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Testosterone 6b-hydroxylation is a prototypic reac-
tion of cytochrome P450 (P450) 3A4, the major human
P450. Biomimetic reactions produced a variety of tes-
tosterone oxidation products with 6b-hydroxylation
being only a minor reaction, indicating that P450 3A4
has considerable control over the course of steroid
hydroxylation because 6b-hydroxylation is not domi-
nant in a thermodynamically controlled oxidation of
the substrate. Several isotopically labeled testosterone
substrates were prepared and used to probe the cata-
lytic mechanism of P450 3A4: (i) 2,2,4,6,6-2H5; (ii) 6,6-
2H2; (iii) 6a-2H; (iv) 6b-2H; and (v) 6b-3H testosterone.
Only the 6b-hydrogen was removed by P450 3A4 and
not the 6a, indicating that P450 3A4 abstracts hydro-
gen and rebounds oxygen only at the b face. Analysis of
the rates of hydroxylation of 6b-1H-, 6b-2H-, and 6b-3H-
labeled testosterone and application of the Northrop
method yielded an apparent intrinsic kinetic deute-
rium isotope effect (D

k) of 15. The deuterium isotope
effects on kcat and kcat/Km in non-competitive reactions
were only 2–3. Some “switching” to other hydroxyla-
tions occurred because of 6b-2H substitution. The high
D

k value is consistent with an initial hydrogen atom
abstraction reaction. Attenuation of the high D

k in the
non-competitive experiments implies that C–H bond
breaking is not a dominant rate-limiting step. Consid-
erable attenuation of a high D

k value was also seen
with a slower P450 3A4 reaction, the O-dealkylation of
7-benzyloxyquinoline. Thus P450 3A4 is an enzyme
with regioselective flexibility but also considerable re-
gioselectivity and stereoselectivity in product forma-
tion, not necessarily dominated by the ease of C–H
bond breaking.

P4501 enzymes are found in organisms from Archebacter to

humans and catalyze oxidations of a great variety of chemicals

(1, 2). The human P450s are the major enzymes involved in the

clearance of drugs, and P450 3A4, the most abundant P450 in

liver and small intestine, is involved in the oxidation of one-half

of the drugs used today (3, 4). Two crystal structures of P450

3A4 have been published recently (5, 6); however, neither has a

substrate bound in a position amenable to oxidation. P450 3A4

exhibits heterotropic and homotropic cooperativity in some but

not all of its reactions (4, 7–10), and several models have been

proposed to explain such behavior (9, 11–15). A view frequently

expressed for smaller substrates is that binding is relatively

loose and the regioselectivity of oxidation of substrates is

largely a function of the ease of C–H bond breaking (16, 17).

Relatively little information is available regarding what step is

rate-limiting in P450 3A4 reactions. The addition of the first

electron in the catalytic cycle (step 2 of Scheme 1) is apparently

relatively fast in the presence of an optimal concentration of

NADPH-P450 reductase (18). Only limited information has been

obtained regarding steps 1 and 3–9 (Scheme 1) with P450 3A4

reactions. Without information on the extent to which chemical

steps (e.g. substrate oxidation) limit catalysis, it will not be pos-

sible to understand or predict the behavior of this system.

One long-standing approach to understanding the kinetics of

individual reaction steps is the application of kinetic isotope

effects, particularly involving hydrogen isotopes (19, 20). The

approach has been used extensively in chemical reactions and

applied to numerous enzyme systems (21–26). However, the

use of kinetic isotope effect methods with enzymes is subject to

the complexity of these multi-step systems and the isotope

effect on the chemical step can be masked by the contributions

of other steps (27, 28). Kinetic isotope effect studies have been

used with P450 reactions for .30 years (29–33). In principle,

such experiments can sense the degree to which step 7 is

rate-limiting (Scheme 1). In many of the early studies, the

experimental designs were not always most appropriate for

mechanistic interpretation. However, more sophisticated stud-

ies with bacterial P450 101A1 (34) and mammalian P450s

(35–37) have been done. A number of theoretical treatments of

P450 kinetic isotope effects were done by the Gillette group (38,

39). Although many of the expressed kinetic isotope effects

cited in the literature are low and there has been a tendency to

regard C–H bond breaking as generally being relatively rapid,

our own work (40–45) has shown relatively high expressed

kinetic isotope effects for several reactions catalyzed by mam-

malian P450 enzymes.

Reports of kinetic isotope effect studies with P450 3A4 reac-
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tions are very limited (46). Many of the reactions are not

amenable because of the nature of the substrates (e.g. nifedip-

ine ring dehydrogenation (involving N), 17b-estradiol 2-hy-

droxylation), and isotope effects in N-dealkylation reactions are

dominated by the deprotonation event (47, 48). Testosterone

6b-hydroxylation is a prototypic P450 3A4 reaction (49) and

should be amenable to such analysis. However, the synthesis of

the appropriately isotopically labeled testosterones had not

been reported and, in our own experience, was not trivial.

We prepared a series of H-6 isotopically labeled forms of

testosterone and used these as substrates with P450 3A4 en-

zyme systems. The results reveal stereospecific abstraction of

the 6b-hydrogen and a high intrinsic kinetic hydrogen isotope

effect that is strongly attenuated with partial switching of

oxidation to other (b) positions. The results provide a view of

this enzyme that differs from some current conceptions regard-

ing P450 3A4 selectivity and the nature of rate-limiting steps in

the catalytic cycle.

EXPERIMENTAL PROCEDURES

Chemicals

All of the reagents used for synthesis and product analysis (generally

from Aldrich Chemical Co., Milwaukee, WI) were of ACS grade or better

unless specified otherwise. HPLC solvents were of HPLC grade (EM

Science, Gibbstown, NJ). Steroids were purchased from Steraloids

(Newport, RI).

Spectroscopy

All of the 1H and 13C NMR spectra were recorded on a Bruker AM

300 spectrometer operating at 300 and 75 MHz, respectively, at 27 °C

(Bruker, Billerica, MA) in the Vanderbilt facility. Samples were pre-

pared in CDCl3. UV spectra were recorded using a Cary 14/OLIS spec-

trophotometer (On-Line Instrument Systems, Bogart, GA). Fluores-

cence assays (7-hydroxyquinoline formation) were done using an OLIS

RSM-1000 instrument in the steady-state mode (with a cuvette acces-

sory and manual mixing).

HPLC/UV analysis of the testosterone oxidation products was done

with an HPLC system consisting of a Hitachi L-7100 pump (Hitachi

High Technologies, San Jose, CA) coupled to a ThermoFinnigan

UV3000HR rapid-scanning spectrophotometer (ThermoSeparations,

Piscataway, NJ).

Mass Spectrometry

Most mass spectra were obtained in the Vanderbilt facility with

direct infusion of samples using a Finnigan TSQ 7000 instrument triple

quadrupole mass spectrometer (ThermoFinnigan, San Jose, CA)

equipped with a standard API-1 APCI source operating in the positive

ion mode. N2 was used as the sheath gas (80 p.s.i.). The vaporizer

temperature was 350 °C, and the corona current was maintained at 5

mA. The capillary was set at 200 °C and 34.5 V. The tube lens voltage

was 83 V. Data acquisition and spectral analysis were done with Finni-

gan ICIS software on a Digital Equipment Corp. Alpha workstation.

HRMS of the synthetic compounds were recorded at the University of

Notre Dame Mass Spectrometry Center (South Bend, IN) using NBA as

the matrix (FAB ionization).

Syntheses

2,2,4,6,6-d5-Testosterone (Scheme 2) (2, 50)—Cleaned pieces of Na0

(8.5 g) that had been cut, scraped, weighed, and dipped into deuterated

MeOH (50 ml) solution until shiny were added to a chilled 150-ml

solution of deuterated MeOH (under N2, on ice) in ;1-g portions

(Scheme 2). When all of the Na0 had reacted, 100 ml of D2O was added.

The solution was allowed to cool to room temperature, and 12.7 g of

unlabeled testosterone (d0) was added. The solution was stirred while

heating under reflux under N2 for 24 h. The solvent was removed in

vacuo, and 150 ml of D2O was added. The suspension was cooled on ice

and made acidic with concentrated D2SO4. The suspension was ex-

tracted with EtOAc (3 3 250 ml), and the organic phase was dried over

MgSO4 and concentrated to dryness (40 °C). The isotopic purity was

checked by MS, and the reaction was repeated with the crude solid, if

necessary, until the isotopic purity was $99.5%. The crude solid was

recrystallized from EtOAc/hexane or aqueous acetone (D2O) or purified

by silica chromatography (EtOAc:CH2Cl2, 1:1, v/v) to yield 2,2,4,6,6-d5-

testosterone (compound 2) (11.9 g, 92% yield, and 99.5% isotopic en-

richment as judged by 1H NMR) (50, 51): 1H NMR (CDCl3) d 0.77 (s, 3H,

CH3), 0.93–1.1 (m, 3H), 1.2 (s, 3H, CH3), 1.20–2.35 (m, 13H), 3.7 (m, 1H,

CHOH); 13C NMR (CDCl3); d 11.5 (C-18), 17.8 (C-19), 21.0 (C-11) 23.7

(C-15), 30.9 (C-16), 31.9 (C-7), 36.0 (C-8), 36.1 (C-1), 36.8 (C-16), 43.2

(C-13), 50.9 (C-14), 54.3 (C-9), 82.1 (C-17), 171.8 (C-5), 200.1 (C-3); UV

(MeOH) lmax 240 nm; HRMS (FAB, NBA) calculated for C19H24D5O2,

294.2481; found, 294.2465 [M 1 H]1.

6,6-d2-Testosterone (Scheme 2) (6)

6,6-d2-Dihydrotestosterone (Compound 4) (52, 53)—NH3 gas was

liquified using a dry ice/acetone condensor and bath (500 ml) at 278 °C.

