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The cytochromes P450 are ubiquitous enzymes that are involved in key metabolizing processes in the body
through the monoxygenation of substrates; however, their active oxidant is elusive. There have been reports
that implicate that two oxidants, namely, the iron(IV)-oxo porphyrin cation radical (compound I) and the
iron(III)-hydroperoxo complex (compound 0), both act as oxidants of sulfoxidation reactions, which contrasts
theoretical studies on alkene epoxidation by compounds I and 0 that implicated compound 0 as a sluggish
oxidant. To resolve this controversy and to establish the potency of compound I and compound 0 in
sulfoxidation reactions, we have studied dimethyl sulfide sulfoxidation by both oxidants using the quantum
mechanics/molecular mechanics (QM/MM) technique on cytochrome P450 enzymes and have set up a model
of two P450 isozymes: P450cam and P450BM3. The calculations support earlier gas-phase density functional
theory modeling and show that compound 0 is a sluggish oxidant that is unable to compete with compound
I. Furthermore, compound I is shown to react with dimethyl sulfide via single-state reactivity on a dominant
quartet spin state surface.

Introduction

The cytochromes P450 (P450s) are key drug and xenobiotic
metabolizing enzymes that because of their broad substrate range
and versatility have attracted wide attention.1 These enzymes
utilize molecular oxygen on a heme center and transfer one of
those oxygen atoms to a substrate (monoxygenation) to give
hydroxylated products, epoxides, or sulfoxides.2 Despite im-
mense experimental efforts in the field, the key oxidizing species
of the enzyme has still not been unambiguously determined.
Possible candidates put forward as the active oxidant in P450
enzymes are the iron(IV)oxo heme(+ · ) species (compound I,
Cpd I) and the ferric-hydroperoxo complex (compound 0, Cpd
0).3 There have been suggestions that these two species act side
by side as two oxidants. An alternative hypothesis is the two-
state reactivity (TSR) scenario where a single oxidant appears
in two close lying spin states that masquerade as two oxidants.4

This controversy has attracted much attention, but despite many
experimental and theoretical studies, it has still not been
resolved. A detailed overview of the pros and cons of the two-
oxidant versus TSR scenarios is given in recent commentaries.5

The active sites of two well-studied P450 enzymes, P450cam
6

and P450BM3
7, are shown in Figure 1. P450cam is a bacterial

enzyme found in E. coli that regioselectively hydroxylates
camphor at the C5 position,8 whereas P450BM3 is a fatty acid
hydroxylase found in Bacillus megaterium.9 P450BM3 resembles
the structure and function of eukaryotic P450s closely and as
such is a popular target of biochemical studies. Both of these
P450s (Figure 1) have a similar active-site structure with a
central heme that binds a metal ion (iron), which is linked to
the protein backbone through a thiolate bridge of a cysteinate
residue: the axial ligand.10 Molecular oxygen binds to the distal
site of the heme (empty in both structures) and in its vicinity
the substrate: camphor in P450cam and N-palmitoylglycine in

P450BM3. The size and shape of the substrate binding pocket
together with the entrance channels leading to the active site
determine what substrates are able to bind and eventually react
with the active species.

The P450 enzymes undergo a catalytic cycle that is schemati-
cally depicted in Scheme 1.4b The cycle starts from the resting
state, where a water molecule occupies the distal binding site
of the heme (A). Upon the entrance of the substrate (SubH)
into the active site binding pocket, a spin state crossing from
low spin (doublet) to high spin (sextet) is triggered that releases
the water molecule from the sixth binding site (B). (Also see
Figure 1.)11 The heme is reduced (C) and binds molecular
oxygen (D), followed by a second reduction step to form the
ferric-peroxo complex (E).12 This process is sufficiently fast
that the catalytic cycle enters a gray zone where intermediates
are short-lived and information is limited. It has been hypoth-
esized that a protonation step converts E into the ferric-
hydroperoxo complex (Cpd 0) and a second protonation converts
to Cpd I. Low-temperature EPR/ENDOR and resonance Raman
studies characterized Cpd 0 as the last stable structure prior to
product formation.13 Indirect evidence from product distributions
and kinetic isotope effect studies, however, assigned the
iron(IV)-oxo heme(+ · ), or Cpd I, as the active oxidant of the
enzymes.14

