
Published: March 17, 2011

r 2011 American Chemical Society 5444 dx.doi.org/10.1021/ja111376n | J. Am. Chem. Soc. 2011, 133, 5444–5452

ARTICLE

pubs.acs.org/JACS

Can Ferric-Superoxide Act as a Potential Oxidant in P450cam? QM/MM
Investigation of Hydroxylation, Epoxidation, and Sulfoxidation
Wenzhen Lai and Sason Shaik

Institute of Chemistry and The Lise Meitner-Minerva Center for Computational Quantum Chemistry, The Hebrew University of
Jerusalem, 91904 Jerusalem, Israel

bS Supporting Information

1. INTRODUCTION

Despite the recent breakthrough in the preparation and
characterization of the high-valent iron-oxo species, so-called
compound I (Cpd I) of cytochrome P450,1,2 in high enough
yields that allowed following its reactivity, there is still some
uncertainty over the exclusivity of this reactive species in carrying
out the key oxidative processes of the enzymes and their
mutants.3-5 The catalytic cycle of P450, shown in Scheme 1,
displays a few iron-oxygen species that can potentially act as
reactive oxygen species. It is widely accepted that the P450 cycle
begins with a resting state, 1, where a water molecule occupies
the distal coordination site of iron. The entry of the substrate into
the active site expels the water ligand and produces a pentacoor-
dinated ferric complex, 2. Then, reduction of the ferric state to
the ferrous species, 3, followed by O2 uptake forms the ferric-
superoxo species, FeIII-OO-, 4, which undergoes a second
reduction to yield ferric-peroxy, FeIII-OO2-, 5, which upon
protonation generates the ferric-hydroperoxo species, FeIII-
OOH, 6, so-called compound 0 (Cpd 0). The latter undergoes
an additional protonation event on the distal oxygen and liberates
a water molecule, thus resulting in the formation of Cpd I, 7.

Among all these species, Cpd I is considered to be the ultimate
oxidant that is responsible for the single most important reaction
catalyzed by P450s, the incorporation of an oxygen atom into
organic substrates, for example, C-H hydroxylation, CdC
epoxidation, sulfoxidation, etc.3-5 However, seminal mechanistic

studies6-10 suggested that both 5 and 6 could also be involved in
catalysis of the various oxidative processes. The Cpd 0 species, 6,
has been invoked even as a competitor of Cpd I in the key
reaction of oxygen incorporation, for example, C-H hydroxyla-
tion, CdC epoxidation, and sulfoxidation.While theory supports
the role of 5 as a strong nucleophilic species in deformylation
transformation of aldehydes,11 it does not support the involve-
ment of 6 as either an oxidant12-14 or a nucleophile.11 This
conclusion has also partial support from experimental data on
P450,15 as well as on nonheme FeIII-OOH species.16 As such,
this leaves us with an open ended question: Is there another oxygen
species that can function as an oxidant in the P450 cycle?

Consideration of the current literature17,18 underscores the
potential of ferric-superoxide, 4, as a likely candidate that may
compete with Cpd I or replace it as the reactive oxygen species in
mutated enzymes where the disrupted protonation machinery
prevents or delays Cpd I formation.4a Indeed, recently, many
studies have revealed that the superoxo species of enzymes and
synthetic models are highly reactive and sometimes even more so
than the iron-oxo species. These studies cover heme enzymes,17,18

nonheme enzymes,19-23 and some synthetic analogues.24-27

Specifically, in their study of the oxidative cleavage of the pyrrole
ring of L-tryptophan by the ferric-superoxide of tryptophan
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ABSTRACT: In view of recent reports of high reactivity of
ferric-superoxide species in heme and nonheme systems
(Morokuma et al. J. Am. Chem. Soc. 2010, 132, 11993-
12005; Que et al. Inorg. Chem. 2010, 49, 3618-3628; Nam
et al. J. Am. Chem. Soc. 2010, 132, 5958-5959; J. Am. Chem.
Soc. 2010, 132, 10668-10670), we use herein combined
quantum mechanics/molecular mechanics (QM/MM) meth-
ods to explore the potential reactivity of P450cam ferric-super-
oxide toward hydroxylation, epoxidation, and sulfoxidation. The calculations demonstrate that P450 ferric-superoxide is a sluggish
oxidant compared with the high-valent oxoiron porphyrin cation-radical species. As such, unlike heme enzymes with a histidine axial
ligand, the P450 superoxo species does not function as an oxidant in P450cam. The origin of this different behavior of the superoxo
species of P450 vis-�a-vis other heme enzymes like tryptophan 2, 3-dioxygenase (TDO) is traced to the ability of the latter superoxo
species to make a stronger FeOO-X (X = H,C) bond and to stabilize the corresponding bond-activation transition states by
resonance with charge-transfer configurations. By contrast, the negatively charged thiolate ligand in the P450 superoxo species
minimizes the mixing of charge transfer configurations in the transition state and raises the reaction barrier. However, as we
demonstrate, an external electric field oriented along the Fe-O axis with a direction pointing from Fe toward O will quench Cpd I
formation by slowing the reduction of ferric-superoxide and will simultaneously lower the barriers for oxidation by the latter species,
thereby enabling observation of superoxo chemistry in P450. Other options for nascent superoxo reactivity in P450 are discussed.
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2,3-dioxygenase (TDO), Morokuma et al.17b also reported the
relative energy of bond activation transition states for ferric-
superoxo attacks on small π systems and suggested the ferric-
superoxo species is capable of reacting with π systems via direct
radical addition. This finding raises naturally some questions:
What is the situation in P450? Can ferric-superoxide compete
with Cpd I in P450?

