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ABSTRACT

Mifepristone [RU486; 17 3-hydroxy-11B-(4-dimethylaminophenyl)-
17a-(1-propynyl)-estra-4,9-dien-3-one] inactivates CYP2B6 in the
reconstituted system in a mechanism-based manner. The loss of
7-ethoxy-4-(trifluoromethyl)-coumarin  deethylation activity of
CYP2BE6 is concentration- and time-dependent. The inactivation
requires NADPH and is irreversible. The concentration of inacti-
vator required to give the half-maximal rate of inactivation is 2.8
uM, and the maximal rate constant for inactivation at a saturating
concentration of the inactivator is 0.07 min~". Incubation of
CYP2B6 with 20 uM RU486 for 15 min resulted in 61% loss of
catalytic activity, 60% loss of the reduced cytochrome P450
(P450)-CO complex, and a 40% loss of native heme. The partition
ratio is ~5, and the stoichiometry of binding is ~0.6 mol RU486/
mol P450 inactivated. SDS-polyacrylamide gel electrophoresis
and high-pressure liquid chromatography analysis showed that
[BH]RU486 was irreversibly bound to CYP2B6 apoprotein. RU486

is metabolized to form three major metabolites and bioactivated to
give reactive intermediates by purified P450s in the reconstituted
system. After incubation of RU486 with the purified P450s and
liver microsomes from rats and humans in the presence of gluta-
thione (GSH) and NADPH, GSH conjugates with MH™ ions at m/z
769, 753, and 751 were detected by liquid chromatography-tan-
dem mass spectrometry. Two GSH conjugates with MH™ ions at
m/z 753 are formed from the reaction of GSH with RU486. The
adducts are formed after addition of an activated oxygen to the
carbon-carbon triple bond of the propynyl moiety. This suggests
that oxirene intermediates may be involved in the mechanism of
inactivation. It seems that the potential for drug-drug interactions
of RU486 may not be limited only to CYP3A4 and should also be
evaluated for drugs metabolized primarily by CYP2B6, such as
bupropion and efavirenz.

Mifepristone (RU486), a synthetic internal acetylenic ste-
roid with a propynyl group at the 17a-position, is a remark-
ably effective antiprogesterone and antiglucocorticosteroid
agent in humans. It has potential for use in the treatment of
breast cancer, prostate cancer, uterine leiomyoma, and Cush-
ing’s syndrome (Chasserot-Golaz and Beck, 1992; Cadepond
et al., 1997). RU486 is extensively metabolized by demethyl-
ation of the C-11 dimethylaminophenyl group and by hy-
droxylation of the C-17 propynyl group in liver microsomes
from rats and humans (Heikinheimo et al., 1990; Chasserot-
Golaz and Beck, 1992; Jang et al., 1996). The mechanism-
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based inactivation of purified CYP3A4 and P450s in liver
microsomes from rats and humans has been demonstrated
(Jang and Benet, 1998; He et al., 1999; Reilly et al., 1999).
Halpert and coworkers have reported that RU486 is a selec-
tive inactivator of human CYP3A4, but not of CYP3A5 (Khan
et al., 2002). We have recently demonstrated that bergamot-
tin, a relatively potent mechanism-based inactivator of hu-
man CYP3A4, is even more effective as a mechanism-based
inactivator of CYP2B6 (Lin et al., 2005). Therefore, we have
investigated the ability of RU486 to act as a mechanism-
based inactivator of CYP2B6. A variety of widely used drugs,
including bupropion, efavirenz, methadone, ifosfamide, and
cyclophosphamide, are preferentially metabolized or stereos-
electively metabolized by CYP2B6 (Faucette et al., 2000;
Huang et al., 2000; Ward et al., 2003; Gerber et al., 2004).
Moreover, CYP2B6 is expressed in human liver, brain, kid-

ABBREVIATIONS: RU486, mifepristone, 173-hydroxy-11p-(4-dimethylaminophenyl)-17a-(1-propynyl)-estra-4,9-dien-3-one; P450, cytochrome
P450; HPLC, high-pressure liquid chromatography; GSH, glutathione; LC, liquid chromatography; MS/MS, tandem mass spectrometry; PB,
phenobarbital; DEX, dexamethasone; EFC, 7-ethoxy-4-(trifluoromethyl)-coumarin; TFA, trifluoroacetic acid; PAGE, polyacrylamide gel electro-

phoresis; ESI, electrospray ionization.
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ney, and lung and exhibits significant genetic polymorphisms
(Gervot et al., 1999; Lang et al., 2001).

The occurrence of heme alkylation versus binding to the
P450 apoprotein by an external acetylene compound is be-
lieved to be related to the addition of oxygen at the internal
carbon versus the terminal carbon in the carbon-carbon tri-
ple bond (Ortiz de Montellano and Kunze, 1980; Ortiz de
Montellano and Komives, 1985; Cadacob et al., 1988; Chan et
al., 1993). Delivery of the activated oxygen to the internal
carbon of the acetylene is believed to result in heme alkyla-
tion, whereas delivery of the oxygen to the terminal carbon
leads to acylation on the protein. However, unlike terminal
acetylenes, mechanism-based inactivation by internal acety-
lene compounds seems to inactivate P450s without the for-
mation of detectable heme adducts (Ortiz de Montellano and
Kunze, 1980). Studies with internal acetylenes such as the
midchain acetylenic compound dodecynoic acid, acetylenic
steroids, modified acetylenic steroids, aryl acetylenes, and
RU486 have all suggested that the primary mechanism of
inactivation was protein modification rather than heme al-
kylation (Nagahisa et al., 1983; Olakanmi and Seybert, 1990;
Foroozesh et al., 1997; Helvig et al., 1997; He et al., 1999).
Moreover, it has been suggested that P450 inactivation by
4-(1-propynyl)biphenyl acetylene, which involves the gener-
ation of 2-biphenylpropionic acid, proceeds via a 1,2-methyl
shift analogous to the mechanism of mechanism-based inac-
tivation by ethynyl acetylene that proceeds via a 1,2-hydro-
gen shift (Ortiz de Montellano and Kunze, 1981; Foroozesh et
al., 1997). Thus far, the covalent binding of internal acety-
lenes to P450 proteins is believed to be the primary mecha-
nism for the inactivation.