Li0 (0.9 g) was added and stirred for 10 min at 278 °C. 2,2,4,6,6-d5-

Testosterone (compound 2) (9 g) (see above) was dissolved in 250 ml of

toluene/THF (1:1, v/v), and this solution was chilled at 278 °C before

addition (in one portion) to the Li/NH3 solution. The reaction was

stirred for 30 min at 278 °C. Solid NH4Cl was carefully added until the

blue color was discharged, yielding a white suspension. The solution

was allowed to slowly warm to room temperature with evaporation of

the NH3. A solution of 10% aqueous HCl (300 ml) was then added. The

pH was checked with litmus paper, and if necessary, the solution was

made acidic by the addition of concentrated HCl. The aqueous layer was

extracted with EtOAc (3 3 250 ml). The combined organic layers were

washed with brine (100 ml) and then dried over MgSO4. The solvent

was removed in vacuo, leaving a sticky yellow solid. The solid was

triturated with ether (30 ml) to facilitate removal of higher boiling point

solvents, which afforded ;6 g of a light yellow solid. The mother liquor

was concentrated to afford an additional 3 g of solid. MeOH (250 ml)

was added to 7 g of the crude [2,2,4,6,6-d5]-4,5-dihydrotestosterone

product (compound 3) and titrated with 25–30 ml of 20% NaOH (w/v)

until the solution was slightly turbid. The solution was heated at reflux

overnight. The MeOH and H2O were removed in vacuo, and 100 ml H2O

was added to the solid. The suspension was acidified with conc. H2SO4,

and the product was extracted with EtOAc (3 3 200 ml), washed with

H2O and then brine (50 ml), and then dried over MgSO4. The crude

product (7 g of yellow solid) was purified on silica using CH2Cl2:EtOAc

(9:1, v/v) to yield 6,6-d2-dihydrotestosterone (compound 4) (4.0 g, 44%

yield, and 99.5% isotopic purity) (52–54): 1H NMR (CDCl3) d 0.60–0.73

(m, 1H), 0.74 (s, 3H), 0.75–0.99 (m, 3H), 1.0 (s, 3H), 1.05–1.90 (m, 12H),

1.95–2.31 (m, 6H), 3.61 (t, 1H); HRMS (FAB, NBA) calculated for

C19H29D2O2, 293.2450; found, 293.2447 ([M 1 H]1).

2,4-Dibromo-4,5-dihydrotestosterone-17-acetate (55)—A solution of

2.0 g of 6,6-d2-4,5-dihydrotestosterone (compound 4) was dissolved in

glacial CH3CO2H (200 ml), and a solution of 1 ml of Br2 in 15 ml of

glacial CH3CO2H was added. The solution was stirred at room temper-

ature for 12 h. HBr (48% in CH3CO2H, 2 ml) was added to yield the

2,2-dibromo derivative, and the solution was stirred for an additional

1.5 h to afford conversion to the 2,4-isomer. The product was precipi-

tated by the addition of 2 liters of ice-cold H2O. The precipitate was

collected by filtration, washed with H2O, dried in vacuo with a dessi-

cator and vacuum pump, and used directly in the next step (3.2 g). The

solid could be further purified by repeated recrystallization from aque-

ous acetone and then from cyclohexane (55).

6,6-d2-17-Acetoxytestosterone (56)—2,4-Dibromo-17-acetoxy-2,4-di-

hydrotestosterone (2.5 g) was dissolved in 300 ml of acetone. NaI (6.0 g)

SCHEME 1. Cytochrome P450 catalytic cycle.
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was added, and the solution was heated at reflux for 1.5 h. The resulting

NaBr was removed by filtration while the solution was hot. The solution

was heated at reflux overnight, yielding a strong iodine color. Most of

the acetone was removed in vacuo (45 °C) to leave ;10 ml of residual

material. H2O (150 ml) was added, and Na2SO3 was added until the

iodine color was discharged. The solution was extracted into EtOAc (2 3

200 ml), washed with brine, dried over MgSO4, concentrated in vacuo,

and dried in vacuo (vacuum pump) to afford a yellowish crude solid

(compound 5) (;2 g), which was used directly in the next step.

The crude 2-iodo-6,6-d2-17-acetoxytestosterone (2 g) was dissolved in

MeOH (120 ml). Zinc dust (5.0 g) was added, and the resulting suspen-

sion was stirred overnight. The reaction mixture was heated at 50 °C

for ;1.5 h until reaction was complete as indicated by TLC. The zinc

was removed by filtration through a plug of sand on cotton, and the

MeOH was removed in vacuo (45 °C). The product was dried in vacuo,

affording a yellowish solid, which was purified by chromatography on

silica (CH2Cl2:EtOAc, 95:5, v/v) to yield 6,6-d2-17-acetoxytestosterone

(56): 450 mg, 26%, 98.8% (d2) isotopic enrichment; 1H NMR (CDCl3) d

0.81 (s, 3H, CH3), 0.85–1.15 (m, 4H), 1.16 (s, 3H, CH3), 1.20–1.95 (s,

9H), 2.0 (s, 3H, COCH3), 2.10–2.40 (m, 4H), 3.7 (m, 1H), 5.71 (s, 1H);
13C NMR (CDCl3) d 12.4 (C-18), 17.8 (C-19), 20.9 (C-11), 21.6 (COCH3),

23.9 (C-15), 31.9 (C-16), 33.1 (C-7), 34.3 (C-6), 35.8 (C-2), 36.1 (C-8), 37.0

(C-1), 39.0 (C-16), 42.9 (C-13), 50.6 (C-14), 54.1 (C-14), 82.9 (C-17), 124.4

(C-4), 171.6 (C-5), 199.9 (C-3); HRMS (FAB, NBA) calculated for

C21H29D2O3, 333.2399; found, 333.2378 2447 ([M 1 H]1).

6,6-d2-Testosterone (Compound 6) (57)—Mg0 (26 mg, 2 eq for reac-

tion) was added to MeOH (15 ml) under an N2 atmosphere, and the

solution was stirred until the metal completely dissolved (;8 h). 6,6-

d2-17-Acetoxytestosterone (175 mg) was dissolved in 5 ml of THF and

added to the solution. The reaction was stirred overnight and then

reduced to one-half of the volume under an N2 stream. Ice-cold H2O (100

ml) was added, and the mixture was brought to pH 7 by the addition of

5% HCl. The solution was extracted with EtOAc (2 3 100 ml), and the

organic phase was washed with brine (50 ml), dried over MgSO4, and

concentrated in vacuo. Ether (50 ml) was added to the resulting oil and

then removed in vacuo to facilitate the removal of the EtOAc. Approx-

imately 0.15 g of crude solid was obtained. The product 6,6-d2-testos-

terone (compound 6) was separated (TLC, 1.0-mm silica plates, CH2Cl2:

EtOAc/3:1, v/v) and recrystallized from acetone (57): 75 mg, 50% yield,

98.4% (d2) isotopic enrichment; 1H NMR (CDCl3) d 0.77 (s, 3H, CH3),

0.93–1.15 (m, 4H), 1.17 (s, 3H, CH3), 1.20–2.35 (m, 14H), 3.66 (m, 1H,

CHOH), 5.71 (s, 1H, vinylic); 13C NMR (CDCl3) (see Fig. 1S): d 11.5

(C-18), 17.8 (C-19), 21.0 (C-11), 23.7 (C-15), 30.9 (C-16), 31.9 (C-7), 34.4

(C-2), 36.0 (C-8), 36.1 (C-1), 36.8 (C-12), 39.1 (C-10), 43.2 (C-13), 50.9

(C-14), 54.3 (C-9), 82.1 (C-17), 124.3 (C-4), 171.8 (C-5), 200.1 (C-3); UV

(MeOH) lmax 240 nm; HRMS (FAB, NBA) calculated for C19H27D2O2,

291.2293; found, 291.2302 ([M 1 H]1).

6a-d1-Testosterone (14)

17-Acetoxytestosterone (Compound 7) (58)—Testosterone (compound

1, 8.0 g) (Scheme 3) was dissolved in pyridine (50 ml) and acetic

anhydride (50 ml). 4-Dimethylaminopyridine (250 mg) was added, and

the reaction mixture was stirred overnight at 5 °C. Ice-cold H2O (1.5

liters) was slowly added to the reaction mixture while the suspension

was stirred vigorously. The solid was collected by filtration and washed

with H2O (2 3 150 ml) with brief sonication of the suspension with each

wash. The solid was collected by filtration again and dissolved in EtOAc

(150 ml). The solution was washed with brine, dried over MgSO4,

concentrated, and dried in vacuo. The solid was dissolved in a minimal

amount of hot EtOAc, and hexane was added (;125 ml). The solution

was heated at reflux, and the solvent was slowly removed in vacuo

(50 °C). As soon as crystals began to form, the flask was removed and

cooled to room temperature. The crystals were collected by filtration

and washed with a small portion of hexane to remove the remaining

yellow color. The white solid (compound 7, 8.7 g, 94%) was dried using

a vacuum pump (and, if necessary, can be recrystallized from EtOAc/

hexane): 1H NMR (CDCl3) d 0.81 (s, 3H, CH3), 0.85–1.15 (m, 4H), 1.16

(s, 3H, CH3), 1.20–1.95 (s, 9H), 2.0 (s, 3H, COCH3), 2.10–2.40 (m, 6H),

3.7 (m, 1H, CHOH), 5.71 (s, 1H, vinylic); 13C NMR (CDCl3) d 12.4 (C-18),

17.8 (C-19), 20.9 (C-11), 21.6 (COCH3), 23.9 (C-15), 31.9 (C-16), 33.1

(C-7), 34.3 (C-6), 35.8 (C-2), 36.1 (C-8), 37.0 (C-1), 39.0 (C-16), 42.9

(C-13), 50.6 (C-14), 54.1 (C-14), 82.9 (C-17), 124.4 (C-4), 171.6 (C-5),

199.9 (C-3); MS (APCI) m/z 331.2 (100, [M 1 H]1).