To answer these questions, we investigate herein three types
of reactions (Scheme 2a), hydroxylation and epoxidation of
cyclohexene (CH) and sulfoxidation of dimethyl sulfide
(DMS), by means of quantum mechanical/molecular mecha-
nical (QM/MM) calculations. For each type of reaction, both

ferric-superoxide and Cpd I species of P450cam (Scheme 2b) are
considered as potential oxidants, and their relative reactivities are
assessed. To compare P450 with TDO, we also investigated the
reactions of ferric-superoxide with CH and tryptophan
(Scheme 2c) by means of QM-only calculations. As shall be
shown, in the wild-type P450, ferric-superoxide gives high
reaction barriers and hence cannot compete with Cpd I.
Furthermore, the imidazole (Im) ligand of TDO is found to
endow the ferric-superoxo with a higher reactivity compared with
the corresponding P450 species. However, as we demonstrate,
mutations or external electric fields (EEF),28 which quench the
second electron transfer process that converts 4 to 5, may reveal a
P450 superoxo reactivity.

2. THE COMPUTATIONAL METHODS

2.1. Setup of the System. 2.1.1. Setup for the P450cam þ CH
Systems. For the P450cam/CH system, several snapshots were used in
our previous QM/MM study.29 Accordingly we selected herein one
snapshot, that is, snapshot 0, which gave the lowest hydroxylation and
epoxidation barriers due to the barrier-lowering effect30 of the liberated
water molecule during the formation of Cpd I (Scheme 1). A detailed
description of the setup has appeared in our recent papers29 and is briefly
described herein. Initial geometry was constructed from the X-ray
structure (PDB code 1DZ9),31a which has an oxo ligand corresponding
to the Cpd I species.31b No MMminimization was done on the enzyme
itself before the QM/MM calculations were started. The same proton-
ation state of the protein as before was considered.28,29 To model ferric-
superoxide, 4 (Figure 1), the distal ligand group was replaced by O2, and
the water molecule (Wat903) that is liberated only after formation of
Cpd I was removed.

2.1.2. Setup for P450cam þ DMS Systems. The initial structures for
the QM/MM calculations were taken from the corresponding P450cam
þ CH systems and the CH substrate was replaced by DMS.
2.2. QM/MM Methodology and Software. QM/MM calcula-

tions were done with ChemShell,32 combining Turbomole33/
DL_POLY.34 An electronic embedding scheme35 was applied to include
the polarizing effect of the enzyme environment on the QM region.
Hydrogen link atoms with the charge-shift model36 were used to treat the
QM/MM boundary. The CHARMM22 force field37 was employed
throughout this study for the MM part. The QM part was treated with
the hybrid B3LYP functional38 as implemented in Turbomole (in which
the fifth form of VWN local correlation functional is used). Based on
previous experience with C-H and CdC activations,3,29 geometry
optimization for the reactions with CH was carried out with a double-ζ
basis set LACVP39 for iron and 6-31G for all other atoms, labeled as B1c,
while the energy was corrected by single-point calculations with a larger
basis set B2c, involving LACV3Pþ*40 for all the atoms. For the reactions
with DMS, B1c yields a sulfoxide product with an overly long S-Obond
(see Figure S2 and S3 in the Supporting Information), and hence, as
done in the past,3,41,42 geometry optimization employed the LACVP**
(B1s) basis set, and the energy was corrected by single-point calculations
with a larger basis set B2s, involving LACV3Pþþ** for all the atoms. In
addition, B1c was shown to be appropriate even for the negatively
charged superoxo and peroxo species.3 Nevertheless, we tested the
influence of a larger basis set, LACVPþ*, on the singlet species in
reactions by ferric-superoxide and found negligible effects on the
geometries and barriers (barriers change within 0.5 kcal/mol compared
with the results with B2c//B1c; for details see Part I of Supporting
Information). All QM/MM energy scans were performed by going
forward and backward to ascertain contiguous energy profiles.