We have reported previously that after exposure of
CYP2E1 to peroxynitrite, the amount of the P450 re-
duced-CO complex was decreased, but the amount of the
prosthetic heme group did not, suggesting that the modi-
fied protein has lost some of its ability to bind CO (Lin et
al., 2007). Although both of the previous reports on the
mechanism-based inactivation of CYP3A4 and rat liver
microsomal P450s by RU486 have shown the loss of spec-
trally detectable cytochrome P450, they have not reported
on whether the prosthetic heme group is covalently modi-
fied or lost (He et al., 1999; Reilly et al., 1999). High-
pressure liquid chromatography (HPLC) analysis was used
to determine whether any heme destruction and formation
of heme adduct had occurred or whether covalent binding
of the heme to apoprotein was responsible for the inacti-
vation. Because the reactive intermediates of internal
acetylenes formed by P450s have not been reported previ-
ously, it was of interest to determine whether two different
regioisomers of glutathione (GSH) conjugates are formed
via the addition of oxygen to different carbons of the pro-
pynyl moiety during the metabolism of RU486 by P450s.
GSH was used to trap the reactive species formed in the
presence of NADPH, and the GSH conjugates were then
characterized by liquid chromatography (LC)-tandem
mass spectrometry (MS/MS) analysis (Baillie and Davis,
1993; Tang and Miller, 2004). The formation of GSH con-
jugates of RU486 by human liver microsomes, microsomes
from phenobarbital (PB)- or dexamethasone (DEX)-in-
duced rat livers, and purified P450s in the reconstituted
system were characterized.
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Materials and Methods

Chemicals. NADPH, GSH, catalase, and RU486 were purchased
from Sigma-Aldrich (St. Louis, MO). 7-Ethoxy-4-(trifluoromethyl)-
coumarin (EFC) was obtained from Invitrogen (Carlsbad, CA). [6,7-
SHIRU486, originally obtained from Roussel Uclaf (Romainville,
France), was a generous gift from Dr. William B. Pratt at the Uni-
versity of Michigan (Ann Arbor, MI). The specific activity was 38.4
Ci/mmol. All other chemicals and solvents used were the highest
purity available from commercial sources.

Purification of Enzymes. The plasmid for CPY2B6 was a gen-
erous gift from Dr. James R. Halpert (University of California at San
Diego, La Jolla, CA) and was expressed as a His-tagged protein in
Escherichia coli TOPP3 cells and purified to homogeneity as de-
scribed previously (Scott et al., 2001). NADPH-cytochrome P450
reductase, cytochrome b, and the other P450s were expressed and
purified as described previously (Lin et al., 2005).

Preparation of Liver Microsomes. Rat liver microsomes were
prepared from male Fisher 344 rats (175-190 g; Harlan, Indianap-
olis, IN) as described previously (Coon et al., 1978). One group was
induced by intraperitoneal injection of 100 mg/kg PB in water once a
day for 3 days. Another group was induced by intraperitoneal injec-
tion of 50 mg/kg DEX in corn oil once a day for 3 days. Animals were
fasted for 18 h after the last dose and sacrificed. Frozen human liver
samples were a gift from Dr. F. Peter Guengerich (Vanderbilt Uni-
versity, Nashville, TN). Microsomes were prepared as described pre-
viously with minor modifications (Guengerich, 1994; Teiber and Hol-
lenberg, 2000).

Enzyme Assay and Inactivation of P450s. To assess catalytic
activity, CYP2B6 was reconstituted with reductase and cytochrome
b5 at 22°C for 30 min, as described previously (Lin et al., 2005). The
primary reaction mixture contained 1 nmol CYP2B6, 2 nmol NADPH-
cytochrome P450 reductase, 1 nmol cytochrome b5, 100 units of cata-
lase, and 2 mM GSH in 1 ml of 100 mM potassium phosphate buffer, pH
7.7. Different concentrations of RU486 were added to portions of the
primary reaction mixtures, and the reactions were initiated by adding
1 mM NADPH. At the times indicated, aliquots (10 pl) were removed,
and the EFC O-deethylation activity of the CYP2B6 was measured to
determine activity remaining as described previously (Lin et al., 2005).

Partition Ratio. RU486 at final concentrations ranging from 0.5
to 150 pM was added to the primary reaction mixture containing 1
pwM CYP2B6. The reactions were initiated by addition of 1 mM
NADPH, and the reaction mixtures were incubated at 30°C for 1 h to
allow the inactivation to reach completion. Duplicate aliquots were
removed and assayed for EFC O-deethylation activity as described
above.