However, this conclusion was put in doubt by site-directed
mutagenesis studies, in particular, mutation of Thr252 to alanine
in P450cam,15 where a regioselectivity switch of hydroxylation
to epoxidation was observed in systems where these reactions
are competitive.16 It was therefore concluded that epoxidation
reactions originate from Cpd 0, whereas hydroxylation reactions
originate from Cpd I and hence a two-oxidant mechanism.
Further support for this came from studies on radical clock
substrates that gave ultrashort lifetimes of radicals and thereby
implicated the activity of two oxidants in the reaction mixture.17

More recent studies on alkyl sulfide sulfoxidation by P450cam

and P450BM3 as well as on active site mutants seemed to imply
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that Cpd 0 is also a possible oxidant of sulfoxidation reactions.18

In contrast, other studies of the same group on fatty acid
hydroxylation by P450BM3 implicated no involvement of Cpd
0, and all reactivity was assigned as originating from Cpd I.19

The studies with mutant enzymes therefore implicate Cpd 0 in
catalyzing sulfoxidation and epoxidation reactions but not
hydroxylation reactions.

The two oxidant hypothesis is disputed by density functional
theory (DFT) studies on substrate epoxidation by Cpd 0 versus

Cpd I models that showed Cpd 0 to be a sluggish oxidant that
is unable to compete with Cpd I.20 These studies showed that
Cpd I appears in close-lying doublet and quartet spin states,
and in a reaction with substrates, each spin state has a different
reaction barrier leading to products and hence TSR. It has been
proposed that this TSR phenomenon may masquerade the
appearance of two oxidants in reaction mechanisms. Biomimetic
studies on model complexes confirmed the theoretical conclu-
sions and proved that the ferric-hydroperoxo complex is
unlikely to be an active oxidant of CdC epoxidation reactions.21

The question that remains, however, is whether Cpd 0 is able
to perform sulfoxidation reactions either in tandem with Cpd I
or as the sole oxidant. Earlier DFT studies on small model
complexes seemed to imply that Cpd 0 is a sluggish oxidant in
sulfoxidation reactions that is unable to compete with Cpd I.22,23

These studies, however, did not take the protein environment
of the enzyme into account and may not have been a good
representative of an enzymatic reaction mechanism. In particular,
quantum mechanics/molecular mechanics (QM/MM) studies of
Thiel et al.24 on Cpd I of P450cam showed large differences
between gas-phase DFT models and QM/MM because of the
effect of hydrogen bonding and the protein environment.
Importantly, the electronic description of Cpd I appears to be
sensitive to interactions of hydrogen bonding donors toward the
thiolate, and as a consequence, the system changes from a
cysteinyl radical in the gas-phase to a heme radical in an
enzyme-mimicked environment, which has been termed “cha-
meleonic behavior”.25 The questions addressed in this work are
therefore: (a) is the sulfoxidation reaction in P450 enzymes
catalyzed by Cpd 0, Cpd I, or both; (b) are different oxidants
or multiple spin states active; and (c) what is the effect of the
protein environment on substrate sulfoxidation?

Despite the fact that experimental product distributions with
WT versus mutant enzymes seemed to implicate a two-oxidant
scenario, there are also experimental studies that favor the TSR
scenario. Experimental product distributions of rearranged and
nonrearranged reaction products proved that substrate hydroxy-
lation proceeds via a radical mechanism and that no cations
are involved, which is supportive of the TSR scenario.26

Furthermore, kinetic isotope effect studies on N-dealkylation
reactions by P450cam found no evidence of Cpd 0 activity, and
all reactivities were assigned to Cpd I.27 Crystallographic data
on WT and T252A and D251N mutants of P450cam showed that
Thr is not involved in the proton transfer processes during
oxygen activation in the catalytic cycle, but instead, the studies
showed that the Thr residue is important in hydrogen bonding
interactions with the ferric-hydroperoxo complex to facilitate

Figure 1. Extracts of the active site of P450cam and P450BM3, as taken from protein data bank files (1DZ46 and 1JPZ,7 respectively). Residue
numbering corresponds to the respective PDB files, and W represents water molecules.

