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Abstract: The optimized geometries of the stable ferrous dioxygen and transient reduced ferrous dioxygen
forms of a methylmercaptate porphine model of the cytochrome P450 heme system were calculated using
nonlocal density functional theoretical (DFT) methods. The optimized geometry of the ferrous dioxygen form
is in good agreement with the structure of a model compound of this species and the calculated diamagnetic
singlet ground state is consistent with the reported lack of ESR spectrum of this species. The calculated
ground state of the reduced ferrous dioxygen species is a low-spin (doublet) state, in agreement with the
reported ESR signature of this species in P450cam. The dioxygen ligand in the reduced form is shown to
preferentially bind to the heme iron in an asymmetric “end-on” geometry. The most pronounced structural
effects of the reduction of the ferrous dioxygen species are the elongation of the Fe-O and Fe-S bonds.
This bond lengthening is due to the addition of an electron into a molecular orbital of significant antibonding
character in the S-Fe-O bonding upon reduction of the ferrous dioxygen species. The molecular electrostatic
potential of the ferrous dioxygen and reduced ferrous dioxygen P450 intermediates both have pronounced
minima near each of the bound dioxygen atoms, but with significantly lower minima in the reduced species.
INDO/S/CI calculations of spectral and electronic properties were performed at the computed density functional
geometries. The diamagnetic singlet ground state of the ferrous dioxygen and the doublet ground state of the
reduced ferrous dioxygen species found with inclusion of configuration interaction are in agreement with the
DFT results. The INDO/S/CI spectra of the ferrous dioxygen and reduced ferrous dioxygen species both have
a split Soret band, due to mixing of the sulfur p orbitals with the porphyrinπ orbitals modulated by the
dioxygen ligands. Comparison of the computed spectra of these species with the reported experimental spectra
show similar split-Soret signatures and spectral shifts compared to the ferric high-spin substrate bound state.
The agreement between calculated and experimental spectra provides additional evidence that the species which
are the origin of the observed spectra are indeed the ferrous dioxygen and reduced ferrous dioxygen P450
species.

Introduction

Cytochrome P450s, a ubiquitous class of enzymes with over
300 members, perform a variety of monoxygenation reactions
including aliphatic and aromatic hydroxylations, epoxidations,
and heteroatom oxidation. The preponderance of evidence
suggests that these enzymes catalyze monoxygenation reactions
by transfer of a single oxygen atom from a common active
oxidative species, compound I, a ferryl oxygen (FedO) adduct
of the heme unit. Formation of this common oxidative
intermediate is believed to take place via a common mechanism
for all P450 enzymes shown schematically in Figure 1.
Substrate binds to the ferric resting form followed by an initial
one-electron reduction to the substrate-bound ferrous species.
Molecular oxygen then binds as a ligand to the heme iron, thus
forming a ferrous dioxygen species, the last metastable inter-
mediate. A second one-electron reduction of the ferrous
dioxygen form follows and results in formation of the reduced
ferrous dioxygen species. This species, with the addition of
two protons, rapidly forms compound I and water. Compound
I then oxidizes substrates by transfer of the active oxygen atom,

forming products and returning to the ferric resting state of the
enzyme. All steps in the enzymatic cycle described after
formation of the ferrous dioxygen species occur extremely
rapidly making definitive characterization of the transient
intermediates evoked in these steps very difficult. There have
been no X-ray crystal structures reported for the ferrous
dioxygen species, the reduced ferrous dioxygen species, or
compound I for any of the P450 isozymes.
Of the three oxygen-containing intermediates in the P450

enzymatic cycle, most is known about the ferrous dioxygen
species because it is stable enough to have been characterized
by a number of spectroscopic methods. An EXAFS study of
the ferrous dioxygen intermediate in P450cam1,2 as well as an
X-ray structure of a model dioxygen P450 heme complex3 have
been reported. In the crystal structure of this model compound,
the oxygen is bound in an asymmetric “end-on” fashion to the
heme iron. In addition to structural information, a number of
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spectroscopic properties have been measured for both the ferrous
dioxygen P450camspecies and the ferrous dioxygen P450 heme
model compound. The ferrous dioxygen P450camspecies lacks
an ESR signal4,5and has had its Mossbau¨er6,7and Q-band visible
spectrum characterized.4 Resonance Raman studies, in conjunc-
tion with isotopic labeling, have associated the 1140 cm-1 band
with the O-O stretching frequency of the bound dioxygen.8

The measured spectroscopic properties of the model compound
include its vis-UV, ESR, and Mossbau¨er spectra.3 These are
all similar to the ferrous dioxygen species of cytochrome
P450cam.
Because of its transient nature, the effect of this second

electron reduction on the geometry of the dioxygen ligand, and
on the electronic structure and spin state of the reduced oxy
ferrous species is unknown. The dioxygen ligand in this twice-
reduced form, could remain in the end-on binding mode, or as
suggested in the literature might correspond to a bridged,
dioxygen-bound structure similar to that in five-coordinate ferric
hemes9 and six-coordinate heme complexes of other transition
metal ions.10,11 It has not been possible, however, to establish
the preferred binding mode from experiment alone.
Two types of spectra, thought to originate from the reduced

ferrous dioxygen P450cam species, have now been reported.

The ESR signature of the reduced ferrous dioxygen species in
P450cam, generated by irradiation of the ferrous dioxygen
P450camspecies has been reported.4 More recently, a complete
spectrum, including both the UV Soret and visible Q-band
regions, of the putative reduced ferrous dioxygen species of
P450camhas appeared.12 Although plausible, neither the ESR
nor the electronic spectra measurements reported provided
independent definitive evidence that the species from which they
originated is indeed the elusive twice-reduced ferrous dioxygen
form. Nor can the geometry or mode of binding of the dioxygen
species be deduced from these studies. The techniques of
quantum chemistry are ideally suited to further probe the
existence and the nature of the reduced ferrous dioxygen species.
In the work reported here we have used the combined techniques
of ab initio and semiempirical quantum chemistry to address
these unresolved aspects of the enzymatic cycle common to all
P450 enzymes.
Computation of optimized geometries, energies, and electronic

structure of transition metal containing systems is known to
require extensive electron correlation effects. DFT methods
based on the seminal work of Hohenberg, Kohn, and Sham13,14