B3LYP has been repeatedly shown capable of reproducing both
experimental and high-level computational results for P450.3 However,

Scheme 1. The Catalytic Cycle of P450

Scheme 2. (a) Reactions, (b) Oxidants Used in the QM/MM
model, and (c) Oxidants and Substrates in the QM-Only
Calculations
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in the specific case of O2 binding to hemes, B3LYP deviates significantly
from the experimental results, due to lack of primarily dispersion effects.
Indeed, B3LYP with dispersion correction (B3LYP-D)43 was found to
give more accurate binding energies.44 In the present work, all QM/MM
calculations were preformed with the Turbomole 6.1 package, which
includes the implementation of dispersion corrections for energy and
gradients and hence allows us to test geometry optimization effects of
the B3LYP-D level. As such, we performed B3LYP-D geometry opti-
mizations with B1c for the first step of hydroxylation and epoxidation of
CH by Cpd I and ferric-superoxide and found only minor effects on the
geometry of TSs and the barriers, compared with the corresponding
values that arose from B3LYP optimization followed by single-point
dispersion correction (see Part II in the Supporting Information).
Therefore, we use the B3LYP functional for geometry optimizations
and upgrade the energies by single-point B3LYP-D calculations on
B3LYP-optimized structures at the larger basis set (B2c or B2s) level.

The QM region contains iron-porphyrin (without side chains of the
heme) with distal oxygen or dioxygen ligand, sulfur of Cys357, and full
substrate. The optimized active region is similar to the one in our recent
paper,29 which involves heme and its distal ligand, full substrate, Pro86,
Phe87, Tyr96, Pro100, Thr101, Gln108, Arg112, Leu244, Gly248,
Asp251, Thr252, Val295, Asp297, Arg299, Phe350, His355, Leu356,
Cys357, Leu358, Gly359, Gln360, Ile395, Val396, Wat61, Wat92,
Wat265, and Wat903 if it is present.

For each reaction, the two lowest-lying spin states were investigated.
The full set of data is summarized in the Supporting Information, while
herein we focus on the key results.
2.3. QM/MM/EEF Studies. The effect of external electric fields

(EEFs) on the reactivity of both Cpd I and superoxide was studied using
the previously described methodology28 to create EEFs with a desired
strength by adding appropriate point charges (qi) on two circular plates
flanking the enzyme. To construct a uniform electric field, all the qi
should be the same, and the point charges on one side of the heme are
mirrored on the other with opposite charges (the total number of
generated point charges is 7082). These charged circular plates having
radii of 92.4 Å were placed at distances of 46.8 Å from iron. These
charges are treated along with the intrinsic MM charges of the enzyme
during the QM/MM procedures. To gauge the effect of EEF on
reactivity, we preformed single-point calculations (using the larger B2c
basis set) for the reactant clusters (RCs) and TSs for H-abstraction and
direct radical addition reactions in the P450cam/CH system (for details
see Part VII in the Supporting Information).

2.4. QM Studies. The reactions of ferric-superoxide having imida-
zole ligand with CH and tryptophan were compared with those of
the corresponding P450 species. Geometry optimizations and vibra-
tional frequency calculations were done at the B3LYP/B1c level using
Gaussian 09,45 and the energies were corrected with B2c by single-point
calculations using Jaguar 7.6.46 To obtain reliable charge distribution, we
carried out the natural bonding orbital (NBO) analysis using NBO 3.1
program47 implemented in Gaussian 09 at the B1c level.

3. RESULTS

3.1. Hydroxylation of CH. In the case of hydroxylation by
Cpd I, hydrogen abstraction is generally considered to be the
rate-determining step, while the rebound48 step is much
faster.3,49 Therefore, only the H-abstraction step was considered
herein, while the details of the rebound can be found elsewhere.3

We have previously investigated the hydroxylation vs epoxida-
tion of CH by P450cam using an older version of Turbomole.29

For the sake of consistency, we reoptimized the stationary points
in the hydroxylation and epoxidation (discussed in section 3.2)
pathways using the new version, Turbomole 6.1, which leads to
minor changes only (on geometries and relative energies).
Figure 1 displays the energy profiles for the hydroxylation of

CH by the ferric-superoxide and Cpd I, as well as the optimized
geometries for transition states (TSs). The calculations revealed
an expected two-state reactivity (TSR) scenario for Cpd I50 and
for the first time also for a heme ferric-superoxo species of P450.
Note also that in the reactions of the superoxide, we describe the
entire hydroxylation mechanism, since this is the first such study
for P450.
3.1.1. Hydroxylation of CH by Cpd I. It is clear that the