6-Oxo-4,5-dihydrotestosterone (Compound 8) (59, 60)—N-Bromosuc-

cinimide (7 g) and benzoyl peroxide (250 mg) were added to a solution

of 17-acetoxytestosterone (compound 7, 8 g) in CCl4 (300 ml). The

solution was heated under vigorous reflux for 30 min and then cooled.

Insoluble material was removed by filtration through filter paper. The

filtrate was washed sequentially with H2O (300 ml), 5% NaHCO3 (w/v,

300 ml), H2O (300 ml), and brine (300 ml). The organic layer was dried

over MgSO4, filtered, and concentrated in vacuo at 40 °C. The residue

was dried in vacuo (vacuum pump) and then triturated with hexane.

The product was collected by filtration and dried, affording crude 6b-

bromo-17-acetoxytestosterone (8 g, 88%). The product was dissolved in

MeOH (250 ml) containing 11 ml of concentrated HCl. The reaction was

heated under reflux for 3 h, and the solvent was removed in vacuo. The

resulting solid was triturated with H2O (2 3 100 ml) and collected by

filtration. The wet solid was dissolved in CH2Cl2 (150 ml), washed with

H2O (2 3 100 ml), dried over MgSO4, and concentrated in vacuo. The

residue was triturated with ether (2 3 100 ml) and dried in vacuo to

afford 4.5 g (75% yield) of 6-oxo-4,5-dihydrotestosterone (compound 8):
1H NMR (CDCl3) d 0.76 (s, 3H, CH3), 0.95 (s, 3H, CH3), 1.15–2.58 (m,

21H), 3.84 (t, 1H, CHOH); MS (APCI) of 2,4-dinitrophenylhydrazine

derivative: m/z 663.22 (40, [M 1 H]1, disubstituted dinitrophenylhy-

drazone derivative of 6-oxo-4,5-dihydrotestosterone), m/z 483.31 (100,

[M 1 H]1, monosubstituted dinitrophenylhydrazone derivative of

6-oxo-4,5-dihydrotestosterone) (61).

3,3-Dioxolane-6-oxo-4,5-dihydrotestosterone (Compound 9) (60, 62)—

6-Oxo-4,5-dihydrotestosterone (compound 8, 1.04 g) was heated in ben-

zene (65 ml) under reflux with ethylene glycol (314 mg, 5.1 mmol, 1.1

eq) in the presence of a catalytic amount of p-toluenesulfonic acid (55

mg) for 15 min using a Dean-Stark trap for azeotropic removal of H2O

from benzene. The organic phase was then washed with saturated

NaHCO3 (25 ml), H2O (25 ml), and brine (25 ml) and then dried over

MgSO4. The solvent was removed in vacuo, and ether was added to

facilitate drying, affording 3,3-dioxolane-6-oxo-4,5-dihydrotestosterone

(compound 9, 1.5 g, 80%), which was used directly in the next step (MS

(APCI): m/z 349.11 (100, [M 1 H]1)).

3,3-Dioxolane-6-oxo-17-acetoxy-4,5-dihydrotestosterone (10)—3,3-Di-

oxolane-6-oxo-4,5-dihydrotestosterone (1.0 g) was added to a chilled

solution (5 °C) of pyridine (15 ml), acetic anhydride (10 ml), and 4-dim-

ethylaminopyridine (0.03 g). The solution was stirred overnight at 5 °C

SCHEME 2. Synthesis of 6,6-d2-
testosterone.
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and then poured into ice-cold H2O (500 ml). The precipitate was re-

moved by filtration, washed with cold H2O (2 3 100 ml), and extracted

into ether (100 ml). The organic layers were washed with H2O (30 ml)

and then brine (30 ml), dried over MgSO4, and concentrated in vacuo.

The 3,3-dioxolane-6-oxo-17-acetoxy-4,5-dihydrotestosterone (10, 1.5 g,

76%) was dried in vacuo and immediately used in the next step (MS

(APCI): m/z 391.12 (100, [M 1 H]1)).

6a-d1-Testosterone (Compound 14) (Scheme 3) (63–65)—3,3-Dioxo-

lane-6-oxo-17-acetyl-4,5-dihydrotestosterone (compound 10, 1.5 g) in

THF (15 ml) was added to a stirred solution of THF (50 ml) and

deuterated MeOH (50 ml) containing NaBD4 (250 mg) at 0 °C. The

reaction was stirred for 3 h at 4 °C and then warmed to room temper-

ature. A saturated solution of NH4Cl in D2O (5 ml) was then added. The

solvents were removed in vacuo at 35 °C, and D2O (50 ml) was added.

The aqueous suspension was extracted into EtOAc (2 3 50 ml), and the

organic layers were combined and washed with brine in D2O (10 ml),

dried over MgSO4, and filtered. Solvent was removed in vacuo (40 °C) to

afford 1.2 g of solid 3,3-dioxolane-6-d1-6-hydroxy-17-acetoxy-4,5-dihy-

drotestosterone (compound 11). POCl3 (189 mg, 115 microliters, 1.5 eq,

1.52 mmol) was added slowly to a chilled solution of the above product

(0.4 g, 1.0 mmol) in pyridine (10 ml) at 0 °C. The reaction was stirred

overnight at 4 °C, and then 100 ml of chilled D2O was added. The solid

was collected by filtration, washed with D2O, and extracted into ether

(2 3 100 ml). The ether solution was washed with brine (D2O/NaCl) and

dried over MgSO4. The organic layer was concentrated in vacuo at

30 °C. The residual pyridine was removed in vacuo using a vacuum

pump. Ether was added and removed in vacuo several times to facilitate

removal of pyridine, affording crude 3,3-dioxolane-6-d1-17-acetoxy-5-

androstene (compound 12, 150 mg), which was immediately mixed with

3-chloroperbenzoic acid (120 mg) in 10 ml of CH2Cl2 and stirred for 3 h.

The reaction was quenched with 1 ml of saturated Na2S2O3, washed

with H2O, and dried over MgSO4. The solvent was removed in vacuo

affording a residue (150 mg), which was then added to a solution of

LiAlH4 (60 mg) in THF (10 ml). The reaction was heated at reflux for 1 h

and then quenched by the careful addition of 1% NaOH (w/v, 10 ml).

The product was extracted into ether (2 3 50 ml), washed with brine,

and dried over MgSO4. The solvent was removed in vacuo. The residue

was dissolved in acetone (10 ml) containing p-toluenesulfonic acid (10

mg) and stirred overnight at room temperature. The solvent was re-

duced to one-half of the volume followed by the addition of H2O (10 ml).

The product was extracted into EtOAc (2 3 20 ml), washed with brine,

and dried over MgSO4, and the solvent was removed in vacuo. The

residue was dissolved in a mixture of THF (1 ml), MeOH (2 ml), and

H2O (1 ml). The reaction was initiated by the addition of 20 mM NaOH

(1.5 ml) with a final NaOH concentration of 4 mM. The reaction was

stirred for 7 days at 4 °C. The organic solvents were removed under a

stream of N2. H2O (10 ml) was added, and the product was extracted

into EtOAc (2 3 20 ml). The combined organic layers were washed with

brine and dried over MgSO4, and the solvent was removed in vacuo to

afford a residue. Ether was added to facilitate the removal of solvent in

further in vacuo treatment. The product 14 (5 mg) was then purified via

preparative TLC (silica, CH2Cl2:EtOAc, 1:1, v/v): 1H NMR (CDCl3): d

0.77 (s, 3H), 0.93–1.15, 1.17 (s, 3H), 1.20–2.35 (m, 15H), (m, 4H), 3.66

(m, 1H), 5.71 (s, 1H); 13C NMR (CDCl3) d 11.5 (C-18), 17.8 (C-19), 21.0

(C-11), 23.7 (C-15), 30.9 (C-16), 31.9 (C-7), 34.4 (C-2), 36.0 (C-8), 36.1

(C-1), 36.8 (C-12), 39.1 (C-10), 43.2 (C-13), 50.9 (C-14), 54.3 (C-9), 82.1

(C-17), 124.3 (C-4), 171.8 (C-5), 200.1 (C-3); UV (MeOH) lmax 240 nm;

HRMS (FAB, NBA) calculated for C19H28D1O2, 290.2215; found,

290.2226 ([M 1 H]1).

6b-d1-Testosterone (14) (Scheme 4)

3,3-Diethylenedioxyandrostane-5a-17b-ol (Compound 15) (66)—Tes-

tosterone (compound 1, 3.0 g), ethylene glycol (2.25 g), and p-toluene-

sulfonic acid (40 mg) were dissolved in benzene (100 ml) and heated

under reflux for 48 h with continuous azeotropic removal of H2O using

a Dean-Stark trap (Scheme 4). The mixture was cooled, diluted with

EtOAc (60 ml), and washed with saturated NaHCO3 and then brine (30

ml). The organic layer was dried over MgSO4 and reduced in vacuo. The

residue was recrystallized from EtOAc/hexane affording 3,3-diethyl-

enedioxyandrostane-5a-17b-ol (compound 15, 2.0 g).

5a,6a-Epoxy-3,3-diethylenedioxyandrostane-5a-17b-ol (Compound

16) (64, 67)—NaHCO3 (1.2 g) was added to a solution of 3,3-diethyl-

enedioxyandrostane-5a-17b-ol (compound 15, 2.0 g) dissolved in

CH2Cl2 (100 ml) followed by 3-chloroperbenzoic acid (3 g). The reaction

was stirred for 1.5 h and then washed sequentially with saturated

Na2SO3 (50 ml), H2O (50 ml), and brine (50 ml). The organic layer was

dried over MgSO4, and the solvent was removed in vacuo. The solid was

purified by chromatography on silica (CH2Cl2:EtOAc, 1:1, v/v) to yield

5a,6a-epoxy-3,3-diethylenedioxyandrostane-5a-17b-ol (compound 16,

700 mg, 40%).