are promising alternatives to the traditional ab initio methods
for characterizing these systems because they include electron
correlation in the exchange-correlation functional and are not
as computationally intensive as traditional correlated electron
SCF methods such as multiconfigurational configuration inter-
action (MC-SCF-CI) methods. The use of nonlocal correc-
tions has been demonstrated to improve the accuracy of
transition metal-ligand and metal-metal bond distances,15 as
well as the structure and thermochemistry of iron chlorides and
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Figure 1. The proposed enzymatic cycle common to cytochrome P450s.
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their positive and negative ions.16 Nonlocal DFT has also been
applied to a range of systems of biochemical, interest including
optimized geometries for a five-coordinate model of the ferryl
heme complex,17 and iron sulfur clusters relevant to these centers
in proteins.18 It has most recently been applied to the calculation
of the properties of compound I in peroxidases at experimentally
determined geometries19 and to the calculation of the equilibrium
geometries and electronic structure of a number of five- and
six-coordinate iron porphyrin complexes with CO, O2, NO, and
imidazole as ligands.20 In other studies nonlocal DFT has also
been shown to perform well for open-shell systems with
unpaired spin density in a number of studies.21

While density functional theory was originally cast for the
ground state,1,3 it is equally valid to apply it to the lowest excited
states with different spin multiplicities and symmetries.22 DFT
has been shown to provide an adequate prediction of the ground-
state spin multiplicity of a number of diradicals as well the
singlet-triplet energy gaps in a series of carbenes and nitrenium
ions.23 Our previous studies of the ground-state structure and
vertical transition energies of ferric-hexaaqua complexes
indicated nonlocal DFT theory using BPW91 functionals were
more accurate than DFT calculations using BLYP functionals
or Möller-Plesset (MP2) results.24 These results provide
encouraging support for the use of the nonlocal DFT in this
study to determine the optimized geometries and relative
energies of the singlet and triplet states of the ferrous dioxygen
P450 heme species and of the doublet and quartet states of the
reduced ferrous dioxygen P450 heme species.
The INDO/S/ROHF/CI method has been shown to correctly

calculate the ground state for a series of 23 model heme
complexes with known high-, low-, and intermediate-spin
ground states. In addition, this method accurately calculated
their known Mossbau¨er and ESR hyperfine splitting param-
eters.25 Even more extensive use and validation of the INDO/
S/CI method has been made for calculation of electronic
spectra26-30 as well as to predict changes in spectra as a function
of electronic spin state.31 Given reasonable experimental or
calculated geometries, the semiempirical INDO/S/CI method

has been shown in these studies to be capable of calculation of
spectra and electronic properties of transition metal complexes.
As a consequence of the use of only single excitations to
calculate spectra, calculated transition energies may differ from
experiment by 20-50 nm depending on the spectral region.
However, spectral shifts resulting from changes in ligand, spin
state, or oxidation state of the heme are accurately predicted.
The main use to be made of the INDO/S/ROHF/CI method is
to calculate and compare the spectra of the ferrous dioxygen
and reduced ferrous dioxygen species using the DFT-optimized
geometries of these two species.
In these studies, the nonlocal density function method has

been used to obtain optimized geometries, ground-state spin
distributions, and electronic structure of the ferrous dioxygen
and reduced ferrous dioxygen P450 heme complexes. The
ferrous dioxygen species was included in these studies in order
to continue to assess the reliability of the nonlocal DFT by
comparison of the calculated properties of this well characterized
species with experiment. After successful validation, the same
methods and procedures were used to further probe the existence
and the nature of the more elusive reduced ferrous dioxygen
species.
An INDO/S/ROHF/CI restricted open-shell Hartree-Fock

configuration interaction method has then been used to calculate
the electronic spectra of these two species at DFT optimized
geometries. The calculated spectra of these intermediates were
compared with the recently published spectra of these putative
species. These comparisons should help to further identify the
species that are the origin of these observed spectra and provide
assignment of the electronic excitations comprising the observed
absorption bands.

Methods

Model Used and Choice of Initial Geometries.The model
of the P450 heme site used in all DFT calculations is an iron-
porphine complex with no porphyrin substituents and a methyl
mercaptide (SCH3-) axial ligand for the heme iron. The initial
geometry chosen for the ferrous dioxygen species was based
on the Weiss model compound structure.3 Thus, an initial bent
end-on dioxygen geometry was used for this species in which
only one oxygen atom binds directly to the heme iron. The
initial Fe-S, Fe-O, Fe-N, and O-O distances used were 2.3,
1.8, 2.0, and 1.3 Å, respectively, and an initial Fe-O1-O2 bond
angle of 120° was used.
For the initial structure of the reduced ferrous dioxygen

species, the optimized geometry for the end-on structure of the
ferrous dioxygen species was used. In addition to this initial
end-on geometry, a second initial geometry, with the dioxygen
bound to the heme iron in a symmetric “side on”, bridged mode
with both oxygen atoms as ligands was constructed for the
reduced ferrous dioxygen species. In this initial configuration
the two equal initial iron-oxygen distances were 1.84 Å. This
initial geometry was generated using the UNICHEM 4 inter-
face.32

Density Functional DFT Calculations. Density functional
calculations were performed using DGauss version 4.0 in
conjunction with the UNICHEM interface.32 All DFT calcula-
tions were performed using Becke’s 1988 functional, which
includes the Slater exchange along corrections involving the
gradient in the density (nonlocal corrections).33 Two types of
gradient corrected correlation functions were used, either the
Perdew-Wang-′91 (BPW91)34 or the Lee-Yang-Parr (BLYP)
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gradient-corrected correlation functionals,35 and the results from
each were compared.
A double-ú valence polarization basis (DZVP) set was used

in all calculations. These include diffuse d functions on all
atoms except hydrogen. In selected calculations using the BLYP
functional, an additional sp shell, with an exponent of 0.0405,
was added to the standard DZVP sulfur description since this
atom had significant anionic character. The atomic basis sets
in DGauss employed atomic centered Gaussian basis functions
optimized for use with DFT.36,37