SCHEME 1: Catalytic Cycle of P450 Enzymes with Cpd
I and Cpd 0 Highlighted in Reda

a For simplicity, the heme is abbreviated by two horizontal bold bars
and cysteinate to CysS.
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a fast proton transfer to form Cpd I. The crystallography studies
identified several crystal water molecules that remained in the
active site pocket of the T252A mutant and would be able to
take over the proton-relay function in the mutant, so that Cpd
I formation is more likely slowed down rather than hampered.28

The enzyme P450eryF has an unusual P450 active site structure
because it lacks this active site Thr residue but instead has an
alanine group in its position. However, crystal structure studies
showed that the 5-OH group of its natural substrate, 6-deoxy-
erythronolide B, replaces the function of the Thr group by
shuttling protons to and from the heme center.29

In this work, we present the first QM/MM set of calculations
on the sulfoxidation reaction by Cpd 0 and Cpd I of two P450
model systems, namely, P450cam and P450BM3. Our calculations
confirm DFT studies of small model complexes22,23 and show
that Cpd 0 is a sluggish oxidant that is unable to compete with
Cpd I.

Methods

Quantum Mechanics/Molecular Mechanics Calculations.
The QM/MM calculations were performed with the ONIOM
program30 as implemented in Gaussian 03.31 ONIOM employs
the link atoms procedure to treat the boundary region between
the QM and MM subsystems, where a covalent bond between
the QM and MM regions is replaced by a C-H bond.32 The
universal force field (UFF)33 was selected to compute the MM
region, whereas the QM region was treated with DFT. QM/
MM test calculations that employed an Amber force field
reproduced the calculated electronic states of Cpd I using the
UFF force field perfectly so that we do not expect major
differences upon changing the MM force field here. Moreover,
QM/MM studies using the UFF force field as a description of
the MM region were shown to give good geometries and able
to predict spectroscopic parameters excellently.34,35 We use
default QM/MM settings in ONIOM that include mechanical
embedding of the protein in the QM region. Full geometry
optimizations were performed on all atoms in the QM and MM
regions using the unrestricted open-shell version of the hybrid
(HF/DFT) density functional UB3LYP.36 The basis set used in
the investigations was LANL2DZ, which includes the Los
Alamos effective core potential (ECP) plus double-� basis set
on the Fe atom combined with 6-31G on the rest of the atoms,
basis set B1.37 For selected geometries, additional single-point
calculations were performed with a larger basis set including
polarization functions on all (non-transition-metal) atoms:
LACVP**, basis set B2. In the case of 2,4Cpd I of P450cam, we
also did a full QM/MM geometry optimization with B3LYP/
LACVP** but found little difference with respect to those
obtained with the smaller basis set and hence the rest of the
studies used basis set B1 for geometry optimization only.

Set-Up for P450cam System. Model 1 is a QM/MM repre-
sentation of P450cam, which contains the active center plus a
10 Å radius of the surrounding protein. Starting coordinates for
the calculations were taken from monomer A of the protein
databank file 1DZ46 (1.6 Å resolution) and the protein truncated
at a distance of 10 Å from the iron atom. All amino acid residues
with at least one atom within this radius were included, namely,
Tyr75, Pro86, Phe87, Tyr96, Phe98, Pro100, Thr101, Gln108, Arg112,
Val119, Leu244, Leu245, Val247, Gly248, Gly249, Asp251, Thr252,
Val253, Phe256, Leu289, Leu294, Val295, Asp297, Arg299, Gln322,
Thr349, Phe350, Gly351, Ser354, His355, Leu356, Cys357, Leu358,
Gly359, Gln360, Leu362, Ala363, Glu366, and Ile367. The camphor
substrate was removed from the PDB file and replaced by
dimethyl sulfide (DMS), and hydrogen atoms were added to

the system. Unconventional protonation states for residues are
taken from earlier studies on P450cam:24a the carboxylic acid
side chain of Glu366 was protonated, His355 was protonated at
both nitrogen atoms, and Asp297 was protonated at the OD2
atom.

To model the reactive species, distal ligand groups were
replaced by OOH- and O, respectively, to generate starting
structures for Cpd 0 and Cpd I. The Cpd 0 system comprised
780 atoms with an overall charge of +1, whereas 769 were
included in Cpd I, giving a total charge of +2. To prevent this
system from undergoing unnatural changes during the geometry
optimizations, all R-carbons in the amino acid residues in the
MM region were frozen.

Setup for P450BM3 System. Model 2 is a P450BM3 model
whereby we used the 1.06 Å resolution crystal structure of Leys
et al.7 Hydrogen atoms were added using the MOE2005.06
program package,38 and the proton assignments for the histidine
residues in the system were used as follows: all histidine residues
were doubly protonated, except for His66, His123, His210, and
His287, which were protonated on the ND1 atom only, and His397,
which was protonated on the NE2 atom only. DMS was added
as a substrate to the binding pocket.