6b-d1-3,3-Diethylenedioxyandrostane-5a-17b-diol (68)—5a,6a-Epox-

y-3,3-diethylenedioxyandrostane-5a-17b-ol (compound 16, 250 mg) was

added to a solution of LiAlD4 (25 mg) in THF (25 ml), and the solution

was heated at reflux under N2 for 1.5 h. The reaction was reduced to

one-half of the volume under a stream of N2 and quenched by the

careful addition of aqueous 1% NaOH (w/v). The mixture was diluted

with H2O (30 ml) and extracted with ether (2 3 75 ml). The combined

organic layers were washed with brine (25 ml), dried over MgSO4, and

reduced in vacuo to afford 6b-d1-3,3-diethylenedioxyandrostane-5a-

17b-diol (200 mg).

6b-d1-Testosterone (Compound 17) (Scheme 4) (68)—6b-d1-3,3-Di-

ethylenedioxyandrostane-5a-17b-diol (200 mg) was dissolved in acetone

(20 ml) containing p-toluenesulfonic acid (20 mg) and stirred overnight.

The reaction volume was reduced to 5 ml under a stream of N2. H2O (20

ml) was added, and the aqueous solution was extracted with benzene

(2 3 25 ml). The organic layer was washed with saturated NaHCO3, (10

ml), H2O (10 ml) and brine (10 ml), dried over MgSO4, and concentrated

SCHEME 3. Synthesis of 6a-d1-testos-
terone. NBS, N-bromylsuccinimide;
PTSA, p-toluenesulfonic acid.
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in vacuo. The residue was dissolved in THF (1.5 ml) and added to a

solution of 4 mM aqueous NaOH (1.5 ml) and MeOH (1 ml). The reaction

was stirred at 5 °C for 7 days or until reaction was complete as deter-

mined by TLC. The volume was reduced to one-half under a stream of

N2. H2O (20 ml) was added, and the solution was extracted into EtOAc

(2 3 50 ml). The combined organic layers were washed with brine, dried

over MgSO4, and concentrated under an N2 stream affording a crude

solid. The solid was purified via preparative TLC (silica, 1 mm, CH2Cl2:

EtOAc, 1:1, v/v) yielding 6b-d1-testosterone (compound 17, 50 mg, 30%

yield): 1H NMR (CDCl3) d 0.77 (s, 3H, CH3), 0.93–0.93 (m, 4H), 1.17 (s,

3H, CH3), 1.25–2.35 (m, 15H), 3.66 (m, 1H, CHOH), 5.71 (s, 1H, vinylic);
13C NMR (CDCl3) d 11.5 (C-18), 17.8 (C-19), 21.0 (C-11), 23.7 (C-15),

30.9 (C-16), 31.9 (C-7), 34.4 (C-2), 36.0 (C-8), 36.2 (C-1), 36.8 (C-12), 39.1

(C-10), 43.2 (C-13), 50.9 (C-14), 54.3 (C-9), 82.1 (C-17), 124.3 (C-4), 171.8

(C-5), 200.1 (C-3); UV (MeOH) lmax 240 nm; HRMS (FAB, NBA) calcu-

lated for C19H28D1O2, 290.2215; found, 290.2230 [M 1 H]1.

Other Syntheses

6b-t1-Testosterone (Compound 18) (Scheme 4) (68)—5a,6a-Epoxy-

3,3-diethylenedioxyandrostane-5a-17b-ol (compound 16) was prepared

as above and submitted to American Radiolabeled Chemicals (St. Louis,

MO) for tritium labeling with LiAlT4 using the procedure described (see

above). The resulting 6b-t1-3,3-diethylenedioxyandrostane-5a-17b-diol

(,1 mg) was diluted with unlabeled 3,3-diethylenedioxyandrostane-5a-

17b-diol (200 mg) and converted to 6b-t1-testosterone (compound 18) in

the same manner as described for 6b-d1-testosterone (compound 17).

The chemical (.99%) and radiochemical (.99%) purity of 6b-t1-testos-

terone was confirmed, and the specific radioactivity (44 mCi mmol21)

was determined by HPLC using a UV detector (A244) connected in

tandem with a b-RAM Flow-through System Model 2 flow counter

(IN/US Systems, Pine Brook, NJ) using a 6:1 ratio (v/v) of Flow-Scint II

scintillant (Packard, Meriden, CT) to mobile phase.

7-d2-Benzyloxyquinoline (69, 70)—7-Hydroxyquinoline (250 mg) was

dissolved in dry N,N-dimethylformamide (15 ml) followed by the addi-

tion of K2CO3 (3 eq). The mixture was stirred for 1 h before the addition

of [methylene-d2]benzyl bromide (Aldrich). The reaction was stirred for

72 h, poured into ice-cold H2O (50 ml), and extracted with EtOAc (2 3

50 ml). The combined organic layers were washed with H2O and brine,

dried over MgSO4, and concentrated in vacuo. The solid was chromato-

graphed on a silica column (EtOAc/hexane, 1:1, v/v) to yield the product

(150 mg 1H NMR (CDCl3) d 7.14–7.51 (m, 8H, phenyl, CHCHN &

CHCOCD2, CHCOCD2), 7.71 (d, 1H, CCHCHCO), 8.09 (d, 1H, CHCH-

CCH), 8.84 (s, 1H, CHNCCH); MS (APCI): m/z 238.02 (100, [M 1 H]1)).

7-d1-Benzyloxyquinoline (69–75)—LiAlD4 (3 g, 71.4 mmol) was added

to a solution of benzaldehyde (18 g, 170 mmol) in 150 ml of ether. The

reaction was stirred at room temperature for 3 h and then carefully

quenched with a saturated solution of Rochelle’s salt (potassium-so-

dium tartrate) in D2O. The organic layer was then washed with brine,

dried with MgSO4, and concentrated in vacuo. The residual liquid was

then distilled at 205–206 °C (760 torr). The resulting d1-benzyl alcohol

(5 g, 46 mmol) was cooled to 0 °C and brominated by the careful addition

of PBr3 (2.2 ml, 23 mmol). The mixture was stirred at 110 °C for 1.5 h

and then stirred overnight at room temperature. The reaction was

cooled to 0 °C, diluted with H2O, and extracted into ether. The ether

was removed in vacuo, and the oil was used directly in the next step.

NaH (200 mg, 8.6 mmol) was added to dry N,N-dimethylformamide

(15 ml) on ice followed by 7-hydroxyquinoline (500 mg, 3.8 mmol). The

solution was warmed to room temperature and then stirred for 1 h

before the addition of a-d1-benzyl bromide (1.3 g, 7.6 mmol) (see above).

The reaction was stirred for 72 h, poured into ice-cold H2O (100 ml), and

extracted with EtOAc (2 3 50 ml). The combined organic layers were

washed with H2O and then brine, dried over MgSO4, and concentrated

in vacuo. The resulting solid was chromatographed on a silica column

(EtOAc:CH2Cl2, 1:1, v/v) to yield the product 7-d1-benzyloxyquinoline

(250 mg, 56% yield): 1H NMR (CDCl3) d 5.22 (s, 1H, CHD), 7.14–7.51

(m, 8H, phenyl, CHCHN and CHCOCD2, CHCOCD2), 7.71 (d, 1H,

CCHCHCO), 8.09 (d, 1H, CHCHCCH), 8.84 (s, 1H, CHNCCH); MS

(APCI): m/z 237.02 (100, [M 1 H]1).

Assays

Testosterone Hydroxylation Assays—The P450 3A4 enzyme reactions

involved either (“bicistronic”) membranes prepared from Escherichia

coli cells in which both P450 3A4 and human NADPH-P450 reductase

were expressed, using 30 pmol of P450 (76), Baculosomes® (microsomes

isolated from baculovirus-infected insect cells expressing P450 3A4 plus

excess NADPH-P450 reductase from Invitrogen) (4 pmol), or a recon-

stituted P450 3A4 system consisting of 31 pmol of P450 3A4 (12), 62

pmol of recombinant rat NADPH-P450 reductase (77), 62 pmol of hu-

man cytochrome b5 (45), and a phospholipid/cholate mixture (78) in a

final volume of 500 microliters of 100 mM potassium phosphate buffer

(pH 7.4). All of the testosterone substrates were dissolved in MeOH as

stock solutions and were added to enzymes with a final MeOH concen-

tration of ,2% (v/v) with final testosterone concentrations of 4–200 mM.

Compounds were preincubated with the enzyme and buffer at 37 °C for

3 min, and reactions were initiated by the addition of an NADPH-

generating system (79). Reactions proceeded for 8 min and were termi-

nated by the addition of 1.3 ml of CH2Cl2 and 1.0 ml of 0.3 M NaCl with

mixing in a vortex device. The internal standard cortexolone (10 micro-

liters of a 50 mM solution in MeOH) was added after quenching. The

layers were separated by centrifugation, a 2.0-ml aliquot of the organic

phase was removed, and the solvent was removed under N2. The dried

samples were redissolved in 30 microliters of MeOH immediately prior

to injection, and 20 microliters was injected onto the HPLC column.

Most of the testosterone assays involved analysis of hydroxytestoster-

one products by reversed-phase HPLC coupled to a UV detector (244

nm). A 4.6 3 150 mm Prodigy octadecylsilane (C18) HPLC column (3

mm, Phenomenex, Torrance, CA) was used with a flow rate of 1.5 ml

min21. The mobile phase was 24% CH3CN in H2O (v/v) for a 0–5.5-min

elapsed time followed by a linear gradient increasing to 62% CH3CN

(v/v) from 5.5 to 12 min and holding at 62% CH3CN (v/v) to 26 min. The

identities of the products were established by co-chromatography with

authentic standards or, in the case of 1b-hydroxytestosterone, by LC-

NMR and LC/MS (80).

Oxidation of Testosterone by Biomimetic Models—A mixture of tes-

tosterone (3.5 mM), PhI 5 O (9 mM) (81), and either Fe or Mn 5,10,15,20-

tetraphenyl-21H,23H-phorphine (285 mM) (82) was reacted in CH2Cl2 at

room temperature for 30 min. The CH2Cl2 solution was washed with

H2O, and an aliquot of the organic layer was concentrated and analyzed

by HPLC/UV and HPLC/MS in the manner described above.