This program employs an additional auxiliary approximation
in the use of the fitting basis,38 to express the charge density in
a series expansion in Gaussian basis functions. The energy
expression, employing this fitting basis, may be computed in
orderN3 in contrast to the exact energy expression which scales
as N4. Assessment of the use of this approximation in
reproducing the results for small compounds containing iron
previously examined by Bauchlicher using couple cluster
methods were found to be well reproduced.
In all calculations, a fine density grid was chosen (∼10 7 844

grid points). All the SCF iterations were converged to 2×
10-6 in the density matrix and 2× 10-8 in the energy. All
optimizations converged within the chosen criterion of 0.0008
hartrees/Å. All calculations were made using 2-CPUs of a J90
provided by Oxford Molecular, Beaverton, OR.
Optimized geometries were obtained for both singlet and

triplet states of the ferrous dioxygen species and for doublet
and quartet states of the reduced ferrous dioxygen species using
the unrestricted density functional code embodied in DGauss.32

The structure and electronic description of the ground state was
determined as the lower energy of the two spin state alternatives
for each species. Spectra of these porphine models of the P450
oxy intermediates, at their optimized DFT geometries, were then
calculated using an INDO/S/CI procedure described below.
Generation of a Protoporphyrin IX Heme Model for Each

Species. In addition to calculations of spectra of ferrous and
reduced ferrous dioxygen bound porphine models of the
corresponding P450 intermediates at DFT optimized geometries,
the spectra of the full protoporphyrin IX heme model of each
P450 species were calculated. The geometry of these heme
models was generated using a combination of the results
obtained from the nonlocal DFT-optimized geometries for the
unsubstituted porphine and the existing parameters in the
AMBER 4.139 suite of programs for the added substituents. The
steps used in this procedures were (1) the porphine structural
parameters (bond lengths, bond angles, and torsion angles)
determined from DFT geometry optimizations of the ferrous
and reduced ferrous dioxygen porphine species were introduced
into the AMBER 4.1 (Oxford Molecular, Beaverton, OR)
parameter database, (2) the substituents corresponding to
protoporphyrin IX were added to this porphine core using and
parameters for these substituents developed previously for the
reduced ferrous dioxygen heme form,30 (3) the resulting full
protoporphyrin-IX models of the ferrous dioxygen and reduced

ferrous dioxygen intermediates were then energy-minimized
using the SANDER module of AMBER 4.1. These were the
minimized structures that were employed in the INDO/S/ROHF/
CI calculations. The calculated spectrum of the high spin,
substrate bound ferric P450 heme species shown here for
comparison also employed a full protoporphyin-IX model
prepared in a comparable fashion as input for INDO/S/ROHF/
CI, as previously reported.31

INDO/S/ROHF/CI Spectra and Calculated Ground-State
Properties. These calculations were performed using an
INDO/S restricted open-shell Hartree-Fock configuration in-
teraction (INDO/S-ROHF/CI) method.40,41 Using the DFT-
optimized ground-state geometries for both the ferrous dioxygen
and reduced ferrous dioxygen porphine species, INDO/S
calculations were made first without and then with configuration
interaction. The configurations included were a limited set of
double excitations, expected to couple most strongly with the
initial reference configuration. The calculations with and
without CI were compared to ascertain the importance of
electron correlation, within the context of the INDO/S method,
in determining the spin multiplicity of the ground state of the
oxy intermediates.
The spin state species determined to be the ground state for

each species was used as the reference for configuration
interaction (CI) calculations of the electronic spectra for that
entity. In cases where electron correlation was determined to
be important and a single configuration was dominant, this
dominant configuration was used as the reference to calculate
spectra of the oxy intermediate species.
The spectra were calculated from a single excitations CI

employing the Tamm-Dancoff approximation, in which each
excited state is approximated as a linear combination of single
excitations, i.e., the energy of the system with a promoted
electron is approximated by the energy for such a promotion
with orbital energies given by the solution for the ground state
of the molecule. Such an approximation tends to overestimate
the wavelength corresponding to the transition by 20-50 nm
depending on the spectral region. This level of calculation is,
however, adequate for the accurate prediction of spectral shifts
resulting from changes in ligand, spin state, or oxidation state
of the heme. The main use to be made of the INDO/S/ROHF/
CI method is to calculate and compare the spectra of the ferrous
dioxygen and reduced ferrous dioxygen species using the DFT-
optimized geometries of these two species.
The excitations in the CI were chosen in accord with the

Rumer procedure in which the spin multiplicity of the CI states
were taken to be the same as the reference state. The excitation
space explored in the CI for all three species considered in this
study included the filled 1eg, 2eg, 3eg, 1a1u, 2a2u, 3a2u porphine/
porphyrinπ orbitals into the unfilled 4eg(π*) and 2b1u(π*) and
iron d orbitals. The excitation space also included all orbitals
containing S and O character admixed with orbitals of porphine/
porphyrinπ andπ* character. Wherever possible, the symmetry
labels used for the orbitals on the heme/porphine are idealized
for D4h symmetry analogous to the porphine core of the
porphyrin without substituents, although these complexes deviate
slightly from this ideal symmetry. In selected cases where
ligand perturbation of theD4h symmetry is significant, sym-
metry assignments have been used in the appropriate symmetry
subgroup, which is applicable due to the perturbation.
The roots of the CI matrix were used to calculate the

frequencies of the electronic transitions. The electric dipole
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matrix elements were use to calculate oscillator strengths for
each transition corresponding to the intensity of the transition.
Together these quantities, a list of frequencies, oscillator
strengths, and contributions to the intensity from thex, y, and
z components of the transition moment comprise the spectrum
of each species. These results can therefore be presented as
“delta function” spectral lines (stick figures) in a frequency/
intensity plot in which the position on the abscissa axis indicates
the frequency and the height represents its intensity, as well as
in tabular form.
In addition, a simple model spectrum was generated from

the sums of uniform width Gaussians convoluted with the “delta
function” spectral lines. In this procedure, a Gaussian with a
uniform line width of 1500 cm-1 was convoluted with each
spectral line and the results summed to generate a total spectral
contour. The amplitude at the Gaussian center was determined
by the oscillator strength of that underlying spectral line. The
primary data are the spectral line intensities and frequencies,
but the convoluted band contours are generated in order to make
the most consistent comparisons with the experimental spectra.
Assignment of each of these spectral lines in terms of the

type of excitations contributing to them was also made. These
spectral line assignments are expressed in terms of % contribu-
tion of specific molecular orbital excitations. There is no case
where a single excitation is responsible for a given spectral line.
Each of the calculated frequencies has intensity contributions
from many fundamental excitations.

