicate that
these goals have, to a large extent, been accomplished. We have
demonstrated that at least five metabolites of 17AAG were produced
both in vivo in mice and in vitro by murine and human hepatic
microsomes. We have characterized three of these metabolites struc
turally. We have also shown CYP3A4 and microsomal epoxide hy
drolase to play major roles in the metabolism of I7AAG. Further
more, we have shown major differences in the proportions of
individual metabolites resulting from incubation of I7AAG with
mouse or human hepatic microsomes. Each of these results has
potential implications for the clinical development of 17AAG.

We have shown that, in both mice and humans, metabolism of
17AAG is a microsomal function. Furthermore, the fact that the
metabolite profile produced in vitro is also observed in the urine of
mice treated with 17AAG and the fact that neither ÃŸ-glucuronidase or

sulfatase treatment altered the profile of I7AAG metabolites in urine
argue against subsequent conjugation of the metabolites produced by
microsomal metabolism. The mass spectrometric data presented
clearly document production of 17AG as well as epoxide and diol
metabolites of 17AAG by both murine and human microsomes. The
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fact that CYP3A4 produced two different metabolites of 17AAG is
consistent with the monooxygenase function of that enzyme and its
documented ability to produce more than one metabolite from a given
substrate (17-22). In the case of 17AAG, the CYP3A4-catalyzed

addition of an oxygen to the carbon adjacent to the nitrogen linked to
the 17 position leads to subsequent cleavage of that carbon-nitrogen

bond. This produces 17AG, documented as the metabolite eluting at 4
min (Fig. 1), and also obligatorily generates the aldehyde, acrolein,
from the cleaved allyl moiety. The ability of CYP3A4 to add an
oxygen across a carbon-carbon double bond produces an epoxide,

such as the 17AAG metabolite eluting at 6 min (Fig. 1). The fact that
microsomal epoxide hydrolase converts the epoxide metabolite elut
ing at 6 min to the diol metabolite of 17AAG, which Ã©lÃ»tesat 2 min
(Fig. 1), is consistent with the ability of this enzyme to catalyze the
hydration of a variety of xenobiotic epoxides to their /ra/w-dihydro-

diols (23, 24) and the fact that the CYP and microsomal epoxide
hydrolase system can act sequentially to convert polycyclic aromatic
hydrocarbons to diol-epoxide derivatives (25, 26).

Assignment of the site of CYP3A4 epoxide formation and subse
quent microsomal epoxide hydrolase activity to the allyl group is
based on mass spectrometric fragmentation patterns that contained an
ion at [M-93] +. These ions were consistent with the loss of a methanol

and the carbamic acid from the ansamycin ring of 17AAG and each
metabolite, a process that would be energetically favored because it
would increase the amount of conjugation in that ring. Although there
are two carbon-carbon double bonds in the ansamycin ring (Fig. 1)
that could potentially be converted to epoxides and fran.v-diols by

CYP and microsomal epoxide hydrolase, those metabolites, with
fewer double bonds in the ansamycin ring, would be much less likely
to lose the methanol and carbamic acid moieties in the mass spec
trometer because conjugation in the ring system would be decreased.
The argument against metabolism involving the ansamycin ring is
further supported by the observation that 17AG, with an ansamycin
ring identical to that of 17AAG, was not metabolized in the system
that produced epoxide and rrans-diol metabolites of 17AAG.

Some of the difference in metabolic profiles resulting from incu
bation of 17AAG with human or murine hepatic microsomes is likely
to reflect differences in microsomal epoxide hydrolase activity be
tween the two species. Other reports have described such differences
and the resultant differences in amounts of irans-dioh produced from

epoxides (16). On the other hand, the epoxide metabolite of 17AAG,
which Ã©lÃ»tesat 6 min, is not a major metabolite in CD2F, mice. It may
be that the active site in the murine CYP that metabolizes 17AAG,
unlike that in human CYP3A4, favors monooxygenation of the carbon
adjacent to the nitrogen, thereby favoring production of 17AG and
acrolein. It is also possible that the epoxide represented by the 6-min

metabolite is formed by murine hepatic microsomes, but without a
high level of microsomal epoxide hydrolase, the 6-min metabolite is

hydrolyzed chemically to a hydroxyl metabolite that we have failed to
identify. It should also be noted that the identities of the apparently
minor human metabolites eluting at 5, 7, and 9 min remain unknown.
These could represent metabolites with epoxide formation in the
ansamycin ring or hydroxyl products of chemical hydrolysis of ep
oxides.

Taken as a whole, the metabolic data generated in the current study
have potentially important implications for the clinical development
of 17AAG. 17AG has been documented as being essentially as active
as 17AAG in its ability to decrease pl85"bB2 (2). In view of the fact
that the mechanism by which 17AAG inhibits pl85erhB2 is based on

its specific binding to HSP90 and its homologue GRP94 (5, 8, 9, 27,
28), it is likely that 17AG would also have these properties. Further
more, the ability of 17AG to bind to HSP90 and GRP94 would imply
that it would share the ability of 17AAG to deplete Raf-1 and mutant

p53. Such binding of 17AG to HSP90 or GRP94 or its ability to
deplete Raf-1 and mutant p53 have not been documented. However,

the results of the current study and murine pharmacokinetic studies
showing significant concentrations of 17AG in mouse plasma and
tissues (11) argue for development of more activity data regarding
17AG for at least two reasons: (a) metabolism of 17AAG to 17AG
may not be an inactivation process, and therefore, any antitumor
activity observed in vivo might well reflect the combined activities of
the two compounds. In mice injected i.v. with a 26.67-60 mg/kg

doses of 17AAG, the area under the plasma concentration time curve
for 17AG was between 44 and 110% that of 17AAG (11); (/>) and
possibly of more importance, is the fact that 17AG, lacking the allyl
group, is not metabolized to any measurable extent by microsomes in
vitro. Therefore, unlike 17AAG, it does not generate a known toxic
entity, such as acrolein, and a potentially toxic metabolite, such as an
epoxide. Although 17AAG has been shown to be less toxic than
geldanamycin, it is still a toxic entity (10). It is interesting that the
dose-limiting toxicity of geldanamycin in rats is hepatotoxicity,

whereas that of 17AAG is renal toxicity (10). In view of the known
nephrotoxicity and urothelial toxicity of the oxazophosphorinc agents,
cyclophosphamide and ifosfamide, and the fact that such toxicity has
been attributed, in part to the acrolein generated by their metabolism
(29-31), the potential role of acrolein in the dose-limiting toxicity of

17AAG must be considered. It might be interesting to explore in a
preclinical model the ability of a uroprotective agent such as 2-mer-

captoethane sulfonic acid (32, 33) to ameliorate the nephrotoxicity of
17AAG. Furthermore, if 17AG had activity comparable with that of
17AAG. its inability to generate acrolein may well make it a more
attractive candidate for clinical trials.
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