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ABSTRACT: Cytochromes P45@,and P45@vs oxidize o- andS-thujone into multiple products, including
7-hydroxy-a-(or 5-)thujone, 7,8-dehydro=(or 3-)thujone, 4-hydroxya-(or -)thujone, 2-hydroxya-(or
p-)thujone, 5-hydroxy-5-isopropyl-2-methyl-2-cyclohexen-1-one, 4,10-dehydrothujone, and carvacrol.
Quantitative analysis of the 4-hydroxylated isomers and the ring-opened product indicates that the
hydroxylation proceeds via a radical mechanism with a radical recombination rate ranging fram 0.7

0.3 x 109s1to 12.54 3 x 109 s for the trapping of the carbon radical by the iron-bound hydroxyl
radical equivalent. 72H]-a-Thujone has been synthesized and used to amplify C-4 hydroxylation in
situations where uninformative C-7 hydroxylation is the dominant reaction. The involvement of a carbon
radical intermediate is confirmed by the observation of inversion of stereochemistry of the methyl-substituted
C-4 carbon during the hydroxylation. With an L244A mutation that slightly increases theR4&five-

site volume, this inversion is observed in up to 40% of the C-4 hydroxylated products. The oxidation of
o-thujone by human CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2EL, and CYP3A4 occurs with up to
80% C-4 methyl inversion, in agreement with a dominant radical hydroxylation mechanism. Three minor
desaturation products are produced, with at least one of them via a cationic pathway. The cation involved
is proposed to form by electron abstraction from a radical intermediate. The absence of a solvent deuterium
isotope effect on product distribution in the P4&50reaction precludes a significant role for the P450
ferric hydroperoxide intermediate in substrate hydroxylation. The results indicate that carbon hydroxylation
is catalyzed exclusively by a P450 ferryl species via radical intermediates whose detailed properties are
substrate- and enzyme-dependent.

The regio- and stereoselective hydroxylation of hydrocar- hydroxylation reactions8—10), and density function com-
bons by cytochrome P450 enzymes is a chemically demand-putational analyses6). However, one line of evidence,
ing but physiologically important reaction. Hydroxylation is  determination of the carbon radical lifetime by radical clock
required, for example, for the conversion of cholesterol into substrates, has given conflicting results. The first such study
a panoply of mammalian sterol hormones and of arachidonic employing bicyclo[2.1.0]pentane as the probe suggested a
acid into vasodilator and vasoconstrictor signaling molecules rate of 1.4x 10% s for the rate of recombination of the
(1, 2). The mechanism of carbon hydroxylation has been carbon radical and iron-bound hydroxyl radicall(12). A
thought for 3 decades to involve hydrogen abstraction by rate of this order has also been supported in recent studies
the catalytic ferryl species followed by recombination of the of radical clocks based on norcarane, thujone, and cyclo-
resulting substrate carbon radical with the equivalent of an propyl fatty acids {3—16). However, studies of a series of
iron-bound hydroxyl radical 3, 4). The ferryl species clocks calibrated to rearrange at faster and faster rates did
involved in this reaction is generated by reductive activation not give the expected increases in the proportion of rear-
of molecular oxygen at the iron center of the prosthetic heme ranged to unrearranged producis’20). This perceived
group 6). Although the distribution of electrons in this shortcoming in the radical recombination mechanig® (
catalytic ferryl species remains experimentally ambiguous, 20) and studies with probes that discriminate between radical
it is generally formulated as a peroxidase compound I-like and cationic intermediates led to the proposal that the ferric
intermediate, with the heme iron in the'Fetate and the  hydroperoxide precursor of the ferryl species might itself
second oxidation equivalent stored either as a porphyrin orinsert into the G-H bond, yielding a cationic rather than
protein radical §). The radical rebound mechanism described radical intermediate21—23).
above is supported by a variety of data, including the large 14 address these conflicting findings, we recently intro-
magnitude of the intramolecular isotope effect when the §,ced and developed- and g-thujone as novel two-zone
abstracted hydrogen is replaced by a deuteri8m(7),  agical clocks 14, 24). These clocks not only have a classical
the observation of allylic and skeletal rearrangements during cyclopropyl substituent attached to the reacting carbon but

_ : also a methyl-substituted carbon that can undergo inversion.
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cationic rather than a radical intermediate gives distinguish- was 70°C for 1 min and then 76280 °C at 15°C/min or

able products. In the earlier studies, the oxidatiooénd 70 °C for 5 min, 76-160 °C at 5°C/min, and then 169
f-thujone by P45Q,(CYP101) and P454; (CYP102) was 280°C at 20°C/min. The temperatures were 2950 for the
investigated using gas chromatography with flame ionization injection port and 280C for the detector. A sample of 3
detection to quantitate the reaction produd®.(The results  uL was injected in a 10:1 split ratio onto the column.
of those studies fully supported the operation of a radical Identification of the thujones and their metabolites involved
rebound mechanism. We have now refined the assaya comparison with authentic standards by cochromatography
methodology by shifting to a GEMS detection system and and mass spectrometric fragmentation patterns both as the
employing a wider array of synthetic standards. The results parent compounds and, where appropriate, as the trimethyl-
have enabled both a more precise determination of thesilyl (TMS) derivatives. Product yields were determined by
rebound rate for the P45Q: and P45@vs-dependent oxida-  digital integration of the total GC ion current using the
tions as well as detection of carvacrol and the 4,10- resident HP ChemStation software.

desaturated product, both of which derive from a cationic  Synthesis -Thujone BT)! (25), 4,10-dehydrothujone
intermediate. In a further exploration of the influence of the (410DHT), 4-hydroxye-thujone (40HT), 4-hydroxys-
active site on the radical rebound process, we have (a)thujone (40HT), (2R)-2-hydroxy«-thujone (20HLT), 7-hy-
examined the oxidation af-thujone by the P45Q,,L244A droxy-o-thujone (7OHT), 7,8-dehydraa-thujone (78DHLT)
mutant, which has a slightly larger active site, (b) determined (26), and 5-hydroxy-5-isopropyl-2-methyl-2-cyclohexen-1-
the product profiles in the reactions catalyzed by six human one (ROP) 27) were prepared according to the indicated
P450 enzymes with relatively large active sites, (c) analyzed published procedures. The purity of all products was assessed
the effect on the P45@reaction by changing the pH of the by IH NMR and GG-MS.

medium, and (d) carried out the reaction in highly deuterated Preparation of 7-fH]-a-Thujone To a stirred solution of

medium to test for involvement of the FOOH intermediate 7-hydroxy-a-thujone (23 mg, 0.14 mmol) and $&SiD (100
as a hydroxylating species. The results confirm the predom|—ﬂ|_) in dry CH.Cl, (6 mL) at—10 °C was added a solution

nant radical nature of t_he catalytic processes invplved in of BF; etherate (48%, 100L). The reaction was continued
hydrocarbon hydroxylation and argue against a direct hy- yith stirring at—5 °C for 1 h and was then quenched by

droxylating role for the Fe OOH intermediate. adding saturated N&O; (1 mL). The CHCIl, phase was