Results and Discussion

Optimized Geometries. Table 1 gives the DFT-optimized
geometries for ground states of the ferrous dioxygen and reduced
ferrous dioxygen P450 heme complex using both the BLYP
and BPW91 functionals. Also presented in Table 1, for
comparison are the experimental values of the geometric
quantities found in the X-ray structure of a model ferrous
dioxygen P450 heme3 and the very similar values found in
EXAFS measurements of this species in intact P450camand
chloroperoxidase heme proteins.2 As shown in Table 1, the
ground-state geometries for the ferrous dioxygen P450 heme
complex calculated with either BLYP and BPW91 functionals
are in good agreement with the experimentally determined
geometric quantities. The exception is the O-O bond length.
The calculated distance is more reliable for this quantity because
the free rotation around the Fe-O bind prevented its accurate
determination in the X-ray structure of the model compound.
The agreement between calculated and observed geometries

for the ferrous dioxygen P450 heme complex provides evidence
for the reliability of the nonlocal DFT methods to obtain
optimized geometries for the reduced ferrous dioxygen P450
species for which there is no experimental structural information.
In the absence of such information, two postulated structures
were considered in this study, both of which are defined in
Figure 2. The first was the asymmetric end-on geometry similar
to the ferrous dioxygen species shown in panel A of Figure 2.
The other was a symmetric side-on bridged structure, shown in
panel B of Figure 2. This geometry was postulated on the basis
of structural evidence for such symmetric dioxygen coordination
in five-coordinate model ferric heme complexes9 and in heme
complexes of transition metals other than iron.42,43

Initial geometries for both the end-on and bridged geometries
were constructed, and energy optimized structures for each were

obtained, indicating that the reduced ferrous dioxyen species is
stable, i.e., a bound nondissociative species albeit extremely
reactive, and in this sense, a transient species.
The optimized reduced oxy ferrous species with a symmetric

bridged O2 geometry, shown in Figure 2, panel B, had a much
higher energy, 28 kcal/mol above the alternative form with an
asymmetric end on O2 binding geometry shown in panel A of
Figure 2. The high relative energy of the complex with the
symmetric bridged O2 binding mode indicates it not a viable
candidate for the ground-state structure of this transient
intermediate.
As seen in Table 1, the optimized geometry of the reduced

ferrous dioxygen species in the preferrred asymmetric end-on
O2 binding geometry is similar to that found for the ferrous
dioxygen species. The primary effect of reduction of the ferrous
dioxygen species is elongation of the Fe-S and Fe-O bonds
with the magnitude of the Fe-S bond lengthening somewhat
greater using the BLYP functional than using the BPW91
functional. While no structural information is available to
critically assess these two different Fe-S bond lengths, BPW91
functionals generally perform better than BLYP functionals in
describing the electron density in the outer regions of atoms
and molecules.44 Consequently, the DFT-optimized geometries
obtained using the BPW91 functionals were chosen for com-
putation of the spectra in the remainder of the study.
Examination of the filled and occupied orbitals of the ferrous

dioxygen and reduced ferrous dioxygen species reveal the origin(42) Smith, T. D.; Podborow, J. R.Coor. Chem. ReV., 1981, 39, 295.
(43) Tovrog, B. S.; Kitko, D. J.; Drago, R. S.J. Am. Chem. Soc. 1976,

98, 5144. (44) Laidig, K. E.Chem. Phys. Lett. 1994, 225, 285.

Table 1. Optimized Geometriesa of Ferrous Dioxygen and
Reduced Ferrous Dioxygen Porphine Model P450 Species
Calculated Using Nonlocal DFT with the BLYP and BPW91
Functionals

ferrous dioxygen species

geometric
quantity experiment

BPW91
(BLYP)

reduced
ferrous dioxygen
BPW91 (BLYP)

Fe-O1 1.82 (1.78)c 1.82 (1.83) 1.95 (1.95)
O1-O2 1.14b 1.31 (1.32) 1.33 (1.35)
Fe-N1 1.98 (2.0)c 2.01 (2.03) 2.01 (2.02)
Fe-N2 1.99 2.01 (2.03) 2.01 (2.02)
Fe-N3 2.01 2.04 (2.06) 2.03 (2.05)
Fe-N4 1.99 2.04 (2.06) 2.03 (2.05)
Fe-S 2.37 (2.37)c 2.32 (2.37) 2.46 (2.60)
C2-S 1.72 1.84 (1.85) 1.85 (1.86)
∠Fe-O1-O2 128 122 (122) 120 (119)
∠S-Fe-O1 177 173 (173) 175 (176)
∠C-S1-Fe 110 (109) 109 (108)
∠N4-Fe-O1-O2 23-45 45 (45) 45 (45)
∠C-S-Fe-N4 45 (45) 45 (45)

aDistances in angstroms and angles in degrees.b Position of O2
disordered in model compound crystal structure resulting in O1-O2
inaccuracy.cExperimental values from ref 2; values in parentheses from
ref 3.
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of the Fe-O and Fe-S bond lengthening. Upon reduction of
the ferrous dioxygen species, the added electron occupies a
molecular orbital of significant antibonding character on the
S-Fe-O centers, shown in Figure 3, that was previously empty.
It is this added electron occupancy that leads to the pronounced
Fe-O and Fe-S bond elongation upon reduction. However,
this second electron reduction does not significantly weaken
the O-O bond (cf. Table 1) as reflected in the Mayer bond
orders. Thus, facile O-O bond cleavage to form the oxyferryl
compound I species, requires the proton-assisted cleavage of
this bond as supported by experimental kinetic isotope effects.45