Stereoselectivity Experiments—Incubations were done with the sub-

strate testosterone (d0, 6-d1a, 6-d1b, 6, 6-d2, or 2,2,4,6,6-d5) at a concen-

tration of 500 mM with the baculovirus-based enzyme system. The

6b-hydroxytestosterone HPLC fraction was collected, extracted into

CH2Cl2, dried, dissolved in 100 ml of MeOH, and analyzed by MS.

Intermolecular Competitive Isotope Effect Assays—Incubations were

done with a 1:1 mixture of d0:6,6-d2-testostosterone at a (total) concen-

tration of 100 mM with the baculovirus-based enzyme system. The

6b-hydroxytestosterone HPLC fraction was collected, extracted, dried,

dissolved in 100 ml of MeOH, and analyzed by MS.

Tritium Isotope Effects—P450 3A4 (baculovirus-infected insect mi-

crosomes, 10 pmol of P450) in 100 mM potassium phosphate buffer (pH

7.4) was incubated with 500 mM 6b-t1-testosterone (44 mCi mmol21) in

a final volume of 500 ml with an NADPH-generating system for 8 min

at 37 °C (79). The products were extracted and analyzed by HPLC as

described above with the column monitored in-line with a b-RAM Flow-

through System Model 2 flow counter using a 6:1 ratio (v/v) of Flow-

Scint II scintillant to mobile phase.

The remaining aqueous layer (from the incubation) was extracted

three times with ether (3 3 1 ml) with separation of the layers by

centrifugation each time (2000 3 g, 10 min). An aliquot (0.6 ml) of

aqueous phase was removed and counted in 4 ml of scintillation mixture

SCHEME 4. Synthesis of 6b-d1-testosterone and 6b-t1-testoster-
one. PTSA, p-toluenesulfonic acid.
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(Scintiverse II, Fisher, Fair Lawn, NJ) using a Beckman LS-6500 scin-

tillation counter operating in the automatic disintegrations/min calcu-

lation mode to establish the amount of tritium released from 6b-t1-

testosterone as 3H2O.

Non-Competitive Kinetic Isotope Effects (Testosterone)—The assays

were done as described above with varying concentrations of d0, 6,6-d2, or

2,2,4,6,6-d5 testosterone, and the products were analyzed by HPLC/UV.

Non-competitive Kinetic Isotope Effects (7-d1-Benzyloxyquinoline)—

The non-competitive d2- and d0-benzyloxyquinoline assays were done

using continuous fluorescence measurements of the released 7-hy-

droxyquinoline. The excitation and emission wavelengths were 410 and

510 nm, respectively. In a typical reaction (3 ml), a cuvette contained

100 mM potassium phosphate buffer (pH 7.4), 96 pmol of bicistronic

P450 3A4 membranes prepared from E. coli, and 0–250 mM benzy-

loxyquinoline substrate (added from stock MeOH, #2% MeOH (v/v) in

enzyme reaction). The reaction was preincubated at 37 °C and initiated

by the addition of an NADPH-generating system (79). The rate of

7-hydroxyquinoline release was monitored fluorometrically for 180 s.

Intramolecular Non-competitive Isotope Effects (7-d1-Benzyl-

oxyquinoline)—Reactions were done as described above with the sub-

strate 7-d1-benzyloxyquinoline at a concentration of 200 mM with the

E. coli membrane-based enzyme system. A typical reaction (1 ml) in-

cluded 100 mM potassium phosphate buffer (pH 7.4), 8.3 pmol of E. coli

derived P450 3A4/NADPH reductase, and 200 mM 7-d1-benzyloxyquino-

line substrate (added from stock MeOH, #2% MeOH (v/v) in enzyme

reaction). The reaction was preincubated at 37 °C and initiated by the

addition of an NADPH-generating system (79). After 8 min, the reaction

was quenched and the benzaldehyde that was formed was converted to

the 2,4-dinitrophenylhydrazone by the addition of 200 ml of 0.1% 2,4-

dinitrophenylhydrazine (w/v) in 6 M HCl. Hexane (2 ml) was added, and

the samples were mixed using a vortex device and then with a rotating

wheel for 30 min. The samples were dried and dissolved in 100 ml of

MeOH immediately prior to injection (20 microliters) on a 4.6 3 150 mm

Prodigy octadecylsilane (C18) HPLC column (3 mm, Phenomenex, Tor-

rance, CA) connected to the mass spectrometer (flow rate of 1.5 ml

min21). The (isocratic) mobile phase was 75% CH3CN in H2O (v/v). The

isotopic ratio of the derivatized product was established by LC/MS

(APCI source), operating in the negative ion mode. N2 was used as both

the sheath gas (80 p.s.i.) and auxiliary gas (10 p.s.i.). The vaporizer

temperature was set to 400 °C, and the corona current was maintained

at 5 mA. The capillary was set at 200 °C and 220 V, and the tube lens

voltage was set to 283 V.

RESULTS

Regioselectivity of Testosterone Oxidations Catalyzed by Bio-

mimetic Metalloporphyrin Systems—To address the issue of

whether the selectivity of P450 3A4 reaction is dominated by

the lability of C-H bonds, the P450 3A4 reaction was compared

with reactions done with relatively simple biomimetic models,

Fe and Mn (meso)-tetraphenylporphine/PhI 5 O systems (83,

84). Reactions were done under limited turnover conditions,

with testosterone in excess. Many products were obtained in

both systems, with the manganese system yielding more prod-

ucts (see Supplementary Fig. 2S). At least six (mangano-de-

rived) products had the expected [M 1 H]1 ion (m/z 305) for

hydroxytestosterone (plus at least two that appear to corre-

spond to a dehydrotestosterone, no products appear to be ke-

totestosterones). The peak at tR 7.6 min (Supplementary Fig.

2S, parts B and E) corresponds to 6b-hydroxytestosterone,

which is not a major peak. The other products did not match

retention times of our other available standards. This biomi-

metic system has little steric control, and we conclude that the

6b- and other major hydroxytestosterone products are not the

result of inherent C-H bond lability.

Syntheses of Testosterone Labeled with Hydrogen Isotopes—

Because a regioselective synthesis of 6,6-d2-testosterone had

not been reported, limitations existed for studying kinetic deu-

terium isotope effects for P450-catalyzed testosterone 6b-hy-

droxylation. Previous literature had reported an isotope effect

with a microsomal system using a deuterium-labeled testoster-

one (30). However, in that and other studies (30, 75, 85, 86), the

testosterone analogs were deuterium-labeled at multiple sites

containing various isotopic purities at each position. In addi-

tion, the studies were done with a microsomal mixture of en-

zymes and not a specific P450. Therefore, a dideuterated tes-

tosterone labeled exclusively at the C-6 position (isotopic purity

$99%) was needed to study the true isotope effects at this site.

In the synthesis of 6,6-d2-testosterone (compound 6) (Scheme

2), protons at the 2,2,4,6- and 6-positions were exchanged with

solvent deuterium to afford 2,2,4,6,6-d5-testosterone (com-

pound 2) in 99.5% isotopic purity (50). Compound 2 was con-

verted to 3 via Li/liquid. NH3 reduction and the enolizable

deuteriums at positions 2 and 4 were back-exchanged to afford

6,6-d2-4,5-dihydrotestosterone (compound 4). Compound 4 was

dibrominated at the kinetically favored 2,2-positions, and the

product was rearranged to the thermodynamically stable 2,4-

dibromo product (87). The 2,4-dibromo compound was iodi-

nated at the 2- and 4-positions, and the iodine at the 4-position

was eliminated to afford the a,b-unsaturated ketone (com-

pound 5). Zinc reduction and deblocking the 17-acetoxy group

afforded 6,6-d2-testosterone (compound 6).

In the synthesis of 6a-d1-testosterone (Scheme 3), 17-ace-

toxytestosterone (compound 7), was selectively brominated to

give 6b-bromo-17-acetoxytestosterone, which upon treatment

with acid yielded 6-oxo-4,5-dihydrotestosterone (compound 8).

Selective blocking with a hemiketal at the more reactive 3-po-

sition gave compound 9, which was then blocked at the 17-

position with an acetyl and reduced with NaBD4 to give 11.

Treatment with POCl3 and elimination afforded the deuterated

5,6-ene 12, which was epoxidized to 13, separable as a single

diastereomer. Treatment with LiAlD4 resulted in hydroxyla-

tion at the 5-position as well as inversion of configuration of the

deuterium at the 6-position. Deblocking of the ketal afforded

the respective ketone, which underwent elimination under

mild basic conditions to afford 6a-d1-testosterone (compound

14). 6b-d1-Testosterone (compound 17) was prepared as de-

scribed (68) (Scheme 4), and 6b-t1-testosterone (compound 18)

was prepared in an analogous manner by the reduction of

compound 16 with LiAlT4.

Stereoselectivity Experiments—The stereoselectivity of hy-

drogen abstraction by P450 3A4 was analyzed using 6a-d1- and

6b-d1-testosterone to probe the stereochemical preference of

the H-abstraction step in the P450 cycle (step 7 of Scheme 1).

The substrates 6a-d1-, 6b-d1-, and 6,6-d2-testosterone were

used in separate reactions with P450 3A4 derived from the

baculovirus microsomal system. The 6b-hydroxytestosterone

showed m/z values ([M 1 H]1) of 306, 305, and 306, respec-

tively (Fig. 1). Only the b-hydrogen was abstracted. We con-

clude that the C–H bond cleavage as well as the rebound step

are stereoselective (b) processes (Scheme 5).