EXPERIMENTAL PROCEDURES separated and dried over anhydrous3@;, filtered3 and
concentrated on a rotary evaporator. The residue was
General MaterialsSix recombinant human P450 enzymes, Chromatographed on silica ge| (hexanesécbl 30:1-10:
CYP1A2, -2C9, -2C19, -2D6, -2E1, and -3A4 together with 1) to give the desired compound as a colorless oil {BS
recombinant cytochrome P450 reductase were purchasedyrity 99.0%): *H NMR (CDCls, 400 MHz)S ppm 2.56 (d,
from Biocatalytics, Inc. (Pasadena, CA).Thujone &96%) J =19 Hz, 1H), 2.23 (gqJ) = 7.5 Hz, 1H), 2.08 (dJ = 19
and all of the other reagents, unless otherwise mentioned,4z 1H), 1.17 (dJ = 7.5 Hz, 3H), 1.09 (ddJ = 8, 4 Hz,
were from Sigma-Aldrich. The only impurity found in 1H), 1.01 (s, 3H), 0.96 (s, 3H), 0.77 (dddi= 8, 5.8, 2.4
a-thujone wags-thujone (4%), which can be removed to  Hz 1H), 0.13 (ddJ = 5.8, 4 Hz, 1H); GG-MS (FID) 153
=1% by flash column chromatography on silica gel (hexanes/ (\+), 138, 125, 111, 96, 81, 68.
CH,Cl,, 30:1-10:1). Both commerciabi-thujone &96%) Preparation of EnzymesP45Qam (CYP101), P45Qm
and the purifieda-thujone £99%) were used for enzyme | 544a mutant 8), PASGus (CYP102) 13) putid,aredoxin
assaysp-Thujone was purified ta 99%_((1—thujone§ 1%) and putidaredoxir’l reductasggj were exp’ressed heterolb-
by flash column chromatography on silica gel (hexanes/CH g1y, in Escherichia coliand were purified as previously

Clz, 30:1-10:1). Yeast extract, tryptone, 2YT medium, ro,or6qpg) The purified P45Qmor P450amL244A mutant

fsodmmpﬂlonde,.ED.Tf.A, and organic solvents were oEDtamed containing camphor was flash-frozen over dry ice and stored
rom Fisher Scientific (Fair Lawn, NJ).' Isoprop}Q ) at—70°C. The camphor present in the protein sample was
thiogalactopyranoside was from FisherBiotech (Fair Lawn, removed prior to use by two passages through a PD-10 size-

NJ), and amp_icillin was from Pro_mega (Ma_d_isor_1, wi). Al exclusion column eluted with 100 mM potassium phosphate
of the chemicals were used without purification unless | ¢ ot pH 7.4 (37C).

otherwise indicated. Solid-phase extraction of metabolites
was carried out with Bond-Elut cartridges C18 (200 mg, 3
mL) (Varian). Cartridges were conditioned sequentially with
2 mL each of methanol, ethyl acetate, and water. The sample
were then transferred to the cartridges and slowly drawn
through. Cartridges were then washed with 2 mL of water
and thoroughly dried flol h with nitrogen at 15 psi. The
metabolites were eluted using two 1-mL aliquots of ethyl
acetate.

GC—MS Analyses of Thujones and Their Metabolites
Analyses were performed on an Agilent 6850 gas chromato-
graph coupled to an Agilent 5973 Network Mass Selective
Detector in the flame ionization mode. Helium was used as ' Abbreviations: ST, p-thujone; 410DHT, 4,10-dehydrothujone;
the carrier gas. The GC was equipped with an HP-5MS cross-?z%gTﬁ j&?gg;‘{’gﬁ jtgrfg?”?6‘:37@_ﬁ;{%g;‘;ﬁfﬁﬁ}glﬁge??ég&%
linked 5% PH ME Siloxane capillary column (30 m, 0.25 7 g qehydras-thujone; ROP, 5-hydroxy-5-isopropyl-2-methyl-2-cyclo-
mm i.d., 0.25m film thickness). The temperature program hexen-1-one; carv, carvacrol.

Enzyme Incubationg&Jnless otherwise indicated, the buffer
was 100 mM potassium phosphate at pH 7.49@Y. In the
case of P45Qnand the P45Q, L244A mutant, the enzyme
S(2 uM), putidaredoxin (1Q:M), putidaredoxin reductase (2
uM), substrate (1 mM), superoxide dismutase (350 unit/mL),
and catalase (108g/mL) were dissolved in the buffer (2
mL). The reaction mixture was preincubated at°87for 3
min, and the reaction was initiated by the addition of NADH
(1 mM). In the case of P45Qs, the enzyme (2uM),
substrate (1 mM), and superoxide dismutase (350 unit/mL)
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Table 1: Product Distributions in the Reactions of R¢kCand P45@m with a-, -, and 7fH]-a-Thujoné

70HaT 78DHoT 20HaT
(7TOHBT)  (78DHBT)  (20HAT) 40HoT A0HBT ROP 410DHT carvacrol other conversion
P45Q@us
oT 8.0+£0.6 0.3+0.03 42+05 80.2+25 47+09 0.1+£0.06 0.6+0.06 0.4+0.2 15+04 32+4
AT 13.3+2.2 0.5+0.05 8.6£0.5 0.6£0.03 62.1+2.4 0.05+0.02 0.14£0.02 0.1+0.01 14.6t£2.2 42+ 4
P45Qam
oT 759+ 3.3 13.6£3.7 0.3£0.2 6.1+ 0.4 0.4+ 0.2 0.02£0.02 0.1+0.04 0.15£0.05 34+1 85+ 4
AT 24+0.1 05+01 0.1+0.01 0.09+0.02 95.3+0.2 0.1+0.04 0.1+£0.03 0.2+0.06 1.2+0.2 48+3

aProduct yields (%) were determined by digital integration of the total GC ion current signal using the resident HP ChemStation software.

were dissolved in buffer. The reaction was initiated by the uL aliquot. The GC-MS integration area was correlated to

addition of NADPH (1 mM). All of the substrates were added
from a stock solution (100 mM in MeOH). Control reactions
were carried out without enzymes and separately without
NADPH or NADH. All of the reaction mixtures were
incubated at 37C for 1 h and quenched by adding ethyl
acetate. The aqueous phase was saturated with NaCl an
extracted with ethyl acetate (2 mk 2). Alternatively, the
reaction mixture was extracted by Bond-Elut C18 cartridges
as described above. The organic extract was dried over
anhydrous Nz50, and evaporated to 50100 uL under a
stream of nitrogen at room temperature for-&@s analysis

of a 3.0uL aliquot. TMS ethers, formed by adding MSTFA
(50 uL) to the extract residue and heating for 30 min at 80
°C, were analyzed with a 14L aliquot by GC-MS.