AMBER parameter files for DMS were generated using the
Antechamber program within the AMBER software package
using the AM1-BCC charge method, whereas heme parameters
were taken from the Amber Parameter Database.39 The FF94
force field was used in combination with the GAFF force field
for the molecular dynamics (MD) simulations.40 Subsequently,
the system was solvated in a 15 Å layer of TIP3P water
molecules in a truncated octahedral box with a total of about
52 000 atoms and a net charge of -9. The procedure for the
equilibration was as follows: (i) an initial minimization with
restrained protein and ligand, (ii) an unrestrained minimization,
and (iii) a heating stage from 0 to 300 K with restrained ligand
and protein. An NVT MD run was performed starting with
decreasing levels of restraint until an unrestrained run lasting
400 ps was completed.

Several low-energy structures in the unrestrained MD run
were selected as starting points for the QM/MM calculations
with snapshots (Sn) taken after 513, 715, and 766 ps. These
three starting structures are identified as Sn1, Sn2 and Sn3,
respectively. The entire protein was included in the QM/MM
calculation as well as a 5 Å layer of water molecules around
the surface of the protein. All other water molecules and Na+

counterions added by Amber41 were removed because Gaussian
03 has a limit of about 20 000 atoms.

Model. The QM region in all systems described here included
the iron atom, the heme without side chains, thiolate for the
cysteinate axial ligand, the distal ligand of the heme and the
substrate. It is known that the electronic properties of Cpd I are
sensitive to the choice of the axial ligand and its hydrogen
bonding interactions with local peptide bonds.24,25a,42 To test
the effect of the axial ligand description and its hydrogen
bonding environment on the obtained calculations, we did further
studies with the expanded axial ligand region for selected
systems where the axial ligand was expanded to SCH3

-, Cys-,
SH- · · · (HNH2)2, and Cys- · · · (HNH2)2. (See text for details.)
Expansion of the QM system did not affect the electronic
description of the various intermediates but did lead to geometric
differences. We, therefore, do not expect major changes in the
reaction mechanisms and barriers upon enlarging the QM region.

Full geometry optimization of all atoms in the QM and MM
regions were performed in C1 symmetry. Each species was
confirmed as a minimum energy structure using an analytical
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frequency analysis. For the large model, however, frequency
calculations were not practical because of the amount of memory
needed. Instead, a frequency analysis of the QM region alone
was performed using UB3LYP/LANL2DZ in Gaussian 03. We
tested two different models (Scheme 2), one based on P450cam

and the other based on P450BM3.

Results and Discussion

Cpd I of P450cam and P450BM3. We calculated two models
that represent two different P450 enzyme classes: (a) the P450cam

model, which is a truncated model that contains the heme and
its nearest environment (approximately 10 Å area around the
metal) and whereby all R-carbons of the protein are fixed, and
(b) the P450BM3 model, which contains the complete enzyme
plus a solvent layer where no constraints in the chemical system
are used. The MD simulation of the latter provided three low-
energy snapshots (Sn1, Sn2, and Sn3) taken after 513, 715, and
766 ps. Figure 2 shows optimized geometries of 4,2Cpd I as
calculated for P450cam and P450BM3, whereby Cpd Icam repre-
sents the P450cam model and Cpd IBM3 represents the P450BM3

system. In the case of 2,4Cpd Icam, a QM/MM geometry
optimization was done with basis set B1 as well as with B2.

As follows from the comparative geometries in Figure 2,
polarization functions give minor changes in geometry; there-
fore, we continued the rest of the studies with basis set B1 for
geometry optimization and did single-point calculations with
basis set B2 only.

Cpd I has close-lying doublet and quartet spin states, each
with three unpaired electrons, and as a consequence, TSR
patterns are expected on competing spin state surfaces.4 The
spin multiplicity is identified here with a superscript in the label.
Therefore, Cpd I is a triradicaloid with two unpaired electrons
triplet coupled in orthogonal π*FeO orbitals and a third unpaired
electron on the heme.43 The latter orbital in D4h symmetry has
the label a2u, and we will keep this nomenclature here for
simplicity. The a2u orbital shows significant mixing of the heme
with a πS orbital on the axial ligand, and it has been shown
that perturbations due to the protein environment, that is, as a
result of hydrogen bonding interactions toward thiolate, influence
the heme radical character.25,44