Spectral and HPLC Analyses. After incubation of the primary
reaction mixture of CYP2B6 with 20 wM RU486 in the control sample
(—=NADPH) or the inactivated samples (+NADPH) at 30°C for 15 min,
the reduced CO difference spectra of 0.2 nmol aliquots of each sample
were determined after bubbling with CO and reduction by sodium
dithionite by scanning from 400 to 500 nm on a UV-2501PC spectro-
photometer (Shimadzu, Kyoto, Japan). Aliquots were also removed
from each sample to determine the catalytic activity. To test whether
the inactivation by RU486 was irreversible, control and inactivated
samples were dialyzed overnight at 4°C against 1 liter each of 100 mM
potassium phosphate buffer, pH 7.5, containing 20% glycerol and 0.1
mM EDTA. The samples were then reanalyzed for enzymatic activity
and reduced CO difference spectrum. To investigate whether any heme
loss occurred during the inactivation of CYP2B6 by RU486, 0.1 nmol of
the control and inactivated sample was analyzed by HPLC under acidic
conditions to separate the heme and apoprotein of CYP2B6. The HPLC
column was a C4 reverse phase column (5 pm, 4.6 X 250 mm, 300 A;
Phenomenex, Torrance, CA). The solvent system consisted of solvent A
[0.1% trifluoroacetic acid (TFA) in water] and solvent B (0.05% TFA in
acetonitrile). The column was eluted with a linear gradient from 30 to
80% B over 30 min at a flow rate of 1 ml/min. The absorption spectra of
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the native and RU486-modified heme were recorded using a diode-
array detector.

Stoichiometry and Specificity of Binding. After incubating
the control and inactivation samples of CYP2B6 prepared as indi-
cated previously with 10 pM [*H]RU486 at 30°C for 20 min, 0.1 nmol
samples were mixed with 10 mg of bovine serum albumin and pre-
cipitated by adding a 5-fold volume of 5% sulfuric acid in methanol
(Chan et al., 1993). After repeating the washing and precipitation
several times until the radioactivity in the supernatants was essen-
tially at background levels, the pellets were dissolved in 1 N NaOH,
incubated at 60°C for 1 h, and counted in a liquid scintillation
counter. For SDS-polyacrylamide gel electrophoresis (PAGE) analy-
sis, aliquots containing 50 pmol P450 from the control and inacti-
vated samples were resolved by electrophoresis on a 10% polyacryl-
amide gel, and the gel was then dried on 3-mm chromatography
paper. The dried gel was exposed to Kodak Biomax MS film (East-
man Kodak, Rochester, NY) at —80°C for 2 weeks before developing.

HPLC Analysis with [ H]JRU486. Reaction mixtures containing
0.1 nmol CYP2B6 were incubated with 10 uM [PH]RU486 and then
analyzed by HPLC under acidic conditions using a shallow solvent
gradient to separate the radiolabeled RU486 and its metabolites
from the apoprotein and heme. The solvent system consisted of
solvent A (0.1% TFA in water) and solvent B (0.05% TFA in aceto-
nitrile). The samples were analyzed on a C4 reverse phase column
(10 pm, 4.6 X 250 mm, 300 A; Phenomenex). The column was eluted
with a linear gradient from 40 to 70% B over 40 min, and the final
concentration of B was increased to 95% linearly over another 10 min
at a flow rate of 1 ml/min. The fractions were collected and counted
by liquid scintillation counting (Econo-Safe; Research Products In-
ternational, Mt. Prospect, IL).

Metabolism of RU486. One nanomole CYP2B1, CYP2B6, CYP3A4,
or CYP3A5 in the reconstituted system was incubated with 20 pM
RU486 at 37°C for 30 min in a final volume of 1 ml. The samples were
then extracted with 4 ml of ethyl acetate, dried under N,, and dissolved
in 200 pl of 50% acetonitrile/0.1% acetic acid. Half of the metabolites
(100 ) were separated by HPLC on a C8 column (Zorbax, 5 pum, 4.6 X
250 mm; MAC-MOD Analytical, Chadds Ford, PA) with a solvent sys-
tem consisting of solvent A (0.1% acetic acid in water) and solvent B
(0.1% acetic acid, 29.9% methanol, and 70% acetonitrile) starting with
35% B for 5 min, followed by a linear gradient from 35 to 60% B for 25
min and then increasing to 95% B for an additional 10 min at a flow rate
of 1 ml/min. The eluate was monitored using a 490E multiwavelength
detector (Waters, Milford, MA) set at 310 nm. The other half of the
metabolites were analyzed by LC-MS/MS (LCQ mass analyzer; Thermo
Fisher Scientific, Waltham, MA) using the same column and solvent
gradient. The electrospray ionization (ESI) conditions were: sheath gas
flow rate, 90 arbitrary units; auxiliary gas, 30 arbitrary units; source
voltage, 4.5 kV; capillary temperature, 170°C; capillary voltage, 30 V;
and tube lens offset, 25 V. Data were acquired in the positive ion mode
using Excalibur software (Thermo Fisher Scientific) with one full scan
followed by two data-dependent scans of the most intense and the
second most intense ions.

LC-MS/MS Analysis of GSH Conjugates. The purified CYP2B1,
CYP2B6, CYP3A4 ,and CYP3AS5 in the reconstituted system, human
liver microsomes, and rat liver microsomes (each containing 1 nmol
P450) were incubated with 10 mM GSH and 20 pM RU486 in the
presence of NADPH at 37°C for 30 min. The samples were then acidi-
fied with 60 pl of 10% TFA and then applied to a 1-ml AccuBond
ODS-C18 solid phase extraction cartridge (Agilent Technologies, Santa
Clara, CA). The cartridge was previously washed with 2 ml of methanol
followed by 2 ml of water. After the samples were loaded, the cartridges
were washed with 2 ml of water and then eluted with 2 ml of methanol
followed by 0.3 ml of acetonitrile. The eluted samples were dried under
N, gas and resuspended in 80 pl of 1:1 solvent A (0.1% acetic acid in
H,0) and solvent B (0.1% acetic acid in acetonitrile). The samples were
then analyzed on a C18 reverse phase column (Luna, 3 pm, 4.6 X 100
mm; Phenomenex) using a gradient of 20 to 30% B for 5 min followed by
a gradient to 40% B over 15 min and then increasing linearly to 90% B

over 30 min at a flow rate of 0.3 ml/min. The column effluent was
directed into the ESI source of a LCQ mass spectrometer (Thermo
Fisher Scientific). The ESI conditions were: sheath gas flow rate, 90
arbitrary units; auxiliary gas, 30 arbitrary units; spray voltage, 4.5 kV;
capillary temperature, 170°C; capillary voltage, 30 V; and tube lens
offset, 25 V. Data were acquired in positive ion mode using eXcalibur
software as described above.