For the incubations with human enzymes, the incubation
procedure was slightly modified from the assay protocol
provided by Biocatalytics, Inc. The reaction buffer mixture
provided by the vendor was dissolved in deionized water.
To the solution was added-thujone (100 mM in MeOH).
After incubation at 37C for 3 min, the reaction was initiated
by the addition of the enzyme dissolved in deionized water.
The final reaction volume was 1 mL, containing the enzyme
(1 uM) and substrate (1 mM). The reaction mixtures were
incubated at 37C for 1 h before being extracted with Bond-
Elut cartridges C18.

P45Qam Incubations in fH],O. The buffer was 100 mM
phosphate buffer irfH],O at pH 7.4 (37°C). The camphor
present in the P45, sample was removed prior to use by
two passages through a PD-10 column eluted w0
buffer. The HO in putidaredoxin and putidaredoxin reductase
was also exchanged witBH].O by passage through a PD-
10 column.a-Thujone (1 mM) was added from a stock
solution (100 mM in CHCN), and superoxide dismutase
(375 unit/mL), catalase (1Qay/mL), and NADH were added
in a [?H].O stock solution. The reaction and the reaction
mixture extraction were performed according to the proce-
dures described above.

Determination of Extraction Factors and G@®/S Re-
sponse Factors for Thujone Metabolitd® determine the
extraction factors of thujone metabolites, a mixture of
a-thujone and authentic metabolite standards in MeOH (50
uL) was added to the buffer (2 mL) and vortexed before
being extracted with ethyl acetate (2 nx.2) or Bond-Elut

the corresponding concentration by a first-order equation.

RESULTS

Extraction Factors and GEMS Response Factors of

J hujone Metabolites The recovery factors for thujone

metabolites from the incubation solution were experimentally
determined. A mixture of the metabolite standards was
dissolved in the incubation buffer and was then extracted
with ethyl acetate or Bond-Elut C18 cartridges. The con-
centration and percentage of each metabolite were determined
by GC-MS before and after the extraction (Table S1 in the
Supporting Information). The recovery factor wag5% for
each metabolite by ethyl acetate extraction &®D% by
solid-phase extraction. The percentage of each metabolite
was essentially the same before and after the extraction,
indicating that there was no bias for any component in the
extraction process.

To determine the response factor of each metabolite on
GC—MS, metabolite standards of various concentrations
were injected into the GEMS in a fixed volume (3uL).
Figure S1 in the Supporting Information shows that all of
the compounds responded proportionately to their concentra-
tion. All of the compounds except carvacrol have a factor
of around 4 between their GEMS response and their actual
concentration, which reflects their similar chemical structures.
The factor for the aromatic compound carvacrol is about
2-fold higher than that for its nonaromatic analogues. This
result indicates that the real concentration of each metabolite
in the solution is properly represented by its proportional
response on GEMS except that of carvacrol, which should
be divided by a factor of 2 in comparison to other
metabolites.

Oxidation ofa-Thujone by Bacterial Enzymed/e previ-
ously demonstrated the utility of thujone sterecisomers as
P450 diagnostic substratel] but report here methodologi-
cal improvements that update those resutsand-thujone
were incubated with P4%Q, and P45@vs. To suppress
possible substrate oxidation or P450 degradation by hydrogen
peroxide or superoxide, both of which are formed through
uncoupled turnover of P450 enzymes, catalase and super-
oxide dismutase were included in the reaction mixture.
Control reactions did not show any oxidation products in

C18 cartridges. The organic extract was dried over anhydrousthe absence of either the P450 enzyme or NADH/NADPH.

N&SQ,, evaporated under a stream of nitrogen at room
temperature, and reconstituted to/4Q The samples before
and after the extraction were analyzed by -@@sS. To
determine the GEMS response factors of thujone metabo-
lites, solutions (0.344 mM in EtOAc) of each authentic
metabolite were prepared and analyzed by-®4S via a 3

The reaction ofo-thujone with P45@y; yielded 8% of
7-hydroxy-a-thujone, 0.3% of 7,8-dehydra-thujone, 4.2%
of 2-hydroxy-e-thujone, 80.2% of 4-hydroxy-thujone (the
major product), 4.7% of 4-hydroxg-thujone, and 0.6% of
4,10-dehydro-thujone (Scheme 2 and Table 1). The ring-
opened product from the radical intermediate, 5-hydroxy-



536 Biochemistry, Vol. 45, No. 2, 2006

Jiang et al.

Table 2: Radical Recombination Rates, C-4 Methyl Stereochemistry Ratio, Carvacrol/4,10DHT Ratio, C-4/C-7 Product Ratio, and Ratio of C-4

Radical/Cation Products in the Oxidation @f, -, and 7fH]-a-Thujones by P45Qy P45Qus, and the P45Qm, L244A Mutant

substrate k2 (x 109s™) 40HoT/40HBT carvacrol/410DHT c-4/C-7 C-4 radical/C-4 cation
P45QGwvs oT 3.7+1.4 17:1 0.7:1 10:1 85:1

AT 12.54+ 3.0 1:104 0.7:1 4.6:1 262:1
P45Qam oT 2.0+ 0.6 15:1 1.5 1:13 26:1

AT 954+1.2 1:1059 2:1 33:1 318:1

7[PH]aT 3.9+09 26:1 0.8:1 1:1 20:1
L244A oT 0.7+ 0.3 2:1 2.7:1 1:27 15:1

7[PH]aT 2+0.8 1.6:1 2.7:1 1:2.5 16:1

aThe value of 4.4x 10" s™* for the rate of cyclopropyl ring opening ofthujone and 1.0« 10° s7* for ring opening of-thujone was employed

in calculating the recombination rates.

5-isopropyl-2-methyl-2-cyclohexen-1-one, was produced in
0.1% yield. As shown previously by chemical experiments
(24), carvacrol is the principal product expected in solution
from a 4-cationic intermediate. This compound was not
detected in our previous work because of the low sensitivity
of the flame ionization detector for this compound, but after
switching to GC-MS, it was detected here in 0.4% yield.

The observation of carvacrol in the incubation mixture was
further confirmed by comparing a TMS-derivatized sample
with a TMS-derivatized authentic sample. The overall
conversion ofr-thujone by P45f,3 under these conditions

Scheme 1: Synthesis of?H]-a-Thujone from

7-Hydroxy-a-thujone
[0) (0]
g
ESiD, CH,Cl,
BF;.0OFt,
OH D

such as P45@, thus amplifying the signals because of

was 32%. The stereochemical inversion ratio at C-4 was 17:10xidation of the carbon of interest through metabolic

(4-hydroxy-e.-thujone/4-hydroxys-thujone) (Table 2).