As follows from the optimized geometries of 4,2Cpd I of
P450cam and P450BM3 shown in Figure 2, the environment
around the active site is seen to influence the geometry of the
active species considerably. Notably, Cpd I of P450BM3 has a
longer Fe-S bond length, whereas the Fe-O and Fe-N
distances are similar to those in P450cam. We tested calculations
using three different snapshots from the MD simulations, which
had starting distances for the Fe-S bond of 3.00, 2.65, and
3.23 Å, respectively, for Sn1, Sn2 and Sn3. Snapshot Sn2,
however, converged to a geometry similar to that found for Sn1

with an optimized Fe-S distance of 2.945 (2.923) Å for 2Cpd
IBM3 (4Cpd IBM3), respectively. It appears, therefore, that the
long Fe-S distance is inherent to the model of the P450BM3

complex.
To test whether the differences in geometry and, in particular,

the long Fe-S distances obtained for the P450BM3 model
influence the reaction mechanisms and electronic configuration
of the intermediates, we did some extra calculations where we
extended the QM region to take the features of the axial ligand
and its direct environment into account. Previous studies using
DFT modeling as well as QM/MM showed that the group spin
densities are sensitive to the environment of the axial ligand
and can change the electronic situation from a dominant thiolate
radical (Por Cys•) to a porphyrin cation radical (Por+• Cys-).24,25

It was shown that these two configurations are close in energy
in Cpd I and that the two valence bond states mix. The amount
of mixing thereby gives rise to the large variation in group spin
densities. First, starting from Sn1 optimized geometry, we
extended the description of the cysteinate ligand to methylm-
ercaptane (CH3S-) and cysteinate (Cys-), and in a second set
of calculations, we also included two hydrogen bonded amide
groups that form hydrogen bonding interactions with the thiolate
ligand. Full geometry optimization of 2Cpd I of P450BM3 with

SCHEME 2: Models of (a) P450cam and (b) P450BM3 in
This Study with the QM Region Highlighted in Blue

Figure 2. Optimized geometries of Cpd I of (a) P450cam and (b)
P450BM3 as calculated with QM/MM. Bond lengths are given in
angstroms, ∆Fe represents the displacement of the metal from the plane
of the heme, and rFeN,average is the average of the four Fe-Npyrrole

distances. Values in square brackets were obtained through optimization
with B3LYP/LACVP**.

TABLE 1: Group Spin Densities (G) and Fe-S Bond
Distances of 2Cpd I of P450BM3 with Extended Axial Ligand
QM Region

group spin densities rFe-S

axial ligand Fe O Por Cys DMS (HN)2 (Å)

SH- (Sn1) 1.21 0.89 -0.38 -0.72 0.00 2.940
SH- (Sn2) 1.20 0.90 -0.36 -0.74 0.00 2.945
SH- (Sn3) 1.21 0.87 -0.21 -0.87 0.00 3.481
SCH3

- 1.16 0.93 -0.27 -0.82 0.00 2.670
Cys- 1.18 0.91 -0.31 -0.78 0.00 2.701
SH--(HN)2 1.19 0.90 -0.31 -0.70 0.00 -0.08 2.988
Cys--(HN)2 1.12 0.98 -0.37 -0.73 0.00 0.00 2.505
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extended QM region was performed, and the group spin
densities and key bond lengths of the optimized geometries are
displayed in Table 1. However, as follows from Table 1, the
group spin densities of our P450BM3 model shows little
sensitivity to the choice of the QM region. Optimized geom-
etries, by contrast, give some fluctuation of the Fe-S distance,
which is long when thiolate is chosen as the axial ligand but
drops to 2.505 Å for the full cysteinate with hydrogen bonding
interactions included. Therefore, the results in Table 1 imply
that the long Fe-S distances calculated for the P450BM3 models
will not influence the electronic properties of Cpd I and
consequently should give the correct electronic configuration
and barrier heights for the reaction mechanism. Alternative
calculations that started from different MD snapshots, one with
a larger Fe-S distance in the starting structure and one with a
shorter one, converged to similar optimized geometries and
virtually identical group spin densities. As a matter of fact, the
porphyrin spin density for Sn1 with SH- is almost identical to
that found for the system with the large axial ligand description,
which implies that Sn1 with thiolate ligand is a good model of
Cpd I despite the long Fe-S distance.