Characterization of Ground and Excited States of Dif-
ferent Spin Multiplicity. Table 2 gives relative energies of
the optimized ferrous dioxygen singlet and triplet P450 species
and of the optimized reduced ferrous dioxygen doublet and
quartet states in the favored end-on geometry from the nonlocal
DFT calculations. These results indicate that the diamagnetic
singlet ferrous dioxygen species is the ground state with very
low lying triplet states of comparable energy using either the
BPW91 or BLYP nonlocal functionals, in agreement with the
lack of an ESR signal from this species.4,5 In contrast to the
ferrous dioxygen species, with a very low lying state of higher

multiplicity, in the reduced system, using both the BLYP and
BPW91 functionals, there is a larger energy difference of 10-
11 kcal/mol for the quartet state. Davydov and Peterson have
measured an ESR spectrum of the reduced ferrous dioxygen
species, generated by irradiation of the ferrous dioxygen species
in cytochrome P450cam, consistent with a low-spin doublet
state,4 thus providing experimental validation of the finding of
a doublet ground state for this species from the DFT calculations.
In addition to determining that the consistency of the spin

state ordering from the nonlocal DFT results for the two
dioxygen species with experiment, it was important also to
determine if spin state ordering obtained from use of the INDO/
S/ROHF/CI method at the BPW91 density functional geometries
gave similar results, since this method is the one to be used to
calculate spectra of these species. As shown in Table 2, spin-
state ordering for the ferrous and reduced ferrous dioxygen
porphine P450 species determined from INDO/S calculations
at the BPW91 density functional geometries are in agreement
with the DFT and experiment results only when configuration
interaction is included in these calculations. For the ferrous
dioxygen species a singlet state energy essentially degenerate,
i.e., within 0.5 kcal/mol with the triplet state results. For the
reduced ferrous dioxygen species a doublet state is the ground
state. Given thesemiempiricaland minimal basis set nature of
this INDO/S/ROHF/CI method, this level of agreement with
experiment and the density functional calculations is surprisingly
good.
Table 3 indicates the excess spin densities on the iron, oxygen,

sulfur, and porphine atoms for the reduced ferrous dioxygen
species from both the density functional and INDO/S/ROHF/
CI results. The spin distributions obtained for this species from
both methods is found to be comparable, justifying the calcula-
tion of INDO/S/ROHF/CI spectra at the density functional
porphine geometries. Both of these methods indicate that the(45) Aikens, J.; Sligar, S.J. Am. Chem. Soc., 1994116, 1143.

Figure 2. The optimized structures of both the (A) asymmetric “end-on” and (B) symmetric, side-on, “bridged” form of the porphine models of
the P450 reduced ferrous dioxygen species obtained using the DFT method. The energy of symmetric side on form is 28 kcal/mol higher than the
asymmetric “end-on” reduced ferrous dioxygen with only one oxygen atom as a ligand to the heme iron, as shown in Table 1. The methyl mercapto
group replacement of the P450 cysteine ligand and the bound dioxygen are bound to the iron on opposite sides of the porphine. Atom types are
color coded: carbons (green), hydrogens (white), nitrogens (blue), sulfur (yellow), oxygens (light red), and iron (dark red).

Figure 3. The lowest unoccupied molecular orbital of the ferrous
dioxygen porphine P450 species to which an electron is added upon
reduction. The red and blue colors indicate the sign of the wave function
of this molecular orbital and illustrate that it has antibonding S-Fe-O
character.

Table 2. Energies (in kcal/mol) of Spin States of Ferrous
Dioxygen and Reduced Ferrous Dioxygen Porphine P450 Species
Calculated Using Nonlocal DFT and INDO/S (both with and
without configuration interaction)

ferrous dioxygen reduced ferrous dioxygen

method
singlet
(S) 0)

triplet
(S) 1)

doublet
(S) 1/2)

quartet
(S) 3/2)

BLYP 0.0 0.8 0.0 11.3
BPW91 0.0 1.1 0.0 10.0
INDO/S 43.1 0.0 1.9 0.0
INDO/S/CI 0.5 0.0 0.0 1.6

Ferrous Dioxygen Model Cytochrome P450 J. Am. Chem. Soc., Vol. 120, No. 18, 19984313



ground state is an oxy doublet, with the preponderance of the
unpaired spin density on the two oxygen atoms of the dioxygen
ligand. The quartet state, calculated to be 10-11 kcal/mol
higher than the ground-state doublet is seen to have an excess
spin density more delocalized than the doublet case, distributed
over the Fe, S, oxygen, and porphine atoms.
The density functional and INDO/S/ROHF/CI results indicate

that the inclusion of electron correlation effects are crucial to
proper prediction of the spin-state energy ordering of the
dioxygen intermediates of the cytochrome P450 enzymes.
Nevertheless, the INDO/S/ROHF/CI results indicate that a single
configuration is dominant and is an adequate description of the
electronic structure of each of these species. In the ferrous

dioxygen species, the spin-paired singlet reference configuration
was the dominant configuration in the CI expansion (90%)
consistent with the DFT results. In the reduced ferrous dioxygen
P450 species, there is also only one significant reference
configuration, a doublet, with a contribution 100 times larger
than the contribution of any other state in the CI for this species.
These dominant configurations were hence used as the reference
configuration of the ground state for calculation of the spectra
of these species discussed below.
Quadrupole Splitting (∆EQ) in Mossbau1er Resonance

Spectra. Table 4 shows the calculated Mossbau¨er quadrupole
splittings (∆EQ) for the high and low spin states of each of the
dioxygen porphine species. These results dramatically indicate
the sensitivity of this quantity to the electronic configuration,
oxidation state, and chemical bonding of the iron center.
Experimental Mossbau¨er results for the ferrous dioxygen species
of P450cam6,7 and the Weiss model compound3 have a∆EQ of
2.1 mm/s in good agreement with the calculated value of 2.34
mm/s for the singlet ground state of the ferrous dioxygen P450
model. The disparity of the experimental and calculated value
of 3.91 mm/s for the triplet state provides further evidence for
the validity of the singlet ground state. Calculated∆EQ values
for the lowest energy doublet and quartet states of the reduced
ferrous dioxygen species cannot be compared with experiment.
However, the ground-state doublet value of 0.23 mm/s is the
value predicted to correspond to experimental observation. This
prediction can be used to further confirm the existence of such
a species when and if it is trapped either in mutant, wt or model
cytochrome P450.
Molecular Electrostatic Potentials of the Two Dioxygen

P450 Heme Species.The DFT results obtained have clearly
indicated that the second electron reduction alone is not
sufficient to account for facile formation of compound I by
cleavage of the O-O bond leading to the oxyferryl species. It
is widely accepted that donation of two protons to the distal
oxygen atom of the reduced ferrous dioxygen species are the

Table 3. Calculated Excess Spin Densities (Fv-FV) of the
Reduced Ferrous Dioxygen P450 Species

INDO/S BPW91
spin

population
on oxy-doublet quartet oxy-doublet quartet

Fe 0.03 0.99 -0.22 0.60
O1a 0.24 0.31 0.42 0.61
O2a 0.73 0.68 0.51 0.68
S 0.0 0.0 -0.02 0.20
porphineπ 0.0 1.02 +0.32 0.91

aO1 is the proximal oxygen and O2 the distal oxygen.