The reaction ofr-thujone with P45Q,,afforded the same
products but in different proportions: 75.9% of 7-hydroxy-
a-thujone, 13.6% of 7,8-dehydra-thujone, 0.3% of 2-hy-
droxy-a-thujone, 6.1% of 4-hydroxy=thujone, 0.4% of
4-hydroxy#-thujone, 0.02% of the ring-opened product,
0.1% of 4,10-dehydrothujone, and 0.15% of carvacrol. The
conversion was 85% based on the startirthujone detected
in the reaction mixture. The stereochemical inversion ratio
was 15:1. In contrast to the reaction afthujone with
P45Qus, the reaction ofo-thujone with P45g,, occurred
mainly at C-7 instead of C-4. The ratio between the total
C-4 and C-7 oxidation products was 10:1 for PggaDand
1:13 for P45Q,,, respectively.

Oxidation off3-Thujone by Bacterial Enzymeghe reac-
tion of -thujone with P45@\; yielded 13.3% of 7-hydroxy-
B-thujone, 0.5% of 7,8-dehydyé-thujone, 8.6% of 2-hydroxy-
f-thujone, 0.6% of 4-hydroxgthujone, 62.1% of 4-hydroxy-
f-thujone, 0.05% of the ring-opened product, 0.14% of 4,10-

switching, 7fH]-a-thujone was synthesized from 7-hydroxy-
o-thujone by trifluoroborane-catalyzed deuterium triethyl-
silane reduction (Scheme 1). When TFA was used instead
of BF;, the trifluoroacetate of 7-hydroxythujone was formed
but not reduced under the reaction conditions.

The reaction of 7AH]-a-thujone with P45Q,, afforded
31.4% of 7-hydroxye-thujone, 8.6% of 7,8-dehydre-
thujone, 1.6% of 2-hydroxg-thujone, 33.8% of 4-hydroxy-
o-thujone, 1.3% of 4-hydroxy-thujone, 0.04% of the ring-
opened product, 1% of 4,10-dehydrothujone, and 0.8% of
carvacrol. The formation of carvacrol and the ring-opened
product from the radical intermediate were further confirmed
by the corresponding molecular ions, which were one unit
higher than those of the undeuterated samples, and by the
corresponding fragmentations in their mass spectra. The
conversion was 70% based on the startimiio-thujone
detected in the reaction mixture. In contrast to the reaction
of a-thujone with P45Q, the reaction of 7ZH]-a-thujone
with P45Qa.n, shifted significantly from the C-7 to the C-4

dehydrothujone, and 0.1% of carvacrol (Scheme 2 and Tableposition, as expected from the operation of a deuterium

1). The overall conversion gi-thujone by P45f,s under

isotope effect on the hydroxylation reaction at C-7. The ratio

these conditions was 42%. The stereochemical inversion ratioof C-4/C-7 oxidation products was 1:1 for]-o-thujone,

was 1:104 (Table 2).

The reaction ofs-thujone with P45Q,, yielded 2.4% of
7-hydroxy{-thujone, 0.5% of 7,8-dehydré-thujone, 0.1%
of 2-hydroxyf-thujone, 0.09% of 4-hydroxg-thujone,
95.3% of 4-hydroxys-thujone, 0.1% of the ring-opened
product(s), 0.1% of 4,10-dehydrothujone, and 0.2% of
carvacrol. The overall conversion gfthujone by P45Qn,

13-fold higher at C-4 than the 1:13 ratio obtained with

undeuteratedt-thujone. The ring-opened product from the

radical intermediate increased about 2-fold in the oxidation
of 7[?H]-o-thujone compared to its formation from nondeu-

terateda-thujone (Table 3). Furthermore, the stereochemical
inversion ratio (26:1) exhibited about the same shift relative
to that for the oxidation of undeuteratedthujone (15:1)

under these conditions was 48% (Table 1). The stereochem{Table 2).

ical inversion ratio was 1:1059 (Table 2). The much lower
stereochemical inversion in the oxidationthujone than
in that of a-thujone is consistent with the stereoselective
reduction of chemically generated thujone radicals by
thiophenol 24), a reaction that greatly favors the addition
of the hydrogen from thet face.

Oxidation of 7PH]-a-Thujone by P45Q, To shift
metabolism from the C-7 to the C-4 position in enzymes

Oxidation of a-Thujone and 7H]-a-Thujone by the
P45Qam L244A Mutant.The reaction ofx-thujone with the
P45Q.m mutant L244A was investigated to explore the
influence of a small increase in the dimensions of an
otherwise essentially identical active-site cavity on the radical
clock reaction. The reaction afforded 83% of 7-hydraxy-
thujone, 9.7% of 7,8-dehydra-thujone, 2.4% of 2-hydroxy-
o-thujone, 2.1% of 4-hydroxg-thujone, 1.1% of 4-hydroxy-
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Table 3: Product Distributions in the Reactions of P45@nd the P45Q, L244A Mutant with o-Thujone and ZH]-a-Thujoné

70HoT  78DHoT  20HaT
(7OHBT) (78DHAT) (20HAT) 40HoT 40HBT ROP 410DHT carvacrol other conversion

P45Qam
oT 759+33 13.6£3.7 03+£0.2 6.1+04 044+02 0.02£0.02 0.1£0.04 0.15£0.05 34+1 85+ 4
7[PHlaT 31.4+12 8.6+04 1.6+05 33.8+4.0 1.3+0.6 0.04+0.02 1.0+0.1 0.8+0.1 21.5+4.6 70+ 5
L244A
aoT 83.0+18 97+11 244+03 21+02 1.1+05 0.02+0.01 0.06+0.02 0.16+£0.04 1.4+0.4 72+ 6
7[?H]aT 415+03 7.0+£0.7 11.9+1.0 10.8+0.3 6.9+£1.0 0.04+£0.02 0.3:0.02 0.8+£0.1 20.7+1.0 69+ 3

aProduct yields (%) were determined by digital integration of the total GC ion current signal using the resident HP ChemStation software.

Table 4: Product Distribution in the Reactions of Human P450 Enzymesoafthujoné

70HoT 78DHoT 20HaT 40HoT 40HST ROP 410DHT  carvacrol other conversion
1A2 21.7£05 78.4+0.5 0.9+0.3
2C9 18.1+ 0.4 19.0+1.2 629+15 1.3+ 0.2
2C19 14.1+04 19.5£ 0.7 66.5+£2.1 1.5+0.2
2D6 58.7£0.3 9.1+3.3 17.8+£ 3.4 71+12 0.26+0.1 43+15 53+18 11+ 2.3
2E1 155+ 1.6 19.4+£ 1.3 65.1+£0.3 1.2+ 0.1
3A4 49.6+0.7 3.8+13 22+03 25.8+26 7.4+0.1 0.3+ 0.02 33+06 58+11 37.2+08

aProduct yields (%) were determined by digital integration of the total GC ion current signal using the resident HP ChemStation software.