Docking RU486 to CYP3A4 Crystal Structure. RU486 was
docked into the active site of CYP3A4 using the energy-based dock-
ing software of AutoDock (version 4.0) (Morris et al., 1996). The
coordinates of CYP3A4 (PDB ID 1TNQ) were obtained from the
Protein Data Bank (1TNQ), whereas the coordinates and the lowest
energy conformation of RU486 were obtained with MOPAC 2007
interfaced with ChemBioOffice 2008 (CambridgeSoft Corporation,
Cambridge, MA). The flexible RU486 was docked to the rigid
CYP3A4 with the Lamarckian Genetic Algorithm approach of
AutoDock 4 with the following parameters: mutation rate = 0.02,
crossover = 0.80, maximal number of generations = 2.7 X 10* and
local search frequency = 0.06. The conformers with the lowest en-
ergy are depicted in the figure.

Results

Inactivation of CYP2B6 by RU486. The time courses for
the inactivation of CYP2B6 by various concentrations of
RU486 are shown in Fig. 1. The loss of EFC deethylation
activity exhibited pseudo-first order kinetics with respect to
time and required NADPH. Linear regression analysis of the
time course data were used to determine the initial rate
constants for inactivation (k,,.) at various concentrations of
RU486. From the double reciprocal plot (inset) of the values
for k. and the concentration of RU486, the values for the
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Fig. 1. Time- and concentration-dependent inactivation of CYP2B6 by
RU486. The inactivation of the EFC deethylation activity of CYP2B6 in
the reconstituted system that was incubated with 0 (O), 2 (@), 3 (V), 5 (1),
10 (), and 25 pM (H) RU486 is shown. Aliquots were removed at the
times indicated and assayed for residual activity as described under
Materials and Methods. Inset, double reciprocal plots of the initial rates
of inactivation as a function of the RU486 concentrations. The kinetic
constants were determined from the double reciprocal plot. The data
shown represent the average of three separate experiments done in
duplicate that did not differ by more than 10%.



concentration of inactivator required to give the half-maxi-
mal rate of inactivation, the maximal rate constant for inac-
tivation at a saturating concentration of the inactivator, and
t. were determined to be 2.8 pM, 0.07 min~!, and 26 min,
respectively.

Partition Ratio. CYP2B6 was incubated with various
concentrations of RU486, and the inactivation was allowed
to progress for 1 h until the inactivation was essentially
complete. The percentage of activity remaining was plotted
as a function of the molar ratio of RU486 to CYP2B6 (Fig.
2). The partition ratio was estimated from the intercept of
the linear regression line obtained from lower ratios of
RU486 to CYP2B6, with the straight line derived from the
higher ratios of RU486 to CYP2B6 as described previously
(Silverman, 1996). With this method, a partition ratio of
~5 was estimated.

Loss of Native Heme during Inactivation. When
CYP2B6 was incubated with 20 .M RU486 at 30°C for 15 min,
the ~60% loss in EFC catalytic activity was accompanied by a
~61% loss in the spectrally detectable reduced CO spectrum for
the inactivated samples compared with the control samples.
Representative reduced CO difference spectra for the inacti-
vated and control P450s are shown in Fig. 3A.

The control and inactivated samples were also analyzed by
HPLC. The column eluate was monitored at 405 nm for
detection of the heme moiety. As shown in Fig. 3B, there was
a ~40% loss of native heme in the inactivated sample as
measured by the area under the peak. Although the presence
of a heme adduct is not obvious in the original elution profile,
the expanded view of the profile from a retention time of 24
to 32 min revealed two modified heme peaks at 27.5 and 30.5
min in the NADPH-treated sample, but not in the control
sample. The absorption spectra of the native heme and the
modified heme are shown in Fig. 3C. The maximal absor-
bance of the native heme is at 398 nm. A Soret peak at 408
nm for the heme peaklet at 27.5 min indicates that it is a
dissociable modified heme. Because the CYP2B6 apoprotein
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Fig. 2. Partition ratio determination for the inactivation of CYP2B6 by
RU486. The percentage of CYP2B6 catalytic activity remaining was de-
termined as a function of the molar ratio of RU486 to P450. Samples were
incubated with various concentrations of RU486 for 1 h in the presence of
NADPH until the inactivation reaction was essentially complete. The
partition ratio was estimated from the intercept of the linear regression
line from the lower ratios of RU486 to CYP2B6 and the straight line
obtained from higher ratios of RU486 to CYP2B6.
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eluted at 30.5 min, the absorbance spectrum shown in Fig.
3C with peaks at 278 and 398 nm indicates that cross-linking
of the native heme to the apoprotein has occurred. Under the
same experimental conditions, the loss of the heme prosthetic
group was also observed during the inactivation of CYP2B1
and CYP3A4 by RU486.

The removal of any unbound RU486 by extensive dialysis
of the control and inactivated samples did not lead to any
significant recovery of catalytic activity, the reduced CO dif-
ference spectrum, or the heme content as measured by HPLC
compared with the values obtained for the samples before
dialysis (data not shown). Thus, the inactivation of CYP2B6
by RU486 is irreversible. The addition of 10 mM GSH to the
reaction mixture during the inactivation had no significant
effect on the extent of inactivation (data not shown).