H-abstraction reaction of Cpd I with CH (the subscript I in
the various species denotes Cpd I) exhibits nearly degenerate
triradicaloid low-spin (LS) doublet and high-spin (HS) quartet
states. B3LYP predicts a H-abstraction barrier of 16.1/17.4 kcal/
mol for the doublet/quartet state. Dispersion correction lowers the
two barriers by 6 kcal/mol to 10.0/11.4 kcal/mol, respectively.
Such significant barrier-lowering effects of dispersion correction
were discussed recently by Lonsdale et al.51 In the H-abstraction
TSs, 2TSI,h/

4TSI,h (the subscript h denotes hydroxylation), the

Figure 1. Calculated QM/MM energy profiles (in kcal/mol) for hydroxylation of CH by (a) Cpd I and (b) ferric-superoxide. The relative energies
correspond to B3LYP(B3LYP-D), respectively, using the B2c basis set.
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transferred hydrogen atom is midway between O and C, rOH =
1.31/1.30 Å and rCH = 1.26/1.28 Å. Applying the zero-point
energy correction from the gas-phase calculations (-3.4/-3.6
kcal/mol) will result in B3LYP-D barriers of 6.6/7.8 kcal/mol.
If we use these barriers in the Eyring equation, they would
correspond to rate constants of ∼106-108 s-1, in reasonable
accord with experimental estimates of high rates for P450.1

3.1.2. Hydroxylation of CH by Ferric-Superoxide
3.1.2.1. Mechanism. The reaction of the ferric-superoxide in

Figure 1b starts at the reactant cluster, RCF,CH (the subscript F
denotes the ferric-superoxide). The ferric-superoxide complex
has two low-lying states,52,53 an open-shell LS singlet is the
ground state, which is 4.6 kcal/mol (B3LYP) lower than the
triplet state. B3LYP-D predicts similar singlet-triplet splitting
(4.5 kcal/mol).
As shown in the figure, the hydroxylation by the ferric-super-

oxide is stepwise. It starts with a hydrogen abstraction step and is
followed by concerted O-OH cleavage and OH transfer to the
cyclohexenyl radical to form the C-OH bond leading to
cyclohexenol and a ferryl-oxo species (compound II = Cpd II).
To estimate the barrier for the latter step, we performed a two-
dimensional QM/MM scan, in which we employed the forming
O-C bond and the breaking O-O bond as two scanning
coordinates (Figure S6 in the Supporting Information). A
stepwise mechanism comprising of homolytic O-Obond break-
ing followed by C-OH bond formation was found to have
higher barrier and was hence relegated to the Supporting
Information.
3.1.2.2. The Hydrogen Abstraction Step in the Reaction of

Ferric-Superoxide.The B3LYP energetic barrier for this reaction
is 30.2/26.9 kcal/mol for the singlet/triplet state. B3LYP-D
lowers these barriers by 3-4 kcal/mol to 26.7/23.3 kcal/mol.
Addition of zero-point energy correction (-3.7/-3.7 kcal/mol)
from the gas-phase calculations results in barriers of 23.0/19.6
kcal/mol. Much like in H-abstraction by Cpd I, here too the so-
generated states of the Cpd 0/substrate-radical complex
are nearly degenerate. In contrast to the exothermicity of
H-abstraction by Cpd I, herein the H-abstraction is endothermic.
In the H-abstraction TSs, 1TS1F,h/

3TS1F,h, the transferred
hydrogen atom is closer to the acceptor-oxygen atom than to

the donor-carbon atom: rOH = 1.17/1.20 Å and rCH = 1.36/1.35
Å, while —CHO = 112.8�/106.0�.
3.1.2.3. The C-OH Bond Formation Step for the Reaction

of Ferric-Superoxide. Starting from 1,3IF,h in Figure 1b, single-
point QM (B3LYP)/MM calculation at the B2c level from the
two-dimensional scan of this step gives estimated activation
energies of 16.2/14.4 kcal/mol for the singlet/triplet state.
B3LYP-D gives similar barriers of 15.2/13.5 kcal/mol for the
singlet/triplet. Relative to the 1,3IF,h intermediates, the C-OH
bond formation step is highly exothermic, -41.4/-51.3 kcal/
mol (B3LYP-D).
3.2. Epoxidation of CH by Cpd I and Ferric-Superoxide.