p-thujone, 0.02% of the ring-opened product, 0.06% of 4,10-  [?H],0 Effect ona-Thujone Metabolite DistributioriThe
dehydrothujone, and 0.16% of carvacrol (Table 3). While reaction of P45Q with o-thujone in a highly deuterated
the C-7 oxidation product, 7-hydroxy-thujone, was the  medium ¢&99% [PH],O) was investigated to explore the role
major product in both the L244A and wild-type oxidations, of the ferric hydroperoxide (Fe-OOH) precursor of the
the product distributions from oxidation at the C-4 and C-2 ferryl (F€V=0) intermediate as a hydroxylating species. The
positions were somewhat different between these two metabolite distributions under,8® and pH],O conditions
enzymes. In comparison to the wild-type P4apthe L244A are summarized in Table S3 in the Supporting Information.
mutant produced more C-2 oxidation product (2.4 versus No significant differences were observed as a result of
0.3%) and the C-4 stereochemical inversion in the L244A carrying out the reaction in a deuterated medium. The very
oxidation gave a 2:1 stereoisomer ratio, a value 7.5-fold small changes observed probably stem from the difference
higher than the 15:1 ratio observed in the wild-type oxidation. between pD and pH (pB= pH + 0.41) Q9).

Oxidation of 7fH]J-o-thujone by the P45Q, L244A Oxidation ofa-Thujone by Human P450 Enzymeiix
mutant afforded 41.5% of 7-hydroxy-thujone, 7% of 7,8-  human enzymes were examined as catalysts-thiujone to
dehydroe-thujone, 11.9% of 2-hydroxg-thujone, 10.8%  further explore the extent to which the active-site structure
of 4-hydroxy«-thujone, 6.9% of 4-hydroxy-thujone, 0.04%  influences the radical recombination and dehydrogenation
of the ring-opened product(s), 0.3% of 4,10-dehydrothujone, reactions. All six human enzymes catalyzed the oxidation
and 0.8% of carvacrol (Table 3). The conversion was 69% of a-thujone, but only CYP2D6 and CYP3A4 gave sufficient
based on the starting?H]-o-thujone detected in the reaction conversion of the substrate to metabolites within a 1-h
mixture. The ratio between the C-4 and C-7 oxidation incubation time to enable a detailed analysis. The other four
products is 1:2.5 for ?H]-a-thujone, 11-fold higher than  enzymes, CYP1A2, -2C9, -2C19, and -2E1, gave only a
the ratio of 1:27 for undeuteratedthujone (Table 2). The  ~1% conversion under these experimental conditions, and
ring-opened product from the radical intermediate increasedthe data were only suitable for identification of the major
2-fold in the oxidation of 74H]-a-thujone compared to its ~ metabolites (Table 4).
formation from undeuterated-thujone, but the C-4 stereo- CYP3A4 oxidizeda-thujone to 49.6% of 7-hydroxy-
chemical inversion ratio was minimally altered. thujone (the major product), 3.8% of 7,8-dehydrdhujone,

Effect of pH ona-Thujone Metabolite DistributionTo 2.2% of 2-hydroxye-thujone, 25.8% of 4-hydroxy-thu-
examine the effect of pH on the product distribution, the jone, 7.4% of 4-hydroxy-thujone, and 3.3% of carvacrol
reaction of P45Q,with a-thujone was conducted under four (Table 4). The product of ring opening of the C-4 radical
pH conditions ranging from pH 6.5 to 8.0 (100 mM intermediate, 5'hydrOXy'S'iSOprOpyl'2-methyl'2'cyC|0hexen'
phosphate buffer). The metabolite distributions under these1-one, accounted for 0.3% of the product yield. 4,10-
conditions are summarized in Table S2 in the Supporting Dehydrothujone was not detected in the CYP3A4 reaction.
Information. Only minor differences were observed within The stereochemical inversion ratio was 3.6:1 (Table 5). The
the indicated pH range_ The Conversion yieid at pH 7.4 (85%) ratio between the C-4 and C-7 oxidation prOdUCtS was 1:1.3.
was slightly higher than at other pH conditions. A nominal  The oxidation ofa-thujone by CYP2D6 yielded 58.7%
change was also observed in the C4 product distribution. of 7-hydroxy«a-thujone, 9.1% of 7,8-dehydra-thujone,
The yield of 4OHST increased 26% from pH 6.5 to 8.0; 17.8% of 4-hydroxya-thujone, 7.1% of 4-hydroxy-thu-
correspondingly, the yield of 44T decreased 7%, and the jone, and 4.3% of carvacrol (Table 4). The ring-opened
yield of ROP decreased 29%. One olefinic product, 410DHT, product was produced in 0.26% yield. 4,10-Dehydrothujone,
suffered a 40% decrease in yield, and the cation product, which was observed in the reactions of the bacterial enzymes,
carvacrol, acquired an 8% increase in yield. was not detected in the reaction of CYP2D6. 2-Hydroxy-
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Table 5: Radical Recombination Rates, C-4 Methyl Stereochemistry
Ratio, Carvacrol/4,10DHT Ratio, C-4/C-7 Product Ratio, and Ratio
of C-4 Radical/Cation Products in the OxidationaiThujone by
Human P450 Enzymes

kq? 40HoT/ C-4/ C-4 radical/

(x10%s™) 40HBT Cc-7 C-4 cation
1A2 1:3.6
2C9 1:3.3 4,5:1
2C19 1:3.4 6.1:1
2D6 0.34+ 0.09 251 1:2.7 16.7:1
2E1 1:3.4 55:1
3A4 0.48+ 0.06 3.6:1 1:1.3 10.6:1

aThe value of 4.4x 107" s™* for the rate of cyclopropyl ring opening
of a-thujone was employed in calculating the recombination rates.

a-thujone was also not detected. The stereochemical inver-
sion ratio was 2.5:1 (Table 5). The ratio between the C-4
and C-7 oxidation products was 1:2.7.

The only two products detected in the oxidation of
o-thujone with CYP1A2 because of the relatively low
turnover of the substrates were 4-hydraxyhujone (21.7%)
and 4-hydroxyB-thujone (78.4%). A 1-h reaction of-thu-
jone with CYP2C9 produced 18.1% of 7-hydroaythujone,
19.0% of 4-hydroxye-thujone, and 62.9% of 4-hydroxy-
thujone. The stereochemical inversion ratios for these two
proteins were 1:3.6 and 1:3.3, respectively. Similarly, the
oxidation of a-thujone by CYP2C19 produced 14.1% of
7-hydroxye.-thujone, 19.5% of 4-hydroxg-thujone, and
66.5% of 4-hydroxys-thujone (Table 4). The stereochemical
inversion ratio was 1:3.4 (Table 5). The ratio between the
C-4 and C-7 oxidation products was 6.1:1. Finally, a 1-h
reaction of a-thujone with CYP2E1 vyielded 15.5% of
7-hydroxye.-thujone, 19.4% of 4-hydroxg-thujone, and
65.1% of 4-hydroxys-thujone. The stereochemical inversion
ratio was 1:3.4, and the ratio between the C-4 and C-7
oxidation products was 5.5:1.