Covalent Binding of RU486 to CYP2B6 Apoprotein.
The amount of RU486 that was irreversibly bound to the
P450 2B6 protein was determined by precipitating the pro-
tein from the control and the RU486-inactivated samples
that had been incubated with [PHIRU486 using acidified
methanol as described previously (Chan et al., 1993). The
stoichiometry for binding was ~0.6, suggesting that approx-
imately 0.6 mol RU486-reactive intermediate bound per mole
of P450 inactivated. Two other approaches were used to
investigate binding of RU486 to CYP2B6. After incubating
the reaction mixtures with [’H]RU486, 50 pmol of the control
and inactivated samples was subjected to SDS-PAGE analy-
sis. As shown in Fig. 4A, significant radioactivity was asso-
ciated with the CYP2B6 apoprotein in the +NADPH sample
but not in the —NADPH sample. This result also demon-
strates that the reactive intermediate of RU486 irreversibly
binds to the P450 apoprotein. The control and inactivated
samples were also analyzed using reverse phase HPLC. Fig-
ure 4B shows the elution profile monitored at 220 nm for
protein. The peak areas for the reductase eluting at 14 min
were similar between two conditions, whereas the peak for
the P450 apoprotein eluting at ~37 min under these condi-
tions showed some change in the peak for the inactivated
sample compared with the control sample. When the HPLC
fractions were collected and analyzed by liquid scintillation
counting, there was a marked increase in the radioactivity
associated with the CYP2B6 apoprotein in the inactivated
samples compared with the control sample (Fig. 4C). Al-
though some radioactivity was observed in the control sam-
ple, the labeling associated with the protein eluting at ~37
min in the NADPH-treated sample was 5-fold greater than
that in the control sample. In this HPLC profile, RU486 and
the P450 heme eluted at 7 and 10 min, respectively. The
radioactivity eluting before 14 min observed in Fig. 4C was
from trailing [PHJRU486, where the great majority of the
counts eluted with the parent RU486 at 7 min (data not
shown).

LC-MS and MS/MS Analysis of the Metabolites of
RU486. The metabolism of RU486 by human liver micro-
somes and by the CYP3A4 and CYP3A5 reconstituted system
has been reported previously (Heikinheimo et al., 1990; Jang
et al., 1996; Khan et al., 2002). Based on these previous
studies, the primary metabolites formed in our studies were
identified by LC-MS/MS analysis. At least three major me-
tabolites, M1, M2, and M3, were produced by CYP3A4 and
CYP2B6 based on HPLC analysis with spectral monitoring in
the UV at 310 nm (Fig. 5A). The metabolite profile for rat
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Fig. 3. Effect of inactivation by RU486 on the reduced
CO difference spectrum and prosthetic heme remaining.
CYP2B6 was incubated with 20 wM RU486 at 30°C for 15
min in the absence (control) or presence of NADPH (inac-
tivated) as described under Materials and Methods. A, re-
duced CO difference spectra for control and inactivated
P450s. B, HPLC elution profiles monitored at 405 nm for
the prosthetic heme. Insets, magnified views of the control
and inactivated samples eluting from 24 to 32 min. C,
absorption spectra of the native heme eluting at 21 min, the
dissociable heme eluting at 27.5 min and the crosslinked
heme and protein eluting at 30.5 min as analyzed using a
diode-array detector.
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CYP2B1 is similar to that for human CYP2B6 (data not
shown). It is interesting that M3 is the only metabolite
formed by 3A5 (data not shown). Figure 5B shows the ex-
tracted ion chromatograms of CYP2B6 for the ions at m/z
446, 402, 416, and 430, which correspond to M1, M2, M3, and
RU486. The MS/MS spectrum for each of these precursor ions
is displayed in the inset. All of the major fragments are
derived from the loss of the propynyl side chain, water, or the
combination of the propynyl side chain and the water. RU486
elutes at ~33 min, with a MH™ ion at m/z 430 and a major
fragment ion at m/z 372. M3, eluting at ~28 min with MH™
ion at m/z 416 and exhibiting a major fragment ion at m/z
358, is the mono-demethylated RU486. M2, eluting at ~22
min with a MH™" ion at m/z 402 and a major fragment ion at
m/z 344, is the di-demethylated RU486. M1, eluting at ~18
min with a MH™ at m/z 446 and a major fragment ion at m/z
388, is a C-hydroxylated metabolite of RU486. The extracted
ion chromatogram for the ions at m/z 446 shows that in
addition to a major peak at 18 min, CYP2B6 also catalyzes