The large amount of cysteinate spin density obtained for
4,2Cpd I of P450BM3 is, therefore, not the result of choice of the
QM region, although the Fe-S distance shortens when a larger
axial ligand system is considered. Because the group spin
densities stay the same for all structures considered in Table 1,
it is not expected that the long Fe-S distances in P450BM3

influence the reaction barriers of sulfoxidation.
Sulfoxidation by Cpd I of P450cam and P450BM3. Subse-

quently, we studied DMS sulfoxidation by our P450cam and
P450BM3 (Sn1) models. The sulfoxidation reaction of DMS by
Cpd I of P450 is a concerted reaction via a transition state (TSI)
leading to sulfoxide product complexes (P). Figure 3 shows the
potential energy profile of DMS sulfoxidation by P450cam and
P450BM3 as obtained from QM/MM modeling. Although the
doublet and quartet spin states are degenerate for Cpd I, in the
transition states, the quartet spin state is lower in energy than
the doublet by 6.9 kcal mol-1 for P450cam and 4.4 kcal mol-1

for P450BM3. These relative energies and spin-state ordering
closely match those obtained by small DFT model complexes,22,23

although another recent DFT study predicted a lower-lying
doublet mechanism.45,46 Nevertheless, all previous studies, in

accord with the current study, predict a single-state reactivity
(SSR) mechanism whereby one spin-state surface is dominant.

Because the absolute barriers appear to give a large deviation
based on the method and model chosen, we summarize relative
energies and barrier heights obtained in this work and how they
compare with the literature in Table 2. Therefore, the DFT
model calculations of refs 22, 23, 45, and 46 use an active site
representation of a P450 enzyme that contains protoporphyrin
IX bound to an oxo group and a cysteinate mimic that is
represented by either thiolate (SH-) or methylmercaptane
(SCH3

-). These calculations were done in the gas phase, and
the effect of the protein environment of the enzyme is neglected.
Some studies report additional continuum solvent calculations47-49

that mimic environmental effects on the charge and spin
distributions of the structures to mimic the effect of the
surrounding.

As can be seen from Table 2, there is a large range of
calculated sulfoxidation barriers for seemingly the same model.
All methods predict high ∆E values when using a small basis
set, with barriers well over 20 kcal mol-1 in some cases. The
addition of ZPE corrections to the relative energies typically
changes the barriers by maximally a few kilocalories per mole
but does not change the doublet/quartet spin-state ordering.
Further corrections to the relative energies with an improved
basis set leads to significantly lower barriers, which again is
seen with QM/MM and gas-phase DFT calculations. The value
of 4TSI of P450cam with the large basis set and ZPE corrections
included is 8.0 kcal mol-1 above reactants, which compares very
well with the value obtained with a small DFT model where
9.1 kcal mol-1 was calculated with comparable methods and
basis sets. All studies predict single-state reactivity (SSR)
patterns on one dominant spin state surface. The gas-phase DFT
models seem to imply a lower-lying doublet spin state surface,
at least without ZPE corrections included. Our QM/MM studies
on both P450cam and P450BM3 predict a lower quartet spin state
surface by at least 3.8 kcal mol-1.

Although the sulfoxidation mechanism shows an SSR sce-
nario, this is different from aliphatic hydroxylation reactions
catalyzed by P450 enzymes, where TSR is usually found with
similar reaction barriers on the two spin state surfaces.47

Moreover, aliphatic hydroxylation proceeds in a stepwise
manner with an initial hydrogen abstraction followed by radical
rebound.42,47,48 This radical intermediate, because of its finite
lifetime, can lead to rearrangement and the formation of

Figure 3. Potential energy profile for the sulfoxidation of DMS by
Cpd I of P450cam (in red) and P450BM3 (in blue). Energies are in
kilocalories per mole relative to the reactant complex in the quartet
spin state and contain zero-point corrections. All data were obtained
with basis set B1, whereas data in parentheses for P450cam use energies
calculated with basis set B2.

TABLE 2: DMS Sulfoxidation Barriers (∆E‡) by Cpd I of
P450 As Calculated with Gas-Phase DFT Models or QM/
MM Methods on Enzymatic Systems

QM method
DFT or

QM/MM ∆E‡a ref

UB3LYP/LACVP** DFT 16.8 (19.2)b 22
UB3LYP/LACV3P++**//

LACVP**
DFT 11.4 (6.9)b,c 46

UB3LYP/LACV3P++**//
LACVP**+ZPE

DFT 9.1 (7.1)c 46

UB3LYP DFT 20.6 (17.4) 45
UB3LYP/B1, P450cam QM/MM 14.4 (21.6) this work
UB3LYP/B1+ZPE, P450cam QM/MM 13.1 (20.0) this work
UB3LYP/B2//B1+ZPE, P450cam QM/MM 8.0 this work
UB3LYP/B1, P450BM3 QM/MM 26.4 (30.8) this work
UB3LYP/B1+ZPE, P450BM3 QM/MM 29.2 (33.0) this work