CYP1A2 thus primarily oxidized:-thujone at C-4 to give

Jiang et al.

Scheme 2: Structures of the Products Formed in the
Oxidation ofa- and5-Thujone by P45Q, P45Qvs, and

the P45@.,m L244A Mutant
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o-thujone, 25 to 14.6% for P45Qs; and -thujone, 19 to
3.5% for P45@,, anda-thujone, and 3 to 1.2% for P45@,
and -thujone.

P45Q.m oxidizes a-thujone primarily at the 7 position,
producing 7-hydroxye-thujone (75.9%) and 7-dehydio-
thujone (13.6%). Oxidation at C-4 accounts for 6.8%;

CYP2C19, and CYP2E1 primarily catalyzed similar C-4 Products account for 3.4% (Table 1). Interestingly, oxidation
oxidation but also produced a significant amount of the of the opposite end of the substrate dominates in the reaction

7-hydroxye.-thujone metabolite. The radical recombination
rates, C-4 methyl stereochemistry ratio, C-4/C-7 product
ratio, and ratio of C-4 radical/cation products in the oxidation
of a-thujones by human P450s, as available, are listed in
Table 4.

DISCUSSION

Analysis of the products formed upon oxidation of the
radical clock probesa- and f-thujone by P45Q. and
P45@nms has resulted in identification of several minor
products in addition to those previously reportéd)( The
new products are 2-hydroxy-thujone, 2-hydroxys-thujone,
7,8-dehydroa-thujone, 7,8-dehydr@-thujone, and carvacrol
(Scheme 2). The 2-hydroxythujone and 7,8-dehydrothujone
isomers were detected in earlier studies of the metabolism
of a- and -thujone by mammalian liver2g, 30, 31) but
were not specifically identified in the previous work with
purified bacterial enzymed4). As indicated by the “other”
column in Table 1, a few small unidentified peaks remain

of P45Q.m with g-thujone (Table 1). In this instance, C-7
oxidation accounts for only 2.9%, oxidation at C-4 accounts
for slightly under 96%, and oxidation at C-2 accounts for
0.1%. Inversion of the stereochemistry of C-4, which bears
a single methyl group, thus causes the thujone to completely
invert its preferred orientation in the P45Qactive site.

Cytochrome P45§y3, in contrast, is not sensitive to the
stereochemistry of the 4-methyl group. Thus, 4 hydroxylation
is the predominant reaction in the oxidation of bathand
pB-thujones (Table 1). However, the P4R@ reaction is less
regioselective, because there is a considerable amount of
oxidation at C-7 ¢-thujone, 8.3%3-thujone, 13.8%) and
C-2 (o-thujone, 4.2%;5-thujone, 8.6%). The oxidation of
o-thujone by P45y occurs 8.3% at C-7, 86% at C-4, and
4.2% at C-2, and the oxidation gfthujone occurs 13.8%
at C-7, 63% at C-4, and 8.6% at C-2.

The use of thujones as mechanistic probes depends upon
their oxidation at C-4; therefore, the high degree of oxidation
at C-7 rather than C-4 in the reaction of P4&k0with
o-thujone diminishes the sensitivity of this compound as a

in the gas chromatogram, but the percent of the metabolitesradical clock substrate for this enzyme. To overcome this
represented by these products has greatly decreased compareffect, we synthesized 7-deuteratethujone in the expecta-

to the earlier study: from 6 to 1.5% for P4RQ and

tion that a primary isotope effect on 7 oxidation would shift
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the oxidation process to the mechanistically more informative Scheme 3: Scheme Proposed for the Formation of
C-4 site. This was, indeed, the result, although the isotope 4-Hydroxy-a-thujone, 4-Hydroxys-thujone,

effect appears to be partially masked because the C-74,10-Dehydrothujone, Carvacrol, and the Ring-Opened
metabolites decreased from 89.5 to 40%, a net deuteriumProduct in the P450-Catalyzed Oxidationcofand
isotope effect of 2.2 (Table 3). Nevertheless, this isotope A-Thujone at C-4

effect on the major pathway produced a large increase in

the mechanistically interesting minor metabolites. Thus, C-4 0

oxidation increased 5.5-fold, and C-2 hydroxylation increased —

5-fold. Thus, the 7-deuterated probe makes it possible to

enhance the proportion of the oxidation at the mechanistically

informative C-4 position in situations where C-7 hydroxy-

lation competes too effectively with C-4 hydroxylation.

The radical recombination rates for hydroxylation at C-4
can be calculated from the data in Table 1 using the equation
below, given the rate of 4.4 107 for ring opening of the - = ~-
thujone C-4 radical determined by our earlier calibration

studies 24) o o
k= 40HoT + 40HBT] / \ / \

V 1
= ROP J[4.4>< 10's 7] \\OH HOQ o
The recombination rates calculated for the various com-
binations of enzyme and substrate are given in Table 2. Thus,

the radical recombination rate for P4h@ with o-thujone

is (3.74 1.4) x 10 s ! and withS-thujone is (12.5+ 3.0)
x 10°s71, The corresponding recombination rate for P450
with a-thujone is (2.0t 0.6) x 10'°s™1 and with5-thujone