0.006
0.1 398 nm 0.0004 408 nm
398 nm

Wavelength

the formation of another metabolite with MH" ion at m/z
446, which eluted at ~14 min. CYP3A4 leads to three minor
peaks eluting at 14, 16, and 24 min (data not shown) that
have precursor ions at m/z 446, indicating that they are also
hydroxylated metabolites of RU486, possibly on the steroid
moiety. The exact positions of the hydroxyl groups in these
metabolites cannot be determined from the MS/MS data. The
structures of RU486 and the three major metabolites formed
by CYP2B6 and CYP3A4 are illustrated in Fig. 5 (right).
LC-ESI-MS/MS Analysis of the GSH Conjugates of
RU486 Formed by P450s. After incubation of RU486 with
the purified P450s and liver microsomes in the presence of
NADPH and GSH, LC-MS/MS analysis revealed the forma-
tion of two metabolites with MH™" ions at m/z 753, which will
be referred to as G753, one major metabolite with a MH™ ion
at m/z 769, which will be referred to as G769, and one me-
tabolite with a MH™ ion at m/z 751, which will be referred to
as G751. Essentially similar GSH conjugates were observed
from the incubations with purified P450s and for liver micro-
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somes from rats pretreated with PB or DEX and human liver
microsomes. Figure 6A shows the extracted ion chromato-
grams for the two G753 conjugates, eluting at 21.1 and 22.5
min. The masses of the two G753 peaks are equivalent to the
sum of RU486 plus one oxygen and GSH. Figure 6, B and C,
shows the MS/MS spectra of these two G753 conjugates. The
G753 conjugates may result from the initial formation of an
oxirene intermediate followed by Michael addition of GSH,
leading to two products. In principle, we cannot assign de-
finitive structures for these conjugates solely based on
MS/MS spectra. However, the MS/MS fragmentation pat-
terns for these two conjugates are very different, indicating
that two different isomers are formed. On the basis of the
heme destruction and covalent binding to the apoprotein
during the inactivation of RU486 and the hypothesis that the
mechanism-based inactivation of P450s by propynylaryl acet-
ylenes proceeds via a 1,2-methyl shift (Foroozesh et al.,,
1997), two structures are tentatively proposed for G753, as
shown in Fig. 6 (right). For the isomer eluting at 21.1 min,
the fragment ion at m/z 308 is the protonated GSH moiety,
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and the fragment ion at m/z 735 is due to the loss of water
from the parent ion. The fragment ions at m/z 624 and 606
are products of neutral loss of Glu (129 Da) from the precur-
sor ion m/z 753 and the fragment ion at m/z 735, respectively.
The loss of water from the fragment ion m/z 606 will form the
fragment ion m/z 588, and further loss of the di-methyl-
aminophenyl moiety (121 Da) will form the fragment ion at
m/z 467. For the isomer eluting at 22.5 min, the fragment ion
at m/z 660 is a product of neutral loss of Gly (75 Da) from the
ion at m/z 735. The combination of the losses of CO (28 Da)
and the di-methylaminophenyl moiety from the ion at m/z
660 will form the ion at m/z 511. The fragment ion at m/z 416
is likely to be from a cleavage between carbon-1 (the carbon
closet to the steroid moiety) and carbon-2 (middle carbon) of
the 17a-propynyl moiety, and the further loss of water will
form the ion at m/z 398. Thus, the fragment ions in the
MS/MS spectra of both isomers indicate that RU486 and
GSH are components of the G753 conjugates.

The extracted ion chromatograms for G769 and G751,
which are more hydrophilic than G753 and elute at 11.8 and
12.2 min, respectively, are shown in Fig. 7A. The molecular
mass of G769 is equivalent to the sum of hydroxylated RU486
plus one oxygen and GSH. The steroid moiety of the hydroxy-
lated RU486 may undergo oxidation to an epoxide interme-
diate at the 4,5-position followed by the addition of GSH. The
further loss of water from G769 will yield G751. The MS/MS
spectra of G769 and G751 are displayed in Fig. 7B. The
possible structures of G769 and G751 are tentatively pro-
posed and shown in Fig. 7C. For G769, fragment ions at m/z
694 and 640 are from the neutral loss of the Gly and Glu
moieties of GSH, respectively. The loss of water from the ion
at m/z 640 will form an ion with a m/z 622, and the further
cleavage of the 11B-dimethylaminophenyl moiety will pro-
duce the ion with m/z 501. Cleavage of the C-S bond will form
the ion with m/z 462, indicating that the C-hydroxylated
RU486 is a component of G769. Further loss of water will
form the ion with m/z 444. For G751, the fragment ions at m/z
676 and 622 are from the neutral loss of Gly and Glu, respec-
tively. The loss of water from the ions at m/z 751 and 622 will
form ions at m/z 733 and 604, respectively. Cleavage of the
thioether bond within the GSH moiety will form the ion at
m/z 478, and the further loss of water will form the ion at m/z
460. The fragment ion at m/z 444 is formed from the cleavage
between the hydroxylated RU486 and the GSH moiety.
Again, the fragment ions in these MS/MS spectra suggest
that GSH and C-hydroxylated RU486 are components of the
G769 and G751 conjugates.

Cleavage Products of the Propynyl Moiety. Two me-
tabolites with the MH™ ion at m/z 364 were formed by the
purified P450s and mammalian liver microsomes after incu-
bation with RU486. The masses of these two cleavage me-
tabolites, referred to as G364, correspond to the sum of one
oxygen, propynyl moiety, and GSH. Figure 8A shows the
extracted ion chromatogram for the two G364 moieties,
which elute at 7.0 and 7.6 min. Because the MS/MS spectra
of the two G364 conjugates are very similar, only the spec-
trum for the peak at 7.0 min is shown in Fig. 8B. The
fragment ion at m/z 235 would be produced by a neutral loss
of 129 Da, and further losses of 75 Da and CO would form a
fragment ion with m/z 132, indicating that G364 exhibits the
features of a GSH adduct. Oxygenation at either carbon-1 or
carbon-2 of the 17a-propynyl moiety will form two isomers of
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G364. The structure proposed for G364 is shown in Fig. 8
(right).

Discussion

The inactivation of CYP2B6 by RU486 is concentration-
and time-dependent. The inactivation is irreversible and re-
quires the presence of NADPH. The apparent concentration
of inactivator required to give the half-maximal rate of inac-
tivation is 2.8 pM, its maximal rate constant for inactivation
at a saturating concentration of the inactivator is 0.07 min ™,
the #12 is 26 min, and the partition ratio is ~5. The loss in the
catalytic activity is associated with a decrease in the spec-
trally detectable P450-CO complex, heme loss, and labeling
of the apoprotein. In addition, dissociable modified heme
adduct and covalent cross-linking of the prosthetic heme to
the apoprotein are observed.