Figure 2 displays the energy profiles for the epoxidation of CH by
Cpd I and ferric-superoxide, along with the optimized geometries
for the transition states.
3.2.1. Epoxidation of CH by Cpd I. The reaction mechanism of

the epoxidation by Cpd I was studied before and found to exhibit
two distinct phases, that is, the CdC bond activation and the
C-O rebound phases.54 Since the first phase is the rate-deter-
mining step, herein we only studied this bond activation step.
B3LYP predicts CdC bond activation barriers of 18.7/19.0 kcal/
mol for doublet/quartet state. However, as shown recently by
Lonsdale et al.51 and found herein too, inclusion of dispersion
correction lowers the barriers for epoxidation by 8 kcal/mol.
Addition of zero-point energy correction (-0.5/-0.1 kcal/mol)
from the gas-phase calculations results in epoxidation barrier of
10.2/11.0 kcal/mol at B3LYP-D/B2c for the doublet/quartet
state, respectively.
Note that B3LYP predicts reaction energies of-1.0/2.9 kcal/mol

for thedoublet/quartet state,whileB3LYP-Dgives-10.2/-6.0 kcal/
mol. It is clear that the dispersion correction causes 8-9 kcal/mol
decrease in both reaction barriers and energies, which high-
lights the very significant effect of van der Waals inter-
actions.43,44,51,55,56 Additionally, in accord with the previous
findings of Lonsdale et al.,51 here too, the addition of dispersion
corrections lowers the epoxidation barriers of CH more than
the corresponding H-abstraction barriers. Thus, our zero-point
energy corrected B3LYP-D barriers of 6.6/7.8 kcal/mol for
hydroxylation and 10.2/11.0 kcal/mol for epoxidation in the
doublet/quartet state are comparable to the gas phase values of

Figure 2. Calculated QM/MM energy profile (in kcal/mol) for hydroxylation of CH by (a) Cpd I and (b) ferric-superoxide. The relative energies are
noted as B3LYP (B3LYP-D) values using the B2c basis set.
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Lonsdale et al.51 of 7.7/6.7 kcal/mol and 9.4/7.7 kcal/mol,
respectively.
3.2.2. Epoxidation of CH by Ferric-Superoxide.Much like the

hydroxylation, the epoxidation process by ferric-superoxide, in
Figure 2b, involves two distinct phases. Initially, in the bond
activation phase, the distal oxygen atom of the ferric-superoxide
attacks the terminal carbon atom of the double bond to form a
C-O bond with the carbon atom of CH and a radical center on
the adjacent carbon position. In a subsequent phase, the O-O
bond breaks, along with a spontaneous epoxide ring closure. The
mechanism herein is similar to the one found for the epoxide
formation from the ferric-superoxide intermediate in typotophan
2,3-dioxygenase (TDO).17b

3.2.2.1. The CdC Activation Phase. As shown in Figure 2b,
the B3LYP energies of transition states for C-O bond formation
are 31.4 and 32.4 kcal/mol higher than 1RCF,CH for the singlet
and triplet states and ∼1 kcal/mol higher than those for
H-abstraction. The dispersion correction lowers the barriers by
about 6 kcal/mol making them approximately 1.5 kcal/mol lower
than those for the corresponding H-abstraction (Figures 2b vs
1b). Addition of the zero-point energy correction (-0.5/-0.5
kcal/mol) from the gas-phase calculations results in B3LYP-D
barrier of 24.7/21.4 kcal/mol for the singlet/triplet state,
respectively.
The intermediate complex (IF,e) has degenerate singlet and

triplet states, which lie 19.0 and 19.1 kcal/mol (B3LYP-D values)
higher than 1RCF,CH, underscoring the high endothermicity of
the bond activation step. In the CdC activation transition state,
the O-C distance is 1.81/1.85 Å for the singlet/triplet state,
which is 0.2/0.1 Å shorter than that in the CdC activation by
Cpd I. This O-C distance decreases to 1.52/1.52 Å in the
intermediate 1IF,e/

3IF,e.
3.2.2.2. The Epoxide Formation Phase for Ferric-Super-

oxide. As may be seen from Figure 2b, the O-O bond cleavage
occurs with simultaneous O-C bond formation to give the
epoxide and ferryl-oxo intermediates (Cpd II). For this step,
B3LYP predicts a barrier of 11.5/8.8 kcal/mol for singlet/triplet
state, while B3LYP-D leads to a similar result (12.1/9.1 kcal/mol).
In contrast to the endothermicity of the first activation phase,
the second phase here is highly exothermic (B3LYP-D value of

40.3/50.6 kcal/mol for the singlet/triplet state relative to the
intermediate state).
3.3. Sulfoxidation of DMS by Cpd I and Ferric-Superoxide.