Competitive Deuterium Isotope Effects—The competitive

deuterium isotope effect provides information on the “commit-

ment to catalysis,” i.e. the extent to which a substrate is able to

move in and out of the active site. The competitive effect for the

deuterated substrate is also needed to calculate the intrinsic

isotope effect (see below). A competitive deuterium isotope ef-

fect of 1.7 6 0.2 on testosterone 6b-hydroxylation was calcu-

lated using a 1:1 mixture of d0 and 6,6-d2-testosterone (bacu-

lovirus microsomal system) (ratio of d0 6b-hydroxytestosterone

formed/d1 6b-hydroxytestosterone formed).

Estimation of Tritium Isotope Effects—The intrinsic isotope

effect (Dk)2 provides valuable information on the “true” isotope

effect of the C–H bond-breaking step, in that it is a measure of

the contribution of step 7 of Scheme 1. The intrinsic isotope

effect is needed to properly evaluate other kinetic deuterium

isotope effects in the context of contribution to rate-limiting

2 The conventions used for kinetic hydrogen isotope effects are Dk 5
intrinsic kinetic deuterium isotope effect, DV 5 Hkcat/

Dkcat, and D(V/K) 5
(Hkcat/

HKm)/(Dkcat/
DKm) (see Refs. 27, 28).

Isotope Effects in P450 3A4 Testosterone Oxidation 19501



steps (21, 27, 28). An intramolecular non-competitive kinetic

deuterium isotope effect (intrinsic) would, in principle, allow

for the selection of breaking a C–H bond versus a C–D bond at

the C-6 position. However, the H-6 hydrogens are non-equiva-

lent (see above). Therefore, we used the method of Northrop

(21, 27, 28) in which deuterium and tritium isotope effects are

compared using the Swain-Scott relationship. kH/kT (formally

defined as T(V/K)) (27) was estimated at 3.5 6 0.1 from the

experimental values of vT-H2O 5 22.4 6 0.8 min21 and v6b-OH 5

77.5 6 2.5 min21. The intrinsic isotope effect Dk was estimated

using kH/kD 5 1.7 6 0.2 (5 D(V/K)) (27)), the result from the

analogous deuterium experiment (see above). The parameter y

in the expression shown in Equation 1,

y 5
~kH/kD) 2 1

(kH/kT) 21
(Eq. 1)

is 0.28 (1.7 2 1/3.5 21 5 0.7/2.5 5 0.28), which yields an intrinsic

isotope effect value of 15.4 using Northrop’s tables (21).

Non-Competitive Enzyme Assays—The intermolecular non-

competitive isotope effects were determined and can be used to

determine to what extent a particular step in the P450 catalytic

cycle is rate-limiting, or at least partially rate-limiting, with

knowledge of the intrinsic isotope effect (see above). These

isotope effects were experimentally assessed by determining

the rates of hydroxylation of d0-testosterone (compound 1),

2,2,4,6,6-d5-testosterone (compound 2), and 6,6-d2-testosterone

(compound 6) (Figs. 2 and 3).

Testosterone (compound 1) yielded four major hydroxylation

products formed in the rank order (main product first) 6b .

2b . 15b–1b (Fig. 2 and Table I). This order remained the same

with different P450 3A4 systems, and the kinetic isotope effects

were similar (Table II).3

DV values for 6b-hydroxytestosterone formation from two

deuterated substrates (2 and 6) were 3.2 and 1.5, respectively

(Table I). We initially postulated that the isotope effect from

6b-hydroxylation for 2 and 6 might be the same; however,

2b-hydroxytestosterone formation showed a DV of 6.7 with 2 as

the substrate. Because an isotope effect for compound 2 is

observed at the 6-position, the compound may “switch” to the

2-position, which exhibits a larger isotope effect, and then

revert back to the 6-position (37). In addition, the switching

explanation would also hold for the inverse isotope effects

observed for the 1b- and 15b-hydroxytestosterone where an

increase of these products relative to non-deuterated testoster-

one is observed.

Cooperativity was determined using the Hill equation (v 5

kcat 3 S/(S 1 S50) or log10 [v/(kcat 2 v)] versus log10 [S] with the

slope being napp) for 6b-hydroxytestosterone formation with all

of the deuterated substrates (Table II and Supplementary Fig.

3S). Positive homotropic cooperativity was observed with all of

the deuterated and non-deuterated testosterone substrates. A

small but reproducible decrease in the n value was observed in

comparing results from the deuterated with the non-deuter-

ated substrates (Table II and also see Supplementary Data).

Deuterium Isotope Effects for P450 3A4-catalyzed 7-Benzy-

loxyquinoline O-Debenzylation—Testosterone 6b-hydroxyla-

tion is one of the fastest reactions catalyzed by P450 3A4 (4).

The possibility was considered that the large attenuation of the

intrinsic isotope effect might be an anomaly of that system. A

slower reaction of P450 3A4, the O-debenzylation of 7-benzy-

loxyquinoline, was also considered (Scheme 6).

The kcat measured for the reaction with d0 substrate was 3.2

min21 with the E. coli bicistronic membrane system. Analysis

of the benzaldehyde formed from the d1 substrate yielded an

apparent intrinsic Dk of 8.6 6 0.4 (n 5 3). This value has the

caveat that the methylene carbon oxidized is prochiral, but the
Dk is necessarily $8.6.

Non-competitive intermolecular isotope experiments com-

paring the rates of the O-debenzylation of d0 and d2 substrates

3 A comparison of the DV and D(V/K) values for d2-testosterone in
Table II indicates a pattern for lower values in the systems other than

the baculovirus-based microsomes. The baculovirus-derived system has
a large excess of the reductase expressed, which apparently facilitates
the higher rates. A simplistic explanation for the pattern is that reduc-
tion is more rate-limiting in the systems with lower rates of product
formation, and therefore, the observed kinetic isotope effect is
suppressed.

FIG. 1. Stereoselectivity of hydrogen abstraction by P450 3A4. The substrates used in each incubation (with a baculovirus-derived
microsomal system) are shown along with the molecular ion region in the mass spectra of the product 6b-hydroxytestosterone. The [M 1 H]1 ions
indicate retention, loss, and retention of the substrate deuterium atom in parts A, B, and C, respectively.

SCHEME 5. Stereoselective abstraction and rebound at the 6b-
hydrogen of testosterone.
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yielded DV 5 2.6 6 0.1 and D(V/K) 5 3.0 6 0.3 (from the

parameters Hkcat 5 3.20 6 0.07 min21, HKm 5 14 6 1.1 mM,
Dkcat 5 1.2 6 0.04 min21, and DKm 5 21.5 6 1.6 mM). Although

the intrinsic Dk may be underestimated in these experiments,

the results clearly show strong attenuation of the isotope effect

in the noncompetitive intermolecular experiments.

DISCUSSION

P450 3A4 is one of the oxidases of greatest interest because

of its practical significance, the inherent interest in its very

broad catalytic selectivity, and the enzyme cooperativity (4),

but relatively few experimental mechanistic studies have been

reported. One problem has been the unavailability of appropri-

ately labeled substrates for conducting kinetic isotope effect

studies. Readily labeled substrates can be prepared for N-

dealkylation reactions but have caveats in that C–H bond

cleavage can involve deprotonation instead of homolytic cleav-

age (step 7 of Scheme 1) (47). Testosterone 6b-hydroxylation is

a classic P450 3A4 reaction (4, 49, 88) and has one of the

highest reported rates. Previously, syntheses of testosterone

substituted with isotopes of hydrogen at the 6-position have

been reported (30, 33, 86, 89) but all are either multiply sub-

stituted or partially labeled. We were able to circumvent label-

ing problems using a new strategy, which should be applicable

to labeling other 3-keto-D4 steroids with hydrogen isotopes at

C-6. We established that both hydrogen abstraction and re-

bound are stereoselective, that cleavage of the 6b C–H bond is

characterized by a high intrinsic primary kinetic isotope ef-

fect,4 and that the observed non-competitive deuterium kinetic

isotope effect is low, indicative of a low contribution of C–H

bond breaking as rate-liming. Together the results provide a

view of P450 3A4 different from that often presented in the

literature about this enzyme, i.e. a protein with a large cavity

in which substrates have considerable freedom to move and the

oxidation reactions are dominated primarily by the inherent

chemical reactivity at individual atoms (16, 17).

Two crystal structures of P450 3A4 have appeared recently

(5, 6). However, only one of these has a substrate present,

progesterone, and the molecule is not bound in a position in

which it can be oxidized (5). However, the crystal structures

have provided evidence that P450 3A4 has a large cavity avail-

able for substrate binding. As mentioned earlier, one view of

the active site of P450 3A4 is that binding is relatively loose

and the regioselectivity of oxidations is dominated by the ease

of oxidation at individual atoms (16, 17). However, the results

of the experiments with the relatively unselective metallopor-

phyrin biomimetic models argue against this view. Although

the allylic C-6 atom might be expected to be more readily

oxidized than the methyls and methylenes, oxidation was rel-

atively non-selective (Supplementary Fig. 2S). Thus we con-

clude that structural features of substrates, or at least steroids,

are important in docking with residues in P450 3A4 to influ-

ence the regioselectivity and stereoselectivity of oxidation.

Bacterial P450 101A1 has been reported to abstract either

the 5-endo- or 5-exo- hydrogen of d-camphor (34). With P450

101A1, the rebound step occurred almost exclusively to the exo

position. We found that only the 6b-hydrogen of testosterone

was abstracted by P450 3A4 (Fig. 1). The rebound step is also

very selective. Only traces of product eluting at the position of

standard 6a-hydroxytestosterone (near 15b-hydroxytestoster-

one) were detected. Of interest is the report by White et al. (91)

that another relatively “non-selective” mammalian P450, rab-

bit P450 2B4, abstracts the pro-S hydrogen of phenylethane

with a 4:1 selectivity (and rebounds to either face).

The existence of a very high intrinsic kinetic deuterium

isotope effect that is masked in other experimental settings is

reminiscent of the work of Miwa et al. (92) with some rat liver

4 We have not examined potential secondary isotope effects, which
tend to be small (90). In principle, a careful comparison of reactions
with 6,6-d2- and 6b-d1-testosterone substrates might reveal a (geminal)
secondary kinetic isotope effect.