Earlier studies have demonstrated that the mechanism of
inactivation by both terminal and internal acetylenic com-
pounds can be attributed to the initial oxygenation of the

carbon-carbon triple bond. Some examples include: the inac-
tivation of rat liver microsomes by several internal and ter-
minal acetylenes (Ortiz de Montellano and Kunze, 1980;
Cadacob et al., 1988; Foroozesh et al., 1997), the inactivation
of P450scc by acetylenic steroids (Nagahisa et al., 1983; Ola-
kanmi and Seybert, 1990), the inactivation of Vicia sativa
microsomes by 11-dodecynoic acid (Helvig et al., 1997), the
inactivation of CYP3A4 by RU486 (He et al., 1999), the in-
activation of CYP1A1 by 1-ethynylpyrene and phenylacety-
lene (Chan et al., 1993), and the inactivation of CYP2B1,
CYP2B6, CYP3A4, and CYP3A5 by 17a-ethynylestradiol
(Kent et al., 2002; Lin and Hollenberg, 2007). The findings
from these studies can be summarized as follows: 1) heme
adducts can be detected with terminal acetylenes, but not
with internal acetylenes; and 2) by using radiolabeled com-
pounds, covalent modification of the apoprotein can be ob-
served for both internal and terminal acetylenes. By analogy
with the terminal acetylenic compounds, it has been pro-
posed that internal acetylenes may be oxidized and converted
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procedures were as described under Materials and Methods. A, extracted ion chromatogram of the MH™ ions at m/z 753. B, MS/MS spectrum of G753
eluting at 21.1 min. C, MS/MS spectrum of G753 eluting at 22.5 min. The spectra were obtained in positive mode and analyzed using the eXcalibur
software. Right, proposed structures. The sites of fragmentation are indicated by dashed lines and explained in the text.

via a 1,2-methyl shift to a ketene, which subsequently can
react with a nucleophile in the active site of P450. However,
except for biphenyl propyne, no acidic derivatives have been
detected so far with any other internal acetylene (Foroozesh
et al., 1997). When we analyzed CYP2B1, CYP2B6, and
CYP3A4 that had been inactivated by RU486 using LC-MS,
the signal/noise ratio of the deconvoluted mass spectrum was
not good enough to allow for the mass determination of the
modified apoprotein. However, another laboratory has re-
ported a covalently adducted protein having a mass shift
equivalent to one RU486 molecule per molecule of CYP3A4
protein inactivated by utilizing quadrupole time-of-flight
mass spectrometry (Yukinaga et al., 2005). Thus, quadrupole
time-of-flight mass spectrometry has provided direct confir-
mation of the formation of an internal acetylenic compound-
protein adduct without the use of a radiolabeled compound.

Although the involvement of oxirene-reactive intermedi-
ates has been proposed previously for acetylenes, the forma-
tion of such reactive intermediates has not been detected
yet with internal acetylenes. Halpert and coworkers have
reported previously that RU486 selectively inactivates
CYP3A4, but not CYP3A5 (Khan et al., 2002). We have taken
advantage of this observation to try to identify the reactive

intermediate responsible for inactivation. When the GSH
conjugates of RU486 that were trapped and identified in the
CYP3A5-reconstituted system containing NADPH and GSH
were compared with CYP3A4, it was found that G769 and
G751 were detected, but G753 was not (data not shown). The
fact that the G753 conjugates could only be detected during
metabolism by P450s such as CYP2B1, CYP2B6, CYP3A4,
and liver microsomes from humans and PB- or DEX-induced
rats, all of which show inactivation by RU486, has led us to
suggest that the reactive intermediates responsible for form-
ing the G753 conjugates, but not the G769 and G751 conju-
gates, may play a key role in the inactivation. Although the
structure of the reactive intermediate has not been definitely
determined yet, the detection of the two G753 GSH conju-
gates with different MS/MS fragmentation patterns (Fig. 6)
suggests that bioactivation most probably involves the for-
mation of an oxirene-reactive intermediate of the 17a-propy-
nyl moiety followed by the addition of GSH, with the oxygen
being transferred onto either the carbon-1 or carbon-2. The
reactive species that reacts with GSH also may react with
either the heme or the protein and thereby contribute to the
inactivation.

Previous studies have suggested that binding of GSH to



34 Lin et al.

A B

m/z 769 640

9 9 miz769 620

& 11.8 G
e T

c c

> ]
a a 462
< <
2 2 G769
[ © 444 i
5 A 5 501 694 .
o o e L) | , NH

. . ‘ 694 ; °
Time (min) 250 500 750 WY o7 “NH
m/z RNy OH
OH
CH,0H .~
m/z 751

8 8 mlz751 604

% 12.2 %

3 3 . 733

2 2 460

Q Ke)

3 3 G751

o (0]

= =

E E 478 676

© 0] 444

o o L \

i ) 250 500 750
Time (min)
mlz

Fig. 7. LC-MS/MS analysis of the RU486-GSH conjugates G769 and G751 formed by liver microsomes from PB-treated rats. A, extracted ion
chromatograms at m/z 769 and 751. B, MS/MS spectra of G769 and G751 eluting at 11.8 and 12.2 min, respectively. C, right, proposed structures of
G769 and G751. Dashed lines, sites of fragmentation as described in the text.