Table 4. Calculated INDO/S Mossbau¨er Quadrupole Splitting
(∆EQ) Parameters for Ferrous and Reduced Ferrous Dioxygen
Porphine P450 Species

species ∆EQ (mm/s)

Ferrous Dioxygen Species
singlet 2.34 (2.04,a 2.15b)
triplet 3.91

Reduced Ferrous Dioxygen Species
oxy-doublet 0.20
quartet 1.97

aExperiment: Weiss model compound ref 3.bExperiment: P450cam
ref 6.

Figure 4. The computed molecular electrostatic potential (MEP) mapped on Connolly surface for (A) the ferrous dioxygen porphine P450 species
from the DFT (BPW91) ground-state singlet wave function [MEP from blue (-120 kcal/mol) to red (-20 kcal/mol)] and (B) the reduced ferrous
dioxygen porphine P450 species from the DFT (BPW91) ground state doublet wave function [MEP from blue (-205 kcal/mol) to red (-80 kcal/
mol)].
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next essential steps in facile O-O bond cleavage and compound
I formation. The main experimental evidence for this inference
is the known requirement of two protons and formation of water
as well as compound I.45 In addition, recent molecular dynamics
studies of the reduced dioxygen bound species in wt P450eryF
indicated two hydrogen bonds to the distal oxygen were present
during most of the simulation indicating a coordination likely
to facilitate diprotonation.30

To continue to probe the plausibility of the proton-assisted
mechanism of compound I formation, molecular electrostatic
potentials (MEPs) and net atomic charges were computed for
both the ferrous dioxygen and reduced ferrous dioxygen species.
The minima in these MEPS correspond to the region of lowest
energy for a positively charged species such as a proton or a
hydrogen bonding hydrogen attached to a heteroatom.
In Figure 4, panel A shows the molecular electrostatic

potential surface of the ferrous dioxygen porphine P450 species,

while panel B illustrates the MEPS surface for the reduced
ferrous dioxygen porphine P450 species. The calculated MEPS
were determined from the ground-state wave function computed
using DFT(BPW91) for each species. Inspection of the two
panels in Figure 4 shows that the region near the two oxygen
atoms of both the ferrous and reduced ferrous dioxygen species
have the most favorable sites for interaction with a species or
functional group of electropositive character. However, the
addition an electron to the ferrous dioxygen species results in
a significant increase in the depth of the minima near the
dioxygen atoms in the reduced ferrous dioxygen species. The
minima near the dioxygen atoms are-120 kcal for the ferrous
dioxygen species and-205 kcal/mol for the reduced ferrous
dioxygen species. Clearly the reduced ferrous dioxygen species
will rapidly hydrogen bond to any species present in the binding
site cavity which may serve as a hydrogen-bond donor.
However, while the MEPS surface indicates about equal

Figure 5. The MEPS derived charges at atom centers for (A) the ferrous dioxygen porphine P450 species and (B) the reduced ferrous dioxygen
porphine P450 species.
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likelihood for the approach of potential proton/hydrogen bond
donors to either the proximal or distal oxygen, it does not give
an indication of the relative propensity of the distal vs proximal
oxygen sites toward proton addition, which requires the calcula-
tion of proton affinities.
Panels A and B of Figure 5 show the net atomic charges on

each atom of the ferrous dioxygen and reduced ferrous dioxygen
porphine P450 species obtained by fitting the calculated
molecular electrostatic potential shown in Figure 4A,B. As seen
in these figures, very similar negative charge on the distal than
the proximal oxygen ligand are obtained consistent with the
equivalent electrostatic potentials found near these two oxygen
atoms. Upon one-electron reduction, the negative charge on
each of the oxygen atoms increases. However, the increased

charge density on the oxygen atoms accounts for only a fraction
of the electron density added with most of the additional electron
density delocalized throughout the remainder of the system.
Electronic Spectra of the Two Dioxygen P450 Species.

Two distinct sets of spectra of the ferrous and reduced ferrous
dioxygen species were calculated. One set was of the unsub-
stituted porphine models of each species calculated at the DFT-
optimized geometries. The other set was with the methyl, vinyl,
and propionate substituents on the porphine ring corresponding
to protoporphyrin IX models of each species using the porphine
geometric information as described in the methods. The spectral
calculations of the unsubstituted porphyrin models allow more
straightforward assignment of excitations contributing to the
calculated spectra. They also clearly indicate the nature of the
effects of the reduction of the ferrous dioxygen intermediate.
The calculated spectra of the protoporhyrin IX models of the
two dioxygen intermediates make the closest possible linkage
with the form, giving rise to the experimental spectra of the
actual P450 enzymes.
Figure 6 shows the spectrum of the ferrous dioxygen porphine

P450 species calculated from single excitations using the INDO/
S/CI method. Each of the calculated excitation lines in the
spectrum is shown in Figure 6 as a vertical line. The Gaussian
profile also shown in this figure is the Gaussian convoluted sum
of these excitations, shown to make more facile qualitative
comparison with reported experiment. The spectrum has a
marked split-Soret signature.

Figure 6. INDO/S/CI calculated spectrum of the ferrous dioxygen
porphine model P450 species at the BPW91-optimized geometry.

