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The ubiquitous cytochrome P450 (P450) enzymes are a super-
family of monooxygenases that function to metabolize both
endogenous and exogenous compounds, including the majority of
clinically relevant drugs.1 A great deal of effort has been expended
toward probing the mechanism by which P450 enzymes catalyze
the oxidation of various organic functional groups. In the past, an
electrophilic iron-oxene (Cpd I) was thought to be the sole active
oxidant involved in P450-mediated reactions.2-5 This mechanism
was first elaborated by Groves and co-workers as being an initial
hydrogen atom abstraction followed by recombination to produce
an alcohol, in the case of aliphatic substrates.5 However, the P450
catalytic cycle produces multiple iron-oxygen intermediates, each
of which could potentially create alternate oxidative pathways (path
A, Scheme 1). Furthermore, many recent publications specifically
implicate an iron-hydroperoxy species (Cpd 0) as a second
electrophilic oxidant (path C, Scheme 1).6-10 Herein, we report
results onN-dealkylation, one of the most facile reactions mediated
by P450 enzymes. We have employed theN-oxides of a series of
para-substituted13C2H2-labeledN,N-dimethylanilines (Cpd 1, Figure
1) to function as both substrates and surrogate oxygen atom donors
for P450cam and P4502E1. ThisN-oxide system requires the
substrate to donate its oxygen atom to the iron-porphyrin complex
to directly produce the iron-oxene (path B, Scheme 1). Kinetic
isotope effect (KIE) profiles obtained using theN-oxide system
were found to closely match the profiles produced using the normal
NAD(P)H/NAD(P)-P450 reductase/O2 system. The results are
consistent with oxidation occurring via Cpd I (path D, Scheme 1).

While most mechanistic studies are consistent with a single iron-
oxene oxidant, other work has indicated that two distinct oxidants
may play a role in oxidation. One explanation of these results that
has been proposed by Shaik and co-workers is a two-state reactivity
model in which Cpd I has two accessible spin states that can behave
like two different oxidants. This is known as the two-state reactivity
model or TSR.11 Another explanation is that Cpd 0 (path C, Scheme
1) is responsible for some oxidations. Chandrasena et al. recently
concluded that Cpd 0 was the predominant oxidant effecting
aliphatic hydroxylation of the substrates used in their study.6

Through site-directed mutatgenisis, Vaz et al. concluded that the
hydroperoxy-iron was a preferential epoxidizing agent in com-
parison to hydroxylation.7 Volz et al. suggested that Cpds 0 and 1,
or two different spin-state iron-oxenes (TSR), are involved in
sulfoxidation versusN-dealkylation.8 Sharma et al. used density
functional theory to conclude “...that sulfoxidation andN-dealky-
lation proceed largely via different spin states of Cpd I” consistent
with the conclusions of Volz.12 In a separate study, Hutzler and
co-workers recently concluded that two oxidants may be involved
in N-demethylation andO-demethylation.10

Other studies have come to conclusions about the energetics of
Cpd 0. Jin et al. concluded that the iron-hydroperoxy intermediate
could epoxidize alkenes but not hydroxylate the high energy C-H
bond in camphor.9 Chandrasena et al. concluded that Cpd 0 could

hydroxylate an easier-to-oxidize methyl group on a cyclopropyl
ring but not the methyl group of straight-chain aliphatic compounds
such as octane.6 Shaik and co-workers used density functional
theory to conclude that the hydroperoxy-iron species is a very
weak oxidant in comparison with the iron-oxene species.11 The
combination of these findings suggests that, if the hydroperoxy-
iron is a viable oxidant, it might only be expected to effect P450-
mediated reactions with lower activation energies, and not reactions
that have high energy barriers such as primary aliphatic oxidations.
Therefore, we aimed to determine ifN-dealkylation, a P450-
mediated reaction possessing a low activation energy, occurs via
Cpd I or Cpd 0 (paths C and D, respectively in Scheme 1).

We have employed compounds1a-c (Figure 1) to function as
surrogate oxygen atom donors for two P450 enzymes, P450cam
and P4502E1. These two enzymes have been used in a number of
the studies mentioned above. Oxygen donation by anN-oxide was
originally used by Heimbrook et al. to probe the mechanism of
N-dealkylation.13 Donation of oxygen from eachN-oxide compound
to the P450 iron-porphyrin complex directly produces Cpd I, while
simultaneously creating the correspondingN,N-dimethylaniline
analogue (2a-c) to serve as a substrate forN-demethylation (path
B, Scheme 1). This method eliminates any possibility for the
formation of Cpd 0. KIE profiles obtained using theN-oxide system
(1a-c) were compared to the profiles produced using the complete

Scheme 1. Cytochrome P450 Catalytic Cycle Using the Normal
NAD(P)H/NAD(P)-P450 reductase/O2 (Path A) and the N-oxide
system (Path B)21 a

a The N-oxide compound produces theN,N-dimethylaniline substrate
after donation of the oxygen atom to the P450 enzyme to create Cpd I.

Figure 1. Kinetic isotope effect profiles were obtained with substrates1a-c
and2a-c.
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NAD(P)H/NAD(P)-P450 reductase/O2 system with substrates2a-c
(Table 1). The expected results were either that substrates1a-c
and2a-c would give different isotope effect profiles, indicating
Cpd 0 participates inN-dealkylation, or that the profiles would
match, indicatingN-dealkylation is mediated solely by Cpd I.