FIG. 2. HPLC/UV chromatogram of
products derived from d0, 6,6-d2- and
2,2,4,6,6-d5-testosterone following in-
cubation with P450 3A4. The identities
of the products (obtained using a baculo-
virus-derived microsomal system) are
shown with the indicated structures. The
peak at tR 16 min is the internal standard
cortexolone.

FIG. 3. Rates of d0, 6,6-d2- and 2,2,4,6,6-d5-testosterone 6b-hy-
droxylation by P450 3A4. A baculovirus-derived microsomal system
was used here. See Table I for parameters.
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P450s (P450s 1A1 and 2B1). Intrinsic deuterium isotope effects

of 12.8–14.0 for 7-ethoxycoumarin O-deethylation were calcu-

lated using the Northrop approach (21, 27, 28) that we applied

here. The observed non-competitive intermolecular deuterium

isotope effects for rat P450 1A1 and P450 2B1 were 1.9 and 3.8,

respectively (92). We have also reported high (and unattenu-

ated) intrinsic isotope effects (of 14–15) for the O-demethyla-

tion of 4-nitroanisole by rabbit P450 1A2 (44). The high intrin-

sic isotope effects are evidence for a radical recombination

pathway, as first proposed by Groves et al. (93), i.e. a stepwise

pathway. These very high deuterium isotope effects, including

those presented here for testosterone 6b-hydroxylation, raise

the possibility that the hydrogen abstraction process may in-

volve quantum mechanical tunneling (94, 95). Tunneling is a

distinct possibility, and one issue is whether the Swain-Scott

relationship used in the application of the Northrop method

(21, 27, 28) (Equation 1) is valid. However, the literature indi-

cates that tunneling should result in only a relatively small

perturbation of the semi-classical relationship between deute-

rium and tritium isotope effects (94, 96). We are interested in

the question of whether tunneling is involved in these P450

3A4 reactions, but the goal of preparing substrates with the

appropriate labels (very high deuterium substitution of the

same atom containing tritium) (94) has not been achieved.

The application of kinetic isotope effect approaches to the

issue of P450 mechanisms is not new and extends back to at

least 1967 (29–32). However, many of these studies employed a

variety of experimental designs including competitive and non-

competitive intramolecular and intermolecular isotope effects

and the interpretation of many of these studies is not obvious.

Northrop (27) raised the issue of the difficulty in interpreting

isotope effect results in the absence of knowledge about the

intrinsic isotope effect. In our work on the P450 3A4-catalyzed

6b-hydroxylation, we demonstrated a large intrinsic isotope

effect (of 15) and considerable attenuation in the non-compet-

itive intermolecular experiments (values of 2–3) (Tables and

II). This strong attenuation of the isotope effect indicates that

other steps in the catalytic cycle make major rate-limiting

contributions. We also found low isotope effects (D(V/K)) for

testosterone 6b-hydroxylation in competitive intermolecular

experiments (1.7).

The issue can be raised that testosterone 6b-hydroxylation is

a relatively rapid reaction for P450 3A4 and that the C–H

bond-breaking step may be more rate-limiting in slower reac-

tions. We have not established an intrinsic deuterium isotope

effect for the slower testosterone 2b-hydroxylation (labeling

this site may be unrealistic because of the potential for solvent

exchange). Comparison of the rates of 2b-hydroxylation of 6,6-

d2- and 2,2,4,6,6-d5-testosterone yields values of DV 5 6.7 and
D(V/K) 5 6.1. If the intrinsic isotope effect for 2b-hydroxylation

is the same as for 6b-hydroxylation (i.e. 15), the isotope effect is

still attenuated and implies that C–H bond breaking is not

fully rate-limiting but further discernment may not be possible

for testosterone 2b-hydroxylation. The literature contains at

least one example of a low isotope effect for a slower P450 3A4

reaction (kcat 5 5.8 min21) (97); benzylic hydroxylation of the

TABLE I
Kinetic parameters for testosterone hydroxylation products (baculovirus-based system)

Product and deuterated substrate kcat Km kcat/Km
DV D(V/K)

min21 mM min21mM
21

6b-Hydroxy
d0-Testosterone 78 6 3 23 6 2 3.4 6 0.4
d2-Testosterone 25 6 1 20 6 1 1.3 6 0.1 3.2 6 0.1 2.7 6 0.1
d5-Testosterone 53 6 2 35 6 3 1.5 6 0.2 1.5 6 0.1 2.3 6 0.2

2b-Hydroxy
d0-Testosterone 14 6 1 44 6 4 0.3 6 0.1
d2-Testosterone 12 6 1 32 6 3 0.4 6 0.1 1.1 6 0.1 0.8 6 0.1
d5-Testosterone 2.0 6 0.1 41 6 4 0.1 6 0.1 6.7 6 0.3 6.1 6 0.9

15b-Hydroxy
d0-Testosterone 7.1 6 0.2 32 6 3 0.2 6 0.1
d2-Testosterone 6.4 6 0.2 13 6 1 0.5 6 0.1 1.1 6 0.1 0.5 6 0.1
d5-Testosterone 14.2 6 0.5 24 6 3 0.6 6 0.1 0.5 6 0.1 0.4 6 0.1

1b-Hydroxy
d0-Testosterone 7.1 6 0.3 17 6 2 0.6 6 0.1
d2-Testosterone 6.9 6 0.3 7.7 6 1.2 0.9 6 0.1 1.0 6 0.1 0.5 6 0.1
d5-Testosterone 13.6 6 0.6 15 6 2 0.9 6 0.1 0.5 6 0.1 0.4 6 0.1

TABLE II
Kinetic parameters obtained for 6b-hydroxylation of deuterated testosterone substrates with P450 3A4 systems

System and deuterated substrate kcat Km kcat/Km
DV D(V/K) n

min21 mM min21mM
21

Bicistronic E. coli 3A4 membranes
d0-Testosterone 15.3 6 0.2 54 6 1 0.29 6 0.01 1.39 6 0.04
d2-Testosterone 8.6 6 0.3 64 6 6 0.14 6 0.01 1.8 6 0.1 2.1 6 0.2 1.22 6 0.05
d5-Testosterone 12.1 6 0.3 69 6 4 0.18 6 0.06 1.3 6 0.0 1.6 6 0.1 1.15 6 0.07

Human liver microsomes
d0-Testosterone 9.9 6 0.4 145 6 10 0.07 6 0.01 1.42 6 0.10
d2-Testosterone 6.9 6 0.2 141 6 10 0.05 6 0.04 1.4 6 0.1 1.4 6 0.2 1.18 6 0.07

Reconstituted 3A4 system
d0-Testosterone 14.5 6 0.3 65 6 2 0.22 6 0.01 2.16 6 0.14
d2-Testosterone 10.7 6 0.3 100 6 6 0.11 6 0.01 1.4 6 0.1 2.1 6 0.2 1.64 6 0.11

Baculovirus insect cell microsomes
d0-Testosterone 78 6 3 23 6 2 3.4 6 0.4 1.36 6 0.02
d2-Testosterone 25 6 1 20 6 1 1.3 6 0.1 3.2 6 0.1 2.7 6 0.4 1.04 6 0.04
d5-Testosterone 53 6 2 35 6 3 1.5 6 0.2 1.5 6 0.1 2.3 6 0.1 1.06 6 0.04

SCHEME 6. O-Debenzylation of 7-benzyloxyquinone.
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drug ezlopitant by P450 3A4 yielded DV ; D(V/K) 5 1.25 (46).

We examined a model P450 3A4 reaction, the O-debenzylation

of 7-benzyloxyquinoline (98), with a kcat of 3.2 min21 under our

conditions. The isotope effect for the O-debenzylation of the d1

substrate was 8.6. The use of this value as an estimate of Dk

has caveats regarding the prochirality of the benzylic methyl-

ene, and this issue must be considered. However, the non-

competitive intermolecular parameters we estimated were
DV 5 2.6 and D(V/K) 5 3.0. Thus the attenuated isotope effect

for testosterone 6b-hydroxylation does not appear to be an

anomaly and is seen for other P450 3A4 reactions, both fast and

slow. The point should also be made that similar testosterone

6b-hydroxylation isotope effects were observed for various

P450 3A4 systems regardless of the reaction rate in the system,

which is a function of the concentration of NADPH-P450 re-

ductase, lipid environment, and so on (Table II).

Evidence has been presented that C–H bond breaking (step 7

of Scheme 1) is not rate-limiting. If step 7 is not particularly

rate-limiting, what is? Preliminary measurements indicate

that the rate of testosterone binding (step 1 of Scheme 1) is not

limiting.5 Independent evidence against slow substrate and

product release can also be obtained from the lack of attenua-

tion of the intermolecular non-competitive D(V/K) in a compet-

itive experiment (see above). We have already provided evi-

dence that step 2 of Scheme 1 is not rate-limiting, at least with

testosterone as a substrate (18). Other unpublished studies in

this laboratory indicate that step 3 (O2 binding) is rapid (and

that the FeO2
21 complex is rather unstable). Thus the remain-

ing possibilities are steps 4, 5, and 6 or variations thereof.

Another point to make is that rates of abortive processes (e.g.

steps A, B, and C of Scheme 1) can influence overall steady-

state kinetic parameters, as we have demonstrated in simula-

tions of rabbit P450 1A2 reactions (44). Another issue is why, if

steps 4, 5, or 6 are the rate-limiting steps, all of the P450 3A4

reactions do not occur at the same rate. One possible explana-

tion is that the substrate influences these rates, in that the rate

of reduction of ferric P450 3A4 is influenced by the substrate

(18). However, we do not have other specific evidence to ad-

dress this hypothesis.

Another observation in our work is the apparent sigmoidicity

of the plots of v versus S (e.g. Fig. 2 and Supplementary Fig.