Figure 3 displays the energy profiles for sulfoxidation of DMS by
Cpd I and ferric-superoxide, as well as the optimized geometries
for the corresponding transition states. Our QM/MM calcula-
tions show that Cpd I reacts via the doublet spin state, while
ferric-superoxide tends toward two-state reactivity.
3.3.1. Sulfoxidation of DMS by Cpd I.The reaction proceeds in a

single step (Figure 3a), with activation barriers of 7.7/14.1 kcal/mol
and exothermicities of -30.8/-33.1 kcal/mol for the doublet/
quartet state at B3LYP/B2s. After adding dispersion correction, the
activation barrier decreases to 1.9/7.9 kcal/mol. The much lower
barrier for the LS process follows our previous analysis, which
showed that this and other two-electron processes should proceed
preferentially via the LS state.3,57 In the doublet/quartet transition
state, the S-O distance is 2.32/2.07 Å, which is similar to the value
from the gas-phase calculations (2.34/2.03 Å).42

We note that the present QM/MM preference for doublet
state reaction is consistence with previous gas-phase calcu-
lations.42 However, recent QM/MM (ONIOM) results by Porro
et al.12 preferred the quartet state reaction and gave a significantly
higher barrier for the doublet state (20.0 vs 7.7 kcal/mol here).
The higher barrier of Porro et al.12 seems to be caused by the
different TS geometry located in their study, but since the QM/
MM methods used there are different than the present ones, we
cannot further comment on the precise source of differences.
3.3.2. Sulfoxidation of DMS by the Ferric-Superoxide. The

sulfoxidation of DMS by the ferric-superoxide proceeds through
a concerted reaction, that is, the S-O bond formation is
accompanied by O-O bond cleavage to generate sulfoxide and
Cpd II (for details, see Figure S8 in the Supporting Information).
The calculated barriers are ∼50 kcal/mol for both singlet and
triplet spin states, which are much higher than those for the
process catalyzed by Cpd I. In the singlet/triplet transition state,
the S-O distance is 1.80/1.85 Å, while the O-O distance is
1.40/1.40 Å. It is clear that the S-O distance is shorter than that
in the case of sulfoxidation by Cpd I. An interesting feature is that
the S-O/O-O distances are comparable to the C-O/O-O
distances in the TSs for epoxidation of CH.

Figure 3. Calculated QM/MM energy profile (in kcal/mol) for sulfoxidation of DMS by (a) Cpd I and (b) ferric-superoxide. The relative energies are
noted as B3LYP (B3LYP-D) values, respectively, at the B2s level.
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3.4. External Electric Field (EEF) Effects on the Reactions
of Cpd I and Superoxide with CH. Recently, we showed that
an EEF aligned with the axis perpendicular to the porphyrin
plane (Fz) can control the rate of the second electron transfer
step, which converts superoxo 4 to 5, and is rate-determining for
P450cam.

28 Specifically, an EEF along theþz direction (pointing
fromFe toO)was found to quench this electron transfer step and
will therefore slow or altogether block the reduction of the
superoxo and the eventual formation of Cpd I. Hence, it is
interesting to establish whether theþz EEF can at the same time
enhance the reactivity of the ferric-superoxo species. Using Fz =
þ0.01 au, we found that the barriers for H-abstraction and CdC
activation by superoxide were lowered by about 4 and 6 kcal/mol,
respectively. Since the application of aþzEEFwas predicted28 to
obstruct the formation of Cpd I, its application on P450 may
indeed reveal superoxo reactivity. Interestingly, the barriers for
Cpd I reactivity are also lowered by the EEF, and in the þz
direction, CdC activation is slightly more favorably affected
compared with H-abstraction. However, since the þz EEF
obstructs the formation of Cpd I, only an in situ generated
Cpd I can reveal this reactivity effect.
3.5. QM Studies of the Reactions of Superoxide with CH

and Tryptophan. To gauge the relative reactivity of the P450
superoxide vis-�a-vis an imidazole-ligated superoxide (as in an
enzyme like TDO), we computed the QM barriers and reaction
energies for the reactions with CH and tryptophan. The data are
displayed in Table 1 (for more details, see the Supporting
Information). It is seen that the barriers of the imidazole-ligated
superoxide are smaller than those for the P450 superoxo species.
While this trend coincides with the smaller reaction endothermi-
cities of the imidazole-ligated reactions, still the barriers are too
much affected by the changes of thermodynamics. This requires a
physical explanation that is deferred to the discussion section. A
probe that will be helpful for understanding this effect is the
amount of charge transfer,QCT, from the substrate to the oxidant
in the transition state, which is seen from Table 1 to be
consistently larger in the transition states of the imidazole-ligated
superoxide.

4. DISCUSSION

Can ferric-superoxide act as a potential oxidant in P450? To
answer this title question, we should compare the computed
reaction barriers for ferric-superoxide to the corresponding ones
for Cpd I. This is done in Figure 4, which summarizes the
calculated B3LYP-D barriers for the first step of all the studied
reactions. It is seen that while the barriers for both hydroxylation

and epoxidation of cyclohexene found here for the ferric-super-
oxide are not exceedingly high, they are still higher than those of
Cpd I, and the corresponding sulfoxidation barrier is very much
higher. Therefore, Figure 4 shows clearly that by comparison to
Cpd I, which is a powerful oxidant with low barriers, the P450
ferric-superoxo species is a sluggish oxidant and is not likely to
affect the chemistry of wild-type P450s. Note that these barriers
are not activation free energies, which require extensive
sampling.58 Nevertheless, judging from the recent study of
sampling for H-abstraction by Cpd I of P450cam,

58b the sampling
effect is small (1.2 kcal/mol or less) and hence will not affect the
present conclusions, which are based on large differences.