A
7.0
3 m/z 364 7.6
g
e)
c
3 CH
<
© o 8
=
©
[0)
o
Time (min)
B
235
3 m/z 364
C
©
e]
c
3
<
® 217
£ 182 | " 346
[0} | | | . |
o 150 250 350
m/z

the internal carbon of the reactive oxirene would enhance
cleavage of the C-C bond between the steroid and 17«a-ethy-
nyl moiety, leading to loss of the ethynyl group (Helton et al.,
1977). After incubation of RU486 with the purified P450s in

Fig. 8. LC-MS/MS analysis of G364 formed by
liver microsomes from DEX-treated rats. A, ex-
tracted ion chromatogram of the ions at m/z 364,
eluting at 7.0 and 7.6 min. B, MS/MS spectrum of
ion with m/z 364 eluting at 7.0 min. One possible
structure is illustrated in the right. Dashed lines,
sites of fragmentation.

the reconstituted system or with mammalian liver micro-
somes in the presence of GSH, two G364 metabolites result-
ing from the cleavage of the C-C bond after binding of GSH to
the oxygenated propynyl moiety were detected. To obtain two



different structures for the G753 conjugates with GSH bind-
ing to the carbon-2 of propynyl moiety, the first metabolite
may be formed with oxygen inserted at the carbon-1, and the
second metabolite may be formed with oxygen being inserted
at the carbon-2, as shown in Fig. 6. The second metabolite is
formed via a 1,2-methyl rearrangement analogous to the
mechanism of suicide inhibition by ethynyl acetylenes that
proceed via a ketene intermediate formed by a 1,2-hydrogen
shift (Ortiz de Montellano and Kunze, 1981; Foroozesh et al.,
1997). Thus, by using LC-MS/MS analysis, the detection of
two G364 and two G753 conjugates from the bioactivation
pathway of RU486 in P450s supports the hypotheses pro-
posed by Helton et al. (1977), Ortiz de Montellano and Kunze
(1981), and Foroozesh et al. (1997).

In addition to G753, there are two more hydrophilic GSH
conjugates of RU486, G769, and G751. The masses of G769
and G751 and the MS/MS spectra suggest that C-hydroxy-
lated RU486 is a component of G769. We postulate that the
epoxidation may occur at the double bond joining the 4,5-
carbons in the A ring. Subsequent nucleophilic attack of GSH
on the epoxide intermediate would generate G769, and sub-
sequent loss of water would form G751. This reaction se-
quence has been documented previously (Guengerich, 2003;
Tang and Miller, 2004; Chen et al., 2006).

Previous studies on acetylenic steroids that structurally
resemble RU486 have led to the suggestion that an oxirene
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may be the reactive intermediate responsible for the inacti-
vation of P450scc (Nagahisa et al., 1983; Olakanmi and Sey-
bert, 1990). Recently, we have identified two GSH conjugates
of 17a-ethynylestradiol during the inactivation of P450s
where the structure appears to result from the insertion of
oxygen to either one of the acetylenic carbons followed by the
addition of GSH into the carbon-carbon triple bond (Lin and
Hollenberg, 2007). The results presented here suggest that
the mechanism responsible for the inactivation by RU486
may follow the same route as previously reported for 17a-
ethynylestradiol. A proposed scheme describing the meta-
bolic activation of RU486 by P450s is shown in Fig. 9. How-
ever, we cannot rule out the formation of an oxirene species
followed by rearrangement to a ketene intermediate (Ortiz de
Montellano and Kunze, 1981). This scheme suggests that the
same reactive intermediate that is responsible for forming
G753, but not G769 and G751, may be involved in the mech-
anism of inactivation. However, the reactive intermediate
responsible for forming G769 and G751 from the bioactiva-
tion of RU486 by P450s may also covalently modify proteins
and cause toxicity or affect cellular functions.

In the attempt to better understand the binding of RU486
in the active site of CYP3A4 and to identify potential sites for
bioactivation, docking of RU486 to CYP3A4 was performed.
The results of these modeling studies are shown in Fig. 10.
The lowest energy of conformers with the 17a-propynyl moi-

G753
GSH
\
RO UNIE
SoR"
paso [ 1 )
O
~

Modification of heme and protein
CH, OH

Fig. 9. Proposed scheme for the metabolic bioactivation of RU486 by P450s leading to heme and apoprotein modification and four GSH conjugates:
1) 17a-oxirene related reactive species and 2) the 4,5-epoxide reactive species.
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ety of RU486 pointing to pyrrole ring C of the heme is dis-
played in Fig. 10A, and the second lowest energy of the
conformer with the 4,5-carbon positions facing the heme
plane is displayed in Fig. 10B. The modeling studies suggest
that bioactivation might occur at the carbon-carbon triple
bond of the 17a-position and at the double bond of 4,5-posi-
tions. Thus, the reactive intermediates leading to the forma-
tion of the GSH conjugates proposed in Figs. 6 and 7 are in
the agreement with the docking and modeling studies for the
binding of RU486 to CYP3A4.

In conclusion, we have demonstrated that RU486 is a very
efficient mechanism-based inactivator of CYP2B6 and that
the RU486-dependent inactivation of CYP2B6 occurs by two
mechanisms: heme destruction and covalent binding of a
reactive intermediate of RU486 to the apoprotein. It is most
likely that oxygenation of the carbon-carbon triple bond of
the propynyl group leads to the formation of the same reac-
tive intermediates that have been trapped with GSH to form
the two G753 conjugates may contribute to the mechanism of
inactivation. Thus, the potential for drug-drug interactions
after long-term use of RU486 may not be limited to sub-
strates for CYP3A4 alone and should also be evaluated for
drugs that are metabolized primarily by CYP2B6. Because
CYP2B6 exhibits genetic polymorphisms and has a wide
tissue distribution, the involvement of CYP2B6 in the me-
tabolism of RU486 and its inactivation by RU486 could have
important implications for adverse effects with a variety of
drugs that are metabolized primarily by CYP2B6, including
the antidepressant bupropion and the human immunodefi-
ciency virus protease inhibitor efavirenz.
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