The KIE profiles obtained for theN-oxide system closely match
the profiles produced using the NAD(P)H/NAD(P)-P450 reductase/
O2 system with both of the enzymes used. This indicates that the
isotopically sensitive step in the two systems proceeds through the
same mechanistic pathway. Since theN-oxide system bypasses the
preceding intermediates to directly form Cpd I, the results provide
compelling evidence for Cpd I as the active oxidant for P450-
mediatedN-dealkylation. A reasonable assumption can be made
that the Cpd 0 species would not produce the same KIE profiles
based on the Melander-Westheimer principle, which states that
the magnitude of the isotope effect is dependent on the symmetry
of the transition state.14 An example of this phenomenon is observed
in the KIE profiles obtained in the present work. The substrates
with a more electron-withdrawing substituent attached para to the
nitrogen atom produce higher isotope effects (e.g., NO2 > CN >
Cl). The electron-withdrawing group lowers the reactivity toward
hydrogen atom abstraction and effectively increases the symmetry
of the transition state. It has been established that oxidation of the
terminal methyl group of octane has a reasonably symmetrical
reaction coordinate based on observed primary and secondary
isotope effects.15 N-dealkylation reactions are relatively more
exothermic and show smaller isotope effects than aliphatic oxidation
reactions.16 Thus, Cpd 0, which has been established to be less
reactive than Cpd I,6,8,11 would react more endothermically and
produce higher isotope effects. Obviously this work does not
provide information about the reactivity of Cpd 0.

In conclusion, the isotope effect profiles obtained in this work
provide compelling evidence for P450-mediatedN-dealkylation
occurring solely through the iron-oxene species. While this work
does not rule out the potential participation of the hydroperoxy-
iron species in other P450-mediated reactions, it provides support
for two-state reactivity for reactions that are thought to occur by
two oxidants and that have higher barriers thanN-dealkylation.
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(21) The mechanism proposed in Scheme 1 (path B) is one possibility.
Alternatively, it is possible that the transfer of the oxygen to the iron
generates a ferryl (FeVIdO) complex and a nitrogen radical cation.17

However, this does not change the conclusion that a single atom oxygen
species, not Cpd 0, mediates this reaction.

(22) Substrates2a-c were gifts from Dr. Dinnocenzo at the University of
Rochester (Rochester, NY). Compounds1a-c were synthesized from
compounds2a-c and purified according to literature procedures.18

P450cam, putidaredoxin reductase, and putidaredoxin were expressed and
purified as described previously.19 Incubations with P450cam and
substrates2a-c were performed as described previously,19 using 500µM
substrate, 1 mM NADH, and 0.04 mg/mL catalase. Incubations with
CYP2E1 and substrates2a-c were performed using RECO system
CYP2E1 purchased from Invitrogen (Carlsbad, CA). These incubations
consisted of 300µL of RECO system CYP2E1 enzyme mix, 500µM
substrate, 1 mM NADPH, and 0.04 mg/mL catalase. Enzymatic incuba-
tions withN-oxide substrates were performed using 4µM P450cam or 3
µM purified CYP2E1, purchased from Invitrogen, and 2 mMN-oxide
substrate. All incubations were brought to a total volume of 500µL with
10 mM phosphate buffer, pH 7.4, with the exception of RECO system
CYP2E1, in which the RECO system buffer mix was used. The samples
were incubated in a shaker bath for 40 min at 30°C for P450cam and 37
°C for CYP2E1. The reactions were quenched and derivatized as described
by Karki et al.,20 and the resulting residue was dissolved in methanol
(200µL). Enzymatic products were analyzed by liquid chromatography/
mass spectrometry (LC/MS) using electrospray ionization monitoring
positive ions. LC/MS analysis was performed using a Thermo-Finnigan
LCQ Advantage mass spectrometer coupled to a ThermoQuest high
performance liquid chromatography (HPLC) system equipped with an
Agilent Hypersil BDS-C18 column (2.0 mm× 125 mm). The column
method began at 40:60 methanol (0.1% acetic acid)/water (0.1% acetic
acid). After 1 min, the methanol solution was ramped to 80% over 4 min.
The methanol solution was then ramped to 95% over 15 min and remained
at 95% for another 10 min. The solvent flow rate was 100µL/min.

(23) A relatively small amount of autocatalysis occurred with theN-oxide
incubations. This was accounted for by subtracting out the average amounts
of products produced in three control incubations containing no enzyme
for eachN-oxide used. Warfarin was used as an internal standard, and 2
nmol was added to each sample prior to extraction.
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Table 1. Intramolecular KIE Values for the N-Demethylation of
N,N-Dimethylaniline N-Oxide (1a-c) and N,N-Dimethylaniline
(2a-c) Analogues by P450cam and P4502E120 a

enzyme: P450cam P4502E1

system: N-oxide21 NADH N-oxide NADPH

Xb

NO2 3.07 (5) 3.1 (1) 3.66 (6) 3.65 (4)
CN 2.77 (5) 2.77 (3) 2.95 (3) 3.23 (4)
Cl 2.53 (5) 2.23 (3) 2.87 (5) 2.92 (4)

a The first number of each entry is the average of 3-6 independent
determinations; the number in parentheses is the standard deviation of the
last significant figure. The intramolecular KIE values were determined by
dividing the dimedone adduct of formaldehyde-O13CD2 produced in each
enzymatic incubation by the formaldehyde-O13CDH produced, multiplying
by two after subtracting out the theoretical abundance of derivatized
background formaldehyde. Incomplete incorporation of the isotopes used
in each substrate was not accounted for in the KIE values since it was
assumed to have the same relative effect on each value.b This column
denotes the substituent attached para to the nitrogen for each substrate.
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