Table 5. Assignment of Major Electron Excitations Comprising the Calculated Spectral Frequencies in the Soret (B,B′) Region of the
Spectrum of the Ferrous Dioxygen Porphine Model P450 Species Computed from a Singlet Ground-State Reference Configuration Using
INDO/S CI at the DFT Optimized Geometry

λ (nm) Osc. Str. character, % transition character band character

280 1.00 13 A′′(Cs)(π) f 4eg(π*)
62 A′(Cs)(π) + Fe-O-S(σ, π) f 4eg(π*)

282 0.89 29 A′′(Cs)(π) f 4eg(π*)
26 A′(Cs)(π) + Fe-O-S(σ, π) f 4eg(π*)
12 3eg(π)/Fe-O-S(σ) f b2u(π*)

288 0.19 18 1a2u + Fe-O-S(σ-π) f 4eg(π*)
45 Fe-S-p/d(σ) + 3eg(π) f Fe(dz2) + O/S(p-σ)

292 0.16 24 1a2u + Fe-O-S(σ-π) f 4eg(π*)
10 A′(Cs)(π) + Fe-O-S(σ, π) f 4eg(π*)
36 Fe-S-p/d(σ) + 3eg(π) f Fe(dz2) + O/S(p-σ)

295 0.44 42 A′(Cs)(π) + Fe(dxz,dyz) f 4eg(π*)
11 3a2u(π) + S(px,py-π) f b2u(π*)

305 0.80 18 A′(Cs)(π) + Fe(dxz,dyz) f 4eg(π*) B
44 2a2u(π) + Fe-O-S(p-σ-π) f 4eg(π*)

310 0.69 40 2a2u(π) + Fe-O-S(p-σ-π) f 4eg(π*) B
24 3a2u(π) + S(px,py-π) f b2u(π*)

312.2 0.16 29 A′(Cs)(π) + Fe(dxz,dyz) f 4eg(π*)
16 2a2u(π) + Fe-O-S(p-σ-π) f 4eg(π*)
27 a1u(π) f b2u(π*)

312 0.05 37 A′′(Cs)(π) + Fe-O-S(σ-px,py) f Fe-O1-O2(π)
28 3a2u(π) + S(px,py-π) f b2u(π*)

320 0.07 22 A′′(Cs)(π) + Fe-O-S(σ-px,py) f Fe-O1-O2(π)
18 A′(Cs)(π) + Fe(dxz,dyz) f 4eg(π*)
16 Fe-S-p/d(σ) + 3eg(π) f 4eg(π*)
18 3a2u(π) + S(px,py-π)(π) f b2u(π*)

350 0.09 64 3a2u(π) + S(px,py-π) f Fe(dz2) + O/S(p-σ)
389 1.17 22 2a2u(π) + Fe-O-S(p-σ-π) f 4eg(π*) B ′

28 3a2u(π) + S(px,py-π) f 4eg(π*)
34 a1u(π) f 4eg(π*)

394 1.05 19 2a2u(π) + Fe-O-S(p-σ-π) f 4eg(π*) B ′
30 3a2u(π) + S(px,py-π) f 4eg(π*)
28 a1u(π) f 4eg(π*)

414 0.04 20 Fe(dz2/dxy/dxz/dyz) + S(π) f Fe-O1-O2(π)
23 A′(Cs)(π) + Fe(dxz,dyz) f dx2-y2
30 3eg(π)/Fe-O-S(σ) f Fe(dz2) + O/S(p-σ)

421 0.08 35 3eg(π)/Fe-O-S(σ) f 4eg(π*)
44 3eg(π)/Fe-O-S(σ) f dx2-y2

471 0.24 71 3eg(π)/Fe-O-S(σ) f Fe-O1-O2(π)
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Table 5 gives the assignment of this spectrum in terms of
the principal contributions to each of the excitation lines. As
shown in Table 5, many of the excitations are from orbitals of
mixed-porphyrinπ and sulfur character. The origin of this dual
Soret character is the mixing of sulfur p orbitals with porphyrin
π andπ* orbitals that modulate the intensities of the porphyrin
π f π* excitations.
Figure 7 shows the spectrum of the reduced ferrous dioxygen

porphine P450 species calculated from single excitations using
the INDO/S/CI at the optimized DFT (BPW91) geometry for
this species. As shown in this figure, the reduced ferrous
dioxygen bound structure also has a split-Soret signature. The
corresponding assignments for this spectrum in terms of
fundamental excitations is given in Table 6. As shown in this
table, even though the Fe-S bond elongates, sufficient S-p
orbital admixture with porphyrinπ f π* orbitals occurs to
account for the retention of the split Soret upon reduction.

Comparison of the Soret band positions in Figures 6 and 7
reveals that the principal consequence of the reduction of the
ferrous dioxygen porphine model of cytochrome P450 is a 30-
nm red shift in the Soret spectrum.
Figure 8 shows the calculated spectra of the ferrous dioxygen

and reduced ferrous dioxygen protoporphyrin IX species
juxtaposed with the spectrum of the high-spin camphor substrate
bound protoporphyrin IX species previously reported.31 The
calculated spectra of these three species is presented in this
manner to make the closest possible comparison with the
published results12 for these three species. The experimental
results are shown as an inset of Figure 8. As seen in this figure,
the calculated ferric heme high-spin substrate-bound spectrum
does not have a split-Soret band, while both the ferrous and
reduced ferrous dioxygen species do have a pronounced split-
Soret band. However, upon reduction, the lower energy
component of this dual Soret band in the 400-nm region is seen
to shift by about 30 nm. The spectral changes in the calculated
spectra for these three species are completely analogous to the
experimental results shown in the insert. The three spectra
shown in this insert are for the ferric substrate bound form and
two spectra reported to be associated with the ferrous dioxygen
and reduced ferrous dioxygen species by Benson, Suslick, and
Sligar.12 This similarity between calculated spectra of these
specific species and the observed spectra of the transient species
provides independent evidence for the proposed origin of these
observed spectra.

Conclusions

In this work, nonlocal DFT geometry optimizations of
plausible spin states of two important dioxygen species in the

Figure 7. INDO/S/CI calculated spectrum of the reduced ferrous
dioxygen porphine model P450 species at the BPW91-optimized
geometry.