a In kilocalories per mole; values in parentheses for the doublet
spin state. b Without ZPE correction. c Including environmental
perturbations (ε ) 5.7) and hydrogen bonding interactions toward
thiolate.
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byproduct in the reaction mechanism.49 Sulfoxidation, by
contrast, is not expected to give byproduct. In summary,
although at first glance the relative energies obtained with QM/
MM are seemingly very different from gas-phase DFT models,
the barrier heights are, in fact, sensitive to basis set and zero-
point corrections. Including these effects in the calculations
predicts similar reaction energies and reaction mechanisms as
compared with those obtained with small model (gas-phase)
complexes. It is currently unclear what the origin of the high
barriers for P450BM3 is.

The potential energy profiles of the sulfoxidation of DMS
by Cpd I of P450cam differs somewhat from that for P450BM3

(Figure 3). The geometric differences obtained and why that
leads to energy differences are discussed below. Optimized
geometries of 4,2TSI of P450cam and P450BM3 are shown in
Figure 4. The two P450cam transition states are found to have
similar geometrical characteristics, although the low-spin struc-
ture has an S-O distance that is 0.1 Å longer than that obtained
for the high-spin state. The Fe-O distance is elongated in the
high spin state, reaching over 2.0 Å, whereas in the low spin
state, it is much shorter: 1.74 Å. These differences are the result
of differences in molecular orbital occupation. Therefore,
occupation of the σ*z2 orbital with one electron in 4TSI increases
the antibonding character of the Fe-O and Fe-S bonds, hence
producing elongated bond lengths. The angle between Fe, O,
and the DMS sulfur atom is approximately 150°. In addition to
the truncated model of P450cam, we also performed a full QM/
MM calculation on the full enzyme (Sn1 of P450BM3). These
studies were done to establish the effect of the environment
because of the size of the MM region on the sulfoxidation
reaction. Moreover, P450cam and P450BM3 have different struc-
tural features that may determine the reactivity differences.

The 2TSI structures obtained for P450cam and P450BM3 have
geometric features that are similar to those of the new transition
state of Shaik et al.46 with a large Fe-O-SDMS angle of 150.8
and 174.0° for P450cam and P450BM3, respectively. Our obtained
transition state, however, is much later on the potential energy
profile with long Fe-O and O-S distances compared with the
structure found with the small DFT model. Obviously, the
protein environment influences the structure of the transition
state considerably and changes it to a later position on the
potential energy surface. Consequently, the barrier is also
increased with respect to the small DFT model. As a result of
the large differences in molecular geometries for 2TSI, also
widely diverging values for the imaginary frequency are
obtained ranging from i61.145 to i291.9 cm-1.46 In our study,
imaginary frequencies of i212.2 and i383.6 cm-1 for the low-
spin and high-spin transition states in P450cam, respectively, were

obtained. The transition states in P450BM3, on the other hand,
are characterized by a single imaginary frequency of i276 cm-1

for the low-spin and i147 cm-1 for the high-spin species. All
sulfoxidation imaginary frequencies described in this work
correspond to an S-O stretch vibration indicative of a bond
formation process. A somewhat larger value for the imaginary
frequency for the high-spin transition state is reported from gas-
phase DFT studies with values of i680.6,22 i689.2,46 and i697.8
cm-1,45 respectively. Geometrically, these 4TSI transition states
are very much alike and also resemble the structure shown above
in Figure 4.

From the structures shown in Figure 4, it is clear that the
two P450BM3 transition states are similar in geometry. The
largest difference between 4,2TSI obtained is for the S-O
distance with a short bond length of 1.935 Å for 2TSI and 2.049
Å for 4TSI. These distances occur at much shorter S-O distance
than that in P450cam. In the transition state, the Fe-O distance
is slightly elongated compared with Cpd I with values of 1.831
and 1.785 Å for the low and high spin states, respectively.