3S). We have reported such behavior previously and estab-

lished that the phenomenon was not the result of artifacts such

as depletion of substrate within individual reactions (7, 12).

Others have also reported such homotropic cooperativity and

presented a variety of models as explanations (9, 11–15). The

cooperativity can be observed in analysis of substrate binding

using UV-visible spectroscopy (11, 12). One of the more popular

current explanations for cooperativity is the compression of two

(or more?) substrates into the active site to reduce the freedom

of motion of the substrate (9, 11–15, 99, 100). In such models,

the apparent cooperativity is the result of the overlap of para-

meters for the binding of multiple substrates (9, 14, 101) includ-

ing the n value (the slope) from a fit to a Hill plot (v 5 kcat 3

S50/(S50 1 [S]); log10 [v/kcat 2 v] versus log10 [S]). We observed

a reproducible decrease in the n value for P450 3A4-catalyzed

testosterone 6b-hydroxylation because of deuterium substitu-

tion in all of the P450 3A4 systems we used (Table II and also

see Supplementary Fig. 3S). The decrease is reminiscent of the

decrease in n we observed upon the addition of ligands that

induce heterotropic cooperativity (7, 12).6 We do not have an

explanation for this phenomenon, but we do interpret the re-

sult as an indication that homotropic cooperativity is more

complex than can be explained in a thermodynamic static

model of P450 3A4-ligand interaction. Possible explanations

may include the separate roles of substrate in promoting heme

reduction and oxygen activation through induction of confor-

mational changes, which might involve interaction distinct

from those directly related to substrate hydroxylation. Further

discussion is speculative at this point, but the consistency of

these and other results does imply that changing the rates of

oxidation for a substrate influences the cooperativity (Table

II).7

In conclusion, we have developed definitive syntheses of D4-

3-keto steroids labeled with hydrogen isotopes at the 6-position

and used these reagents to evaluate kinetic hydrogen isotope

effects for testosterone 6b-hydroxylation, a classic reaction of

P450 3A4. We found stereoselective hydrogen abstraction and

rebound at the b face. Together the deuterium and tritium

results indicate a very high intrinsic kinetic isotope effect for

testosterone 6b-hydroxylation, which is very consistent with a

mechanism involving hydrogen atom abstraction by a P450

perferryl oxygen species (FeO31), whether this is high- or low-

spin (102). The strong attenuation of this isotope effect in the

non-competitive intermolecular experiments (Tables I, II) indi-

cates that the C–H bond-breaking step is not very rate-limiting

for the reaction. Similar results were observed with a slower

reaction catalyzed by P450 3A4, the O-debenzylation of 7-ben-

zyloxyquinoline, i.e. low values of DV and D(V/K) even though

the apparent intrinsic isotope effect was high. These results

may have additional support in published work with P450 3A4

and the drug ezlopitant (46). Overall, our work presents a view

of P450 3A4 that differs from many of the current conceptions.

The C–H bond-breaking step appears to be less rate-limiting in

P450 3A4 reactions than with several reactions catalyzed by

other mammalian P450s, e.g. P450s 1A2 (42, 44), 2A6 (45), 2E1

(41, 103), and 2D6 (43). These results, coupled with the very

selective stereochemistry of hydrogen abstraction (Fig. 1), yield

a paradigm of P450 3A4 that has a very large active site (5, 6)

but considerable features of P450-substrate interaction. Over-

all rates of catalysis are influenced by late steps in P450 3A4

oxygen activation, which is probably influenced by substrate

interactions, and not only by the chemical lability of substrates.

Acknowledgements—We thank M. V. Martin for some of the P450
3A4 preparations used here and E. Isin for comments on a draft of the
manuscript.

REFERENCES

1. Ortiz De Montellano, P. R. (2005) Cytochrome P450 Structure, Mechanism,
and Biochemistry, 3rd Ed., Kluwer Academic Publishers, Norwell, MA

2. Guengerich, F. P. (2001) Chem. Res. Toxicol. 14, 611–650
3. Guengerich, F. P. (1999) Annu. Rev. Pharmacol. Toxicol. 39, 1–17
4. Guengerich, F. P. (2005) in Cytochrome P450: Structure, Mechanism, and

Biochemisty (Ortiz de Montellano, P. R., ed) 3rd Ed., pp. 377–531, Kluwer
Academic Publishers, Norwell, MA

5. Williams, P. A., Cosme, J., Vinkovic, D. M., Ward, A., Angove, H. C., Day, P. J.,
Vonrhein, C., Tickle, I. J., and Jhoti, H. (2004) Science 305, 683–686

6. Yano, J. K., Wester, M. R., Schoch, G. A., Griffin, K. J., Stout, C. D., and
Johnson, E. F. (2004) J. Biol. Chem. 279, 38091–38094

7. Ueng, Y.-F., Kuwabara, T., Chun, Y.-J., and Guengerich, F. P. (1997) Biochem-
istry 36, 370–381

8. Shou, M., Grogan, J., Mancewicz, J. A., Krausz, K. W., Gonzalez, F. J., Gelboin,
H. V., and Korzekwa, K. R. (1994) Biochemistry 33, 6450–6455

9. Shou, M., Mei, Q., Ettore, M. W., Jr., Dai, R., Baillie, T. A., and Rushmore,
T. H. (1999) Biochem. J. 340, 845–853

10. Korzekwa, K. R., Krishnamachary, N., Shou, M., Ogai, A., Parise, R. A., Rettie,
A. E., Gonzalez, F. J., and Tracy, T. S. (1998) Biochemistry 37, 4137–4147

11. Harlow, G. R., and Halpert, J. R. (1998) Proc. Natl. Acad. Sci. U. S. A. 95,
6636–6641

12. Hosea, N. A., Miller, G. P., and Guengerich, F. P. (2000) Biochemistry 39,
5929–5939

5 E. Isin and F. P. Guengerich, unpublished results.
6 Graphs of linear transformation of the results are included in Sup-

plementary Data.

7 We have fit the results to the Hill plot in an empirical manner. This
is not necessarily the most mechanistic description; however, alterna-
tive methods include description of the behavior with models using
separate dissociation constants and other factors (9, 12, 14, 101). Fits of
our data to such models would also yield different parameters.

Isotope Effects in P450 3A4 Testosterone Oxidation 19505



13. Kenworthy, K. E., Clarke, S. E., Andrews, J., and Houston, J. B. (2001) Drug
Metab. Dispos. 29, 1644–1651

14. Shou, M., Dai, R., Cui, D., Korzekwa, K. R., Baillie, T. A., and Rushmore, T. H.
(2001) J. Biol. Chem. 276, 2256–2262

15. Khan, K. K., Liu, H., and Halpert, J. R. (2003) Drug Metab. Dispos. 31,
356–359

16. Smith, D. A., and Jones, B. C. (1992) Biochem. Pharmacol. 44, 2089–2098
17. Singh, S. B., Shen, L. Q., Walker, M. J., and Sheridan, R. P. (2003) J. Med.

Chem. 46, 1330–1336
18. Guengerich, F. P., and Johnson, W. W. (1997) Biochemistry 36, 14741–14750
19. Jencks, W. P. (1969) Catalysis in Chemistry and Enzymology, McGraw-Hill

Book Co., New York
20. Smith, M. B., and March, J. (2001) March’s Advanced Organic Chemistry:

Reactions, Mechanisms, and Structure, John Wiley & Sons, Inc., New York
21. Northrop, D. B. (1977) in Isotope Effects on Enzyme-Catalyzed Reactions (Pro-

ceedings of the Sixth Annual Harry Steenbock Symposium) (Cleland, W. W.,
O’Leary, M. H., and Northrop, D. B., eds) pp. 122–152, University Park
Press, Baltimore, MD

22. Northrop, D. B. (1981) Biochemistry 20, 4056–4061
23. Cleland, W. W. (1982) CRC Crit. Rev. Biochem. 13, 385–428
24. Cleland, W. W. (1987) Bioorg. Chem. 15, 283–302
25. O’Leary, M. H. (1989) Annu. Rev. Biochem. 58, 377–401
26. Kohen, A., and Klinman, J. P. (1998) Acc. Chem. Res. 31, 397–404
27. Northrop, D. B. (1975) Biochemistry 14, 2644–2651
28. Northrop, D. B. (1982) Methods Enzymol. 87, 607–625
29. Mitoma, C., Yasuda, D. M., Tagg, J., and Tanabe, M. (1967) Biochim. Biophys.

Acta 136, 566–567
30. Björkhem, I. (1972) Eur. J. Biochem. 27, 354–363
31. Foster, A. B., Jarman, M., Stevens, J. D., Thomas, P., and Westwood, J. H.

(1974) Chem. Biol. Interact. 9, 327–340
32. Hjelmeland, L. M., Aronow, L., and Trudell, J. R. (1977) Biochem. Biophys.

Res. Commun. 76, 541–549
33. Björkhem, I. (1982) in Hepatic Cytochrome P-450 Monooxygenase System

(Schenkman, J. B., and Kupfer, D., eds) Vol. 108, 1st Ed., pp. 645–666,
Pergamon Press, New York

34. Gelb, M. H., Heimbrook, D. C., Mälkönen, P., and Sligar, S. G. (1982) Bio-
chemistry 21, 370–377

35. Harada, N., Miwa, G. T., Walsh, J. S., and Lu, A. Y. H. (1984) J. Biol. Chem.
259, 3005–3010

36. Miwa, G. T., Harada, N., and Lu, A. Y. H. (1985) Arch. Biochem. Biophys. 239,
155–162

37. Miwa, G. T., and Lu, A. Y. H. (1987) BioEssays 7, 215–219
38. Gillette, J. R., Darbyshire, J. F., and Sugiyama, K. (1994) Biochemistry 33,

2927–2937
39. Korzekwa, K. R., Trager, W. F., and Gillette, J. R. (1989) Biochemistry 28,

9012–9018
40. Guengerich, F. P., Peterson, L. A., and Böcker, R. H. (1988) J. Biol. Chem. 263,
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