Table 6. Assignment of Major Electron Excitations Involved in the Calculated Spectral Frequencies in the Soret (B,B′) Region of the
Spectrum of the Reduced Ferrous Dioxygen Porphine Model P450 Species Computed from a Doublet Ground-State Reference Configuration
Using INDO/S CI at the DFT Optimized Geometry

λ(nm) osc. str. character, % transition character band system

267 0.90 20.6 2eg(π) f 4eg (π*)
54.6 3eg(π) + Fe(dxz,dyz) + S(px,pz) f b2u(π*)
5.8 3a2u(π) + S(pz) f 4eg(π*)
4.1 Fe(dz2) + O1(σ/π) + O2(σ/π) f b1u(π*)

286 0.24 7.7 A′′(Cs)f b2u(π*)
40 A′(Cs)+ Fe(dz2) + S(px,py,pz) f 4eg(π*)
35.5 A′′(Cs)+ Fe(dxz,dyz) + S(px,py) f b2u(π*)

318 0.20 45.2 3a2u(π) + S(pz) f O(σ)
6.1 2a2u(π) + Fe(pz,dz2) + S(px,py,pz) f 4eg(π*)
7.9 3eg(π) + Fe(dxz,dyz) f b2u(π*)
20.3 3a2u(π) + S(pz) f 4eg(π*)

319 1.18 8.5 3a2u(π) + S(pz) f O(σ)
27.2 2a2u(π) + Fe(pz,dz2) + S(px,py,pz) f 4eg(π*)
40.4 3eg(π) + Fe(dxz,dyz) f b2u(π*)
8.4 3a2u(π) + S(pz) f 4eg(π*)

323 1.33 4.1 A′′(Cs)f b2u(π*) B
29 A′(Cs)+ Fe(dz2) + S(px,py,pz) f 4eg(π*)
11.3 A′′(Cs)+ Fe(dxz,dyz) + S(px,py) f b2u(π*)
23.5 Fe(dz2) + O1(σ/π) + O2(σ/π) f 4eg(π*)
6.8 A′′(Cs)+ Fe(dxz,dyz) + S(px,py) f 4eg(π*)
4.2 3eg(π) + Fe(dxz,dyz) f b1u(π*)

336 0.16 5.1 2eg(π) f 4eg(π*)
34.8 2a2u(π) + Fe(pz,dz2) + S(px,py,pz) f 4eg(π*)
47.7 3eg(π) + Fe(dxz,dyz) f b2u(π*)
5.3 1a1u(π) f 4eg(π*)

426.6 0.75 29 2a2u(π) + Fe(pz,dz2) + S(px,py,pz) f 4eg(π*) B ′
41.9 1a1u(π) f 4eg(π*)
24 3a2u(π) + S(pz) f 4eg(π*)

427 0.701 12.1 A′′(Cs)f b2u(π*) B ′
10.3 A′(Cs)+ Fe(dz2) + S(px,py,pz) f 4eg(π*)
45.3 2eg(π) + Fe(dxz,dyz) + S(px+py) f b1u(π*)
5.1 1a1u(π) f b1u(π*)
16.9 Fe(dz2) + O1(σ/π) + O2(σ/π) f 4eg(π*)

Ferrous Dioxygen Model Cytochrome P450 J. Am. Chem. Soc., Vol. 120, No. 18, 19984317



enzymatic cycle of P450s were performed the stable once-
reduced ferrous dioxygen and the transient twice-reduced ferrous
dioxygen species. The optimized ferrous dioxygen P450 heme
species resulted in a structure in good agreement with the X-ray
structure of a model compound for this species and with bond
distances in intact proteins derived from EXAFS. The structure
of the optimized ferrous dioxygen species is an asymmetric
“end-on” structure with only one oxygen atom directly bound
to the heme iron. Optimization of singlet and triplet species
using the nonlocal DFT method resulted in a diamagnetic singlet
ground state, consistent with the lack of a detectable ESR signal
for this species. Calculated Mossbau¨er quadrupolar splitting
of this singlet state is in good agreement with experimental data
on cytochrome P450cam as well as the Weiss model com-
pounds.
DFT optimizations of the reduced ferrous dioxygen porphine

P450 species starting with an asymmetric “end-on” structure
or a symmetric side-on “bridged” geometry in either a doublet
or quartet spin state indicated that the “end-on” dioxygen binding
mode is preferred with the alternative bridged form of this
species 28 kcal/mol higher in energy. Thus, the preferred form
of the reduced ferrous dioxygen species is qualitatively similar
to the ferrous dioxygen species. The computed ground state
from both DFT and the INDO calculations with limited
configuration interaction is a doublet species. Most of the
unpaired spin density is on the dioxygen ligand, consistent with
the reported ESR signature of this species. Predicted Mossbau¨er
parameters of the reduced ferrous dioxygen species doublet state
are reported.
The reduction of the ferrous dioxygen porphine P450 species

leads to a stable, albeit highly reactive, species. The electron
adds to the lowest unoccupied molecular orbital of the ferrous
dioxygen species, which has significant antibonding character
in the S-Fe-O bonds. The occupancy of this orbital upon
reduction results in a significant increase of the Fe-O and Fe-S
bond lengths. Only minor lengthening of the O-O bond occurs
as a result of the reduction. While the net negative charge on
each oxygen atom increases upon reduction, a significant
fraction of the added negative charge is redistributed on the

rest of the Fe-S-porphine system. Pronounced minima
favorable for electropositive species in the molecular electro-
static potential (MEP) surface occur near the two oxygen atoms
and the sulfur atom of the ferrous dioxygen and reduced ferrous
dioxygen species. However, the depth of the electrostatic
minima around the two oxygen atoms is much greater in the
reduced ferrous dioxygen species. This increased negative
potential minimum indicates an enhanced propensity for incipi-
ent hydrogen bonding for the reduced form. Both oxygen atoms
are clearly candidates for hydrogen bonding and/or proton
donation as revealed by the MEP surface.
The calculated spectra of both the ferrous and reduced ferrous

dioxygen P450 heme species have a pronounced split-Soret band
while the calculated high-spin substrate-bound ferric P450 heme
spectrum does not. The lower energy component of this dual
Soret band is shifted by∼30 nm in the reduced ferrous dioxygen
species from the corresponding peak of the ferrous dioxygen
species. The experimental spectra attributed to these three
species exhibit similar trends in spectral shifts. This similarity
between calculated spectra of specific species and observed
spectra of species for which there is no independent evidence
provides additional support for the hypothesized origin of the
observed spectra. These combined results strengthen the
assignment of these experimental spectra as originating from
the ferrous dioxygen and reduced ferrous dioxygen intermediates
of cytochrome P450.
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Figure 8. INDO/S/CI calculated spectra of the ferrous dioxygen and reduced ferrous dioxygen protoporphyrin-IX (heme) P450 species juxtaposed
with the calculated spectrum for the ferric (high spin) substrate bound porphyrin-IX P450 species. The inset figure are the experimental spectra
reported by Benson, Suslick, and Sligar, ref 12.
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