What is the reason for the sluggish reactivity of P450 super-
oxide compared with the corresponding Cpd I? One immediate
answer is found in the relative reaction energies of the corre-
sponding bond activation processes. As seen from Figures 1-3,
the reactions of the superoxo species are either endothermic or
weakly exothermic compared with those by Cpd I, which are
significantly exothermic. For example, the H-abstraction reaction
of superoxide is 15 kcal/mol endothermic compared with the
7 kcal/mol exothermicity of the corresponding reaction of Cpd I,
and the same is true for the CdC bond activation step. Thus,
the FeO-H/FeO-C bonds are stronger than the FeOO-H/
FeOO-Cbonds, and following the Bell-Evans-Polanyi (BEP)
principle,59-62 we might expect the higher reactivity for Cpd I
compared with the superoxo species. Indeed, the barrier heights
and reaction energies for the reactions of Cpd I and ferric-
superoxide with CH correlate linearly with each other (Figure S9
in the Supporting Information), as expected from the BEP
principle.

The root cause of the stronger O-X (X = H,C) bonds
generated in the reactions of Cpd I, compared with the OO-
X bonds in the reactions of ferric-superoxide, can be traced to the

Table 1. B3LYP-D/B2c Calculated Gas-Phase Barriers (ΔEq), Reaction Energies (ΔE),a and Amounts of Charge Transfer (QCT)
for the Reactions of the P450 (L = SH-) and the Imidazole-Ligated (L = Im) Superoxides in the Singlet/Triplet States

B3LYP B3LYP-D

Fe-O2
- species substrate reaction type ΔEq ΔE ΔEq ΔE QCT (e-)

L = SH- CH H-abstraction 24.1/22.1 13.5/10.5 20.2/18.1 10.6/7.5 0.28/0.27

CdC activation 27.2/25.4 20.5/17.3 22.4/20.7 15.4/12.3 0.18/0.18

Trp CdC activation 27.6/26.1 14.4/12.4 21.3/19.9 6.7/4.6 0.31/0.31

L = Im CH H-abstraction 20.7/17.5 10.1/5.2 17.6/14.9 7.9/3.0 0.34/0.32

CdC activation 23.0/18.3 15.6/10.2 18.6/14.7 11.8/6.5 0.26/0.26

Trp CdC activation 20.6/17.6 11.3/7.6 13.6/11.0 1.5/-2.3 0.40/0.40
a In kcal/mol with zero-point energy correction.

Figure 4. Calculated B3LYP-D activation barriers for the first step of
each type of reaction.
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odd electron density on the oxygen atom that forms the bond.
Generally, the higher the odd electron density on the attacking
O-site, the more localized the radical, and the stronger will its
O-X or OO-X bonds be.63 Scheme 3 compares the spin
densities for Cpd I vis-�a-vis ferric-superoxide, and it is apparent
that the oxo ligand has a significantly larger spin density than the
distal oxygen of the superoxo ligand, wherein the spin density is
delocalized over the two oxygen atoms. This delocalization of the
odd electron is lost when the superoxide makes the OO-X bond
either with H or with C, thereby causing less exothermic or more
endothermic processes vis-�a-vis Cpd I.

It is interesting to compare the P450 superoxide barriers to
those in other enzymes. Thus, the H-abstraction barriers found
here are around 20 kcal/mol higher than the one (Cys-β-C-H
bond of the tripeptide substrate) calculated for the ferric-super-
oxo species of the nonheme isopenicylin N synthase (IPNS)
enzyme.21 Similarly, the epoxidation barriers of the P450 super-
oxide are also higher than the ones found by Morokuma et al.17b

in their study of the oxidative cleavage of the pyrrole ring of
L-tryptophan by the heme ferric-superoxide of tryptophan 2,3-
dioxygenase (TDO), wherein they also reported relative energies
of transition states for ferric-superoxo attacks on smallπ systems,
which demonstrated that ferric-superoxo is capable of easily
reacting with π systems. It appears therefore that imidazole-
ligated ferric-superoxide is more reactive than the corresponding
P450 species.