Optimized geometries calculated with QM/MM compare well
to earlier obtained structures, even though those studies ignored
the protein surrounding. Therefore, QM/MM supports the recent
assignment46 of the low-spin structure (2TSI) as an upright
configuration rather than the bend configuration reported in ref
22. As a consequence, the 4TSI and 2TSI structures obtained
here are close in geometry; in particular, the Fe-S distances
are within 0.033 Å. The Fe-O and O-S distances in 4TSI of
P450BM3 are close to those obtained with small DFT model
complexes from refs 22, 45, and 46, where values of 1.767,
1.804, and 1.769 Å (for the Fe-O distance) and values of 2.032,
2.012, and 2.028 Å (for the O-S distance) were reported,
respectively. Although, the Fe-S and O-S distances for 4TSI

in P450cam are similar to these values, a much longer Fe-O
distance of 2.034 Å is found. Moreover, the vibrational mode
in the transition state is one for an S-O bond stretching mode
and therefore is a motion leading to sulfoxide products.
Therefore, it follows from the calculations presented here and
those in the literature that calculations on a sulfoxidation reaction
by an iron(IV)-oxo species are sensitive to environmental
perturbations so that the choice and shape of the model may
dramatically influence reaction barriers.

Figure 4. Optimized geometries of 4,2TSI of P450cam and P450BM3, as
obtained from QM/MM with bond lengths given in angstroms. The
displacement of the metal from the heme plane is estimated to be ∆Fe,
and rFeN,average is the average value of the four Fe-Npyrrole distances.

Figure 5. Potential energy profile for the sulfoxidation of DMS by
Cpd 0 of P450cam (in red) and P450BM3 (in blue). All energies are in
kilocalories per mole relative to the reactant complex in the doublet
spin state and contain zero-point corrections. Data out of parentheses
and in square brackets were obtained with basis set B1, whereas data
in parentheses were obtained with basis set B2.
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and P450BM3. Experimental studies16-18 seemed to suggest that
there are two oxidants active in P450 enzymes, which have been
assigned as Cpd I and Cpd 0. Mutation studies that should
prevent one protonation mechanism in the catalytic cycle of
P450, for example, T252A in P450cam, are expected to stop the
catalytic cycle with the ferric-hydroperoxo species, that is, Cpd
0. These mutants still gave sulfoxidation products, albeit with
much smaller rate constants than WT enzyme.18 To study
whether Cpd 0 would be active in either P450cam or P450BM3,
we set up QM/MM models of Cpd 0 of these enzyme structures
similarly to those discussed above for Cpd I reactivity.

The potential energy profile of the reaction of Cpd 0 with
DMS leading to dimethyl sulfoxide products is shown in Figure
5. Similar to the reaction of Cpd I with DMS, with Cpd 0, a
concerted reaction mechanism is obtained via a single transition
state (TS0). However, the electronic ground state of Cpd 0 is a
doublet spin state that is well separated from the quartet and
sextet spin states.20 As such, Cpd 0 reacts with substrates via
SSR on a dominant doublet spin state surface. The reaction
barriers for DMS sulfoxidation by Cpd 0 are extremely high
(Figure 5), much higher than barriers typically expected in an
enzymatic system and quite higher than those obtained for Cpd
I, even for the P450BM3 system with the elevated sulfoxidation
barriers. Therefore, with reaction barriers well over 50 kcal
mol-1, it is unlikely that Cpd 0 will be able to react with sulfides
via sulfoxidation reactions. These studies are in line with
previous theoretical reports where the reaction barriers starting
from Cpd 0 were found to be at least double the height of those
for Cpd I.22,23 The reaction energies for our P450cam and P450BM3

models are very close and indicate that the effect of the protein
environment on the reaction is very small.

Optimized geometries of 2Cpd 0 and 2TS0 for P450BM3 are
given in Figure 6. In the transition state, the S-O distance is
relatively short (1.798 Å), which is much shorter than the
distance found for 2,4TSI. (See Figure 4.) At this point, the Fe-O
distance is elongated to 2.482 Å, clearly showing weakening
of the Fe-O bond.

In summary, QM/MM studies show that the sulfoxidation of
dimethyl sulfide proceeds via Cpd I because Cpd 0 is a sluggish
oxidant that is unable to compete with Cpd I. These studies
support previous DFT studies on alkyl sulfide sulfoxidation
mechanisms but take a key factor into effect that was neglected
before, namely, the protein environment.

Summary and Conclusions

We report the first QM/MM study on sulfoxidation by Cpd
0 and Cpd I of P450 enzymes. Our calculations support previous
studies in the field using small DFT models, namely, Cpd I is
the sole oxidant of P450 enzymes. Cpd 0 gives very high
reaction barriers for substrate sulfoxidation and will be unable
to compete with the much lower barriers obtained for Cpd I.
Although Cpd I appears in two close-lying spin states (doublet
and quartet), only the quartet spin state is found to be active,
so the system will react via SSR.
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