is (9.54 1.2) x 10°°sL, These revised rates differ somewhat
from those previously reported: P4RQ with o-thujone,
0.6 x 10* s and with ﬁ-thujone, 1.6x 109 s and type enzyme 32). A crystal structure of the L244A mutant
P45Q.mWwith a-thujone, 0.2x 10!°s™1, and withj-thujone, is not available, but modeling of the active site suggests that
2.8 x 109571 (14). The new rates are higher by a factor of the cavity is modestly expanded but otherwise minimally
3.4 (P45@,mWwith S-thujone) to 10 (P45Qnwith a-thujone). altered. A comparison of the oxidation of the two probe
These differences reflect changes in the product ratiossubstrates by wild-type P4g@and its L244A mutant reveals
because of the improved G@®AS methodology. More  interesting differences. The ratio of C-7/C-4 metabolism
importantly, the 7-deuterated probe makes it possible to remains essentially unaltered, with 92.7% (versus 89.5% for
enhance the proportion of the oxidation by P45t the the wild type) of the reaction in the L244A mutant occurring
mechanistically informative C-4 position and thus to improve at C-7 and 3.4% (versus 6.8% for the wild type) occurring
the accuracy of the measurements. All of the rates neverthe-at C-4 (Table 3). However, 2 hydroxylation greatly increases
less remain within the range expected for radical intermediate from 0.3 to 2.4% (an 8-fold change). The 7-deuterated probe
reactions and support the reaction mechanism in Scheme 3again causes a shift from C-7 to C-2 and C-4 oxidation, with
The radical recombination rates show substantial substrate-a 1.9-fold (versus 2.2-fold for the wild type) decrease in C-7
and enzyme-dependent variation. The rates determined fromopxidation, a 5-fold (versus 5.3-fold for the wild type) increase
the oxidation ofa-thujone by P45Q,, and P45@ys thus in C-2 oxidation, and a 5.5-fold (versus 5.4-fold for the wild
differ by a factor of 1.9, and the rates from the oxidation of type) increase in C-4 oxidation (Table 1). The isotope effect
o- andB-thujone by P45Q,, differ by a factor of 4.8. This  shifts are therefore similar for the wild type and mutant.
is consistent with the accumulated evidence employing a The most interesting difference in the L244A mutant is
range of probes that, within limitthe measuredecombina- in the extent of inversion of stereochemistry of the methyl-
tion rate is not constant but is substrate- and enzyme- substituted C-4 carbon. The ratio of 4-hydroxylated thujone
dependent. The differences in the recombination rates couldisomers in the P45 ;-catalyzed oxidation afi-thujone was
reflect true differences in recombination rates or, according 17:1 and ofs-thujone was 1:104 (Table 2). The correspond-
to the two-transition-state paradigm championed by Shaik ing value for the oxidation ofi-thujone by P45Q,was 15:1
and De Visser), a change in the proportions of the reaction and for g-thujone was 1:1059, indicating that very little
that occur from the high- and low-spin transition-state inversion occurred. However, in the case of the L244A
pathways of the ferry species. mutant with a-thujone, the ratio of inverted/noninverted
To further explore the substrate and enzyme dependencet-hydroxythujone metabolites was 2:1 (i.e., 33% inversion)
of the recombination rates, we have investigated the oxidationand for the 7-deuterated analogue was about the same (38%).
of a-thujone and 74H]-a-thujone by the L244A mutant of ~ Thus, the L244A mutant allows a much greater rate of
P45Q.m In the L244A mutant, three atoms are removed from inversion of the methyl-substituted C-4 center during hy-
a protein side chain that lines on one side of the active-site droxylation at this position. The original calibration studies
pocket. Previous studies of the substrate specificity of the indicated that trapping of a C-4 radical by hydrogen-atom
L244A mutant have shown that it possesses a diminishedtransfer from thiophenol gave essentially the same mixture
catalytic activity but accepts larger substrates than the wild- of isomers regardless of whether the radical was generated

rI”
]
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with the methyl in thex or § orientation 24). In both cases,  not for deuterium at the carbon from which the hydrogen is
the a/p ratio was~6:100, indicating that the hydrogen- lost as a proton33—36). Thus, desaturation triggered by
trapping reaction occurred from an equilibrium isomeric abstraction of a hydrogen from the C-8 methyl group is ruled
mixture and greatly favored the delivery of the hydrogen to out, in accordance with the apparent absence of a C-8
C-4 from the sterically less hinderedface. This preference  hydroxylated metabolite.
is clearly abrogated by the radical recombination reaction  4,10-Desaturation was observed previously with R450
of the P45@,,m L244A mutant, because an equal amount of and P45@y3 (14). A mechanism similar to that proposed
delivery of the hydroxyl group to thew and 5 faces is for 7,8-desaturation was proposed for this reaction in which
observed despite the fact that the hydrogen must be abstracte¢che hydroxyl radical transfer to the C-4 radical and ring
from theg face. Thus, the increased volume or flexibility of opening of the radical clock to give the rearranged (ROP)
the L244A active site allows a greater degree of substrateproduct occur as competitive processes. In the previous
rotation prior to the transfer of the hydroxyl group to the studies, carvacrol was not detected despite a specific search
carbon. for its presence using an authentic standard. In the present
The radical recombination rates for C-4 hydroxylation of studies in which GEMS rather than GEFID was used as
a-thujone by CYP2D6 and CYP3A4 were 0.34 and 0:48  the analytical method, it has been possible to detect and
10'°s1, respectively (Table 5). These values are somewhat quantitate this product. Carvacrol formation is significant
smaller than the values obtained for the oxidation of the samebecause chemical studies demonstrated that carvacrol is
substrate by P45@,(2 x 10°s™1) and P45@ys (3.7 x 10t° quantitatively formed when the C-4 cation is generated in
s™1). Radical recombination rates could not be calculated for solution (L4). Thus, carvacrol formation and possibly 4,10-
CYP1A2, CYP2C9, CYP2C19, and CYP2E1 because of dehydrogenation provide a measure of the extent of C-4
limiting amounts of enzyme and low turnover rates for cation formation.
o-thujone. However, in all cases, it has been possible to In all cases, radical recombination to give 4-hydroxylated
assess the extent to which the methyl-substituted C-4 centethujones dominates the C-4 reaction, but small amounts of
undergoes inversion of the configuration during the hydroxy- cation and desaturation products are obtained. For the
lation reaction (Table 5). For all six human enzymes, the purpose of quantitation, the 4,10-desaturated product is
extent of inversion is greater than for P4a0or P45@us. assumed here to arise via cation formation rather than by a
Indeed, with all of the human enzymes other than CYP2D6 second hydrogen-atom abstraction by the ferryl species. In
and CYP3A4, the 4-hydroxylated product with an inverted the oxidation ofo-thujone by P45y, C-4 radical recom-
stereochemistry is the dominant product. With CYP2D6 and bination accounts for 84.9% of the product, whereas car-
CYP3A4, the major product is that with the original methyl vacrol and 4,10-dehydrothujone account for only 1%. Radical
stereochemistry, but even here, methyl-substituted C-4 inver-recombination is thus rapid relative to both ring opening and
sion occurs to a much larger extent than is seen with wild- cation formation. The results for oxidation Sfthujone by
type P45@:mand P45@ys (Table 1). Interestingly, the L244A  P45Qyz are similar, with C-4 radical recombination ac-
P45Q.m mutant more closely resembles the mammalian counting for 62.7% of the products and the cation pathway
enzymes in this regard, because inversion of the methyl accounting for only 0.24% (Table 1). In the casexethujone
stereochemistry is observed in 33% of the C-4 hydroxylated oxidation by P45, recombination accounts for 6.5% and
metabolite. These results are consistent with the interventionthe cation pathway accounts for 0.25% of the total products,
of a radical recombination mechanism with a radical species and in that of3-thujone, 95.4% and 0.3%, respectively. When
that has a lifetime comparable to, if somewhat longer than, the 7-deuterated substrate is used, 4 hydroxylation increases
those observed for the wild-type bacterial enzymes. The to 35.1% and carvacrol plus 4,10-dehydrothujone increase
larger extent of methyl inversion may reflect the expected to 1.8%. With the L244A mutant, the ratio far-thujone
“looseness” of fit ofa-thujone in the larger active sites of oxidation is 3.2% 4 hydroxylation and 0.22% C-4 cation
CYP2D6, CYP3A4, and the P45Q L244A mutant, although  formation, whereas with 74]-a-thujone, the corresponding
the data do not specifically require this. The high degree of values are 17.7% C-4 hydroxylation and 1.1% C-4 cation
methyl inversion seen with the other human enzymes doesproducts. Inspection of these numbers indicates that the ratio
provide direct evidence that the major (or exclusive) pathway of hydroxylation/C-4 cation formation is not constant. The
of carbon hydroxylation proceeds through the carbon radical ratios (Table 2) vary from 15:1 for the L244A oxidation of
species. A cationic intermediate is inconsistent with this o-thujone to 318:1 for the oxidation @gtthujone by P45Q.,
finding because the cation has been shown to rearrangeThe factors that control this-6&20-fold difference in parti-
efficiently to the aromatic product carvacrdl4). tioning of the C-4 intermediate into radical and cation
In addition to 2, 4, and 7 hydroxylation, the oxidation of pathways remain obscure but could include the presence or
a- and S-thujone produces three desaturated metabolites: absence of basic residues, the polarity of the active site, and
a-(or B)-7,8-dehydrothujone, 4,10-dehydrothujone, and car- the degree to which the C-4 radical is positioned for rebound
vacrol. The 7,8-dehydrogenation presumably reflects the hydroxy transfer from the heme iron atom. If the 4,10-
formation of a cation at C-7 by electron transfer or proton- desaturated product is formed via a C-4 cation, the factors
coupled electron transfer from the initial C-7 radical to the that control whether it yields 4,10-dehydrothujone or car-
enzyme. In agreement with this, substitution of a deuterium vacrol are likewise unknown. The possibility cannot be ruled
at C-7 decreases both 7 hydroxylation and 7 desaturation,out that the 4,10-desaturated product is formed by a second
with approximately the same isotope effect on both reactions. hydrogen abstraction from C-10 by the protonated ferryl
This finding is consistent with other P450-mediated desatu- species generated in the first hydrogen abstraction rather than
rations, which have been shown to exhibit a significant via the cation. Nevertheless, the slight decrease in formation
isotope effect when deuterium is located at the carbon from of 4-hydroxy#-thujone paralleled by a corresponding slight
which the hydrogen is abstracted by the catalytic species butincrease in formation of the 4,10-dehydro product upon
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mutant, CYP3A4, and CYP2D6 range from a low of 0.34
x 10 st to a high of (12.5+ 3) x 10'° s, well within
the range for transition states of radical recombination
reactions. In addition, C-4 hydroxylation of the thujones is
accompanied by a small extent of inversion of the C-4 methyl
group, but this inversion in the L244A mutant accounts for
33% of the 4-hydroxylated product, implying a major role
for the radical species in the reaction. Limited experimental
results on human P450 enzymes show that the recombination
rates for these enzymes are comparable to those for the
bacterial proteins and reveal a particularly high extent of C-4
inversion, a finding strongly supportive of a radical mech-
anism. The C-4 dehydrogenation products, 4,10-dehydrothu-
jone and carvacrol, as well as the 7,8-dehydrothujones arising
from C-7 dehydrogenation, can be rationalized by formation
changing the pH of the P4g@/o-thujone incubation medium ~ of C-4 and C-7 cations via electron transfer from the
from 6.5 to 8.5 suggests that these two reactions are inverselycorresponding radicals to the ferryl species, although the two
linked by a process that involves an active-site base. olefinic products could arise by a second hydrogen-atom
The finding that there is no detectable alteration in the apstraction by the ferryl species. The observation that no
outcome of the oxidation process when the reaction is Carriedchanges occur in the product prof”es when the aqueous
outin hlgh'y deuterated medium rather than in normal water medium is rep|aced by h|gh|y deuterated medium argues
provides strong support for a single ferryl oxidizing species against involvement of the P4&@ ferric hydroperoxide
and against a direct oxidative role for the ferric hydroperoxide jntermediate, a species that has been postulated to lead
(Fé"—OOH) intermediate. Previous studies have shown that directly to cationic products2Q, 23), in substrate oxidation.
a hydrogen-bonding network exists that delivers protons to Qverall, the results provide persuasive support for the view
the hydroperoxide to facilitate its cleavage to give the ferryl that carbon hydroxy|ation reactions by Cytochrome P450
species (Figure 18(, 38). This network of hydrogen bonds  enzymes proceed via a radical rebound mechanism as shown
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Ficure 1: Hydrogen-bonding network proposed to be involved in
conversion of the ferric hydroperoxide complex to the putative ferryl
species responsible for substrate oxidation in R450 his figure