As noted in section 3.5 and in Table 1, there are two major
factors for the higher reactivity of imidazole-ligated ferric-super-
oxo reagents:
(a) The reactions of the imidazole-ligated ferric-superoxide

are less endothermic than those of the P450 species.
(b) The amount of charge transfer,QCT, from the substrate to

the oxidant in the transition states (TSs) are always larger
for the TSs of the imidazole-ligated superoxide (Table 1,
last column). As argued recently,60 a larger QCT value in
the TSmeans that the corresponding TS enjoys increased
resonance stabilization due to mixing of charge-transfer
(ionic) configurations. As such, Table 1 shows that the
TSs for the reactions of the imidazole-ligated superoxide
are consistently more stabilized by resonance with the
charge transfer state compared with the corresponding
TSs in the P450 superoxo reactions. This is especially so
in the case of the CdC addition reaction of tryptophan by
imidazole-ligated superoxide, wherein the QCT values in the
TSs are 0.40. These largeQCT values indicate a strong mixing
of charge-transfer configurations60 and hence significant
resonance stabilization of the corresponding TSs.

The factor that determines the relative QCT values for the
two superoxo species types is their electron attachment energies

(i.e., electron affinities), which are significantly affected by the
electronic properties of the axial ligand.64 Thus the negatively
charged P450 superoxide has a much smaller electron attach-
ment energy (electron affinity), as expected by considering the
“push effect” of the thiolate ligand.65 It follows that, by virtue of
thermodynamics and electrostatic mismatch, the thiolate ligand
retards the reactivity of P450 ferric-superoxide, compared with
systems wherein the axial ligand is imidazole (histidine).

There is however, another and a major functional difference
between P450 and IPNS or TDO, in terms of what transpires
after the formation of the ferric-superoxo species in the dioxy-
genases (IPNS and TDO) vs P450. Thus, IPNS and TDO lack
the appropriate reductive and protonation machineries (see
Scheme 1 above) that convert the ferric-superoxide eventually
to Cpd I, while in P450 these machineries exist and their ultimate
function is to form Cpd I. Clearly, if and only if the disruption of
the protonation pathway prevents reduction and formation of
Cpd I, only then will P450 ferric-superoxide compete with Cpd I
or replace it as an oxidant in the mutants. The recent QM/MM
studies of Cpd I formation in various T252X (X = Ser, Val, Ala,
Gly) and D251N mutants of P450cam

66,67 show that this is un-
likely to be the case; the O-Ocleavage and formation of Cpd I in
these mutants have barriers of the order of 14-19 kcal/mol,
whereas the H-abstraction barriers computed herein exceed
20 kcal/mol. Thus, changing the protonation machinery cannot
bring about nascent superoxo reactivity. However, our results
suggest that mutations that slow the second electron transfer in
the cycle (Scheme 1), which is known to be rate-controlling, may
stop the P450cam cycle at the ferric-superoxo stage and lead to
observation of superoxo oxidative chemistry and a detectable
Cpd II species. This may be achieved by mutating the P450
residues at the site of attachment of the reductase (putidaredoxin
in P450cam) or by using an EEF.28 In the latter case, the EEF will
quench Cpd I formation and enhance ferric-superoxo reactivity.

5. CONCLUSIONS

The above QM/MM study on hydroxylation and epoxidation
of cyclohexene and sulfoxidation of dimethyl sulfide by the ferric-
superoxide andCpd I of P450cam shows that ferric-superoxide is a
sluggish oxidant compared with Cpd I. As such, the P450
superoxo species cannot function as an additional oxidant in
P450cam. This behavior is contrasted with the recently reported
significant reactivity of superoxo species of the heme enzymes
like TDO17 and nonheme systems.19,25,26 The origins of this
different behavior are analyzed and traced to the greater ability
of the latter superoxo species to make stronger FeOO-X (X =
H,C) bonds and to stabilize the corresponding transition states
by resonance with charge-transfer configurations. The negative
charge of the P450 species minimizes the stabalizing effect of
charge transfer in the transition state and contributes thereby to
the sluggish reactivity of the superoxo species. However, as we
demonstrate, an EEF oriented along the Fe-O axis with a
direction pointing from Fe toward O will on the one hand
quench Cpd I formation, by slowing the reduction of ferric-
superoxide, and on the other lower the barriers for oxidation by
the latter species, thereby enabling a possible observation of
superoxo oxidative chemistry in P450. Notably, the existing
capabilities to immobilize enzymes68-71 suggest that the attach-
ment of P450cam, for example, to an electrode surface,68,69 by use
of self-assembled monolayers (SAMs) of bifunctional alkenthiols
with anionic end groups (e.g., PO3-SAM and CO2-SAM),

Scheme 3. Spin Density (G) Distribution in (a) Cpd I (7) and
(b) Ferric-Superoxide (4)
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which can link to the surface lysines at the distal site of the
protein, may serve to orient the enzyme vis-�a-vis the EEF and
enable one thereby to study the potential reactivity of ferric-
superoxide of P450.
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