is based on that reported in ra8.

is critical, because mutation of Thr252 to residues with non-
hydrogen-bonding side chains leads to a high degree of
uncoupling to produce ¥D, at the expense of ferryl
formation and substrate oxidatioBY—41). A recent crystal
structure has provided evidence that the Thr252 hydroxyl
serves as a hydrogen-bond accep#i).( Sligar and col-
leagues have examined the role of the hydrogen bonds in
catalysis by determining the solvent deuterium isotope effect
on each of the accessible kinetic steps of the reacB@n (

in Scheme 3.
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Tables S1S3 and Figures S1S9, GC-MS of thujone

38). Their results have established that the second electronmetabolite standard¥;1 NMR, GC—MS of 7[2H]-a-thujone,

transfer, which is linked to protonation of the ferric hydro-
peroxide intermediate, exhibits a deuterium KSIE of 1.8 and
is the only isotopically sensitive step in the catalytic cycle
(37, 38). Replacement of the hydrogen-bond network with
deuterium atoms thus alters the rate of cleavage of the ferric
hydroperoxide complex to give the ferryl species. If both
the hydroperoxide and ferryl were involved in oxidation
reactions and gave different products or product ratios, an
alteration in the product profile associated with a shift from

identification of metabolites formed in the reaction of P450
with a-thujone, identification of carvacrol and ROP formed
in the reaction of P45@, with 7[?H]-a-thujone, ion chro-
matogram region of 40T, 20HaT, and 40HST formed

in the reaction of P45@, L244A mutant witha-thujone,
identification of metabolites formed in the reaction of
CYP3A4 with o-thujone, ion chromatogram region of
40HoT and 40HBT in the reactions ot T with CYP1A2,
-2C9, -2C19, -2D6, and -2E1. This material is available free

hydrogen to deuterium should be observed because of thisof charge via the Internet at http:/pubs.acs.org.

solvent isotope effect. However, the data indicate that the
oxidizing species is the same in deuterated and nondeuterate

medium. Assuming that there is no change in the mechanism

of oxygen activation by P4%Q, because of the use of
o-thujone rather than camphor, this finding suggests that the
ferric hydroperoxide does not play a significant role in the
oxidation of the substrate. This result is consistent with the
report that mutation of Thr252 both suppresses camphor
hydroxylation and greatly decreases epoxidation of a cam-
phor analogue with a double bond3j, which also argues
against a significant role for the ferric hydroperoxide species
in normal hydrocarbon oxidation.

CONCLUSIONS

The radical recombination rates for 4 hydroxylatioroef
and S-thujone by P45@ys, P45Qam the L244A P45Q,
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