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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 R0 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 t@ &ed Fe-S bonds.

This bond lengthening is due to the addition of an electron into a molecular orbital of significant antibonding
character in the SFe—0O 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 porphgriarbitals 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 forming products and returning to the ferric resting state of the
enzyme. All steps in the enzymatic cycle described after

Cytochrome P450s, a ubiquitous class of enzymes with over ) . )
formation of the ferrous dioxygen species occur extremely

300 members, perform a variety of monoxygenation reactions idl Kina_definiti h o £ th .
including aliphatic and aromatic hydroxylations, epoxidations, rapidly making definitive characterization of the_transient
and heteroatom oxidation. The preponderance of eVidence|n'[ermed|ates evoked in these steps very difficult. There have

suggests that these enzymes catalyze monoxygenation reactior%.een no X-ray crystal structures reportgd for the fe_rrous
by transfer of a single oxygen atom from a common active 910XY9en species, the reduced ferrous dioxygen species, or

oxidative species, compound I, a ferryl oxygen=#s&) adduct compound | for any of the P4_5(_) isqzymes. . .
of the heme unit. Formation of this common oxidative Of the three oxygen-containing intermediates in the P450

intermediate is believed to take place via a common mechanism&nZymatic cycle, most is known about the ferrous dioxygen
for all P450 enzymes shown schematically in Figure 1. SPecies because it is stable enough to have been characterized

Substrate binds to the ferric resting form followed by an initial 0¥ & number of spectroscopic methods. An EXAFS study of

. . i i i i 2
one-electron reduction to the substrate-bound ferrous speciestN® ferrous dioxygen intermediate in P43t as well as an

Molecular oxygen then binds as a ligand to the heme iron, thus X~TaY structure of a model dioxygen P450 heme complawe
forming a ferrous dioxygen species, the last metastable inter- P&€n reported. In the crystal structure of this model compound,
mediate. A second one-electron reduction of the ferrous the Oxygen is bound in an asymmetric “end-on” fashion to the
dioxygen form follows and results in formation of the reduced heme iron. In addition to structural information, a number of
ferrous dioxyger_l species. This species, with the addition of ™ (1) Dawson, J. H.; Kau, L.-S.; Penner-Hahn, J. E.; Sono, M.; Eble, K.
two protons, rapidly forms compound | and water. Compound S.; Bruce, G. S.; Hager, L. P.; Hodgson, K. D.Am Chem Soc 1986,

| then oxidizes substrates by transfer of the active oxygen atom, 108 8114.
(2) Dawson, J. H.; Sono, MChem Rev. 1987, 87, 1255.

T Molecular Research Institute. (3) Schappacher, M.; Ricard, L.; Fischer, J.; Weiss, R.; Bill, E.; Montiel-
* University of California, San Francisco, California 94121, and VA Montoya, R.; Winkler, H.; Trautwein, A. XEur J. Biochem 1987, 168,
Medical Center, San Francisco. 419-430.
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Figure 1. The proposed enzymatic cycle common to cytochrome P450s.

spectroscopic properties have been measured for both the ferrouhe ESR signature of the reduced ferrous dioxygen species in

dioxygen P456amspecies and the ferrous dioxygen P450 heme
model compound. The ferrous dioxygen Pd&Mspecies lacks
an ESR signdf and has had its Mossbaf” and Q-band visible
spectrum characterizédResonance Raman studies, in conjunc-
tion with isotopic labeling, have associated the 1140tband
with the O-0 stretching frequency of the bound dioxygden.

P45@¢am generated by irradiation of the ferrous dioxygen
P45@&amspecies has been reportedore recently, a complete
spectrum, including both the UV Soret and visible Q-band
regions, of the putative reduced ferrous dioxygen species of
P45@&amhas appearet,. Although plausible, neither the ESR
nor the electronic spectra measurements reported provided

The measured spectroscopic properties of the model compoundndependent definitive evidence that the species from which they

include its vis-UV, ESR, and Mossbar spectrd. These are

originated is indeed the elusive twice-reduced ferrous dioxygen

all similar to the ferrous dioxygen species of cytochrome form. Nor can the geometry or mode of binding of the dioxygen

P45@am

species be deduced from these studies. The techniques of

Because of its transient nature, the effect of this second quantum chemistry are ideally suited to further probe the

electron reduction on the geometry of the dioxygen ligand, and existence and the nature of the reduced ferrous dioxygen species.
on the electronic structure and spin state of the reduced oxy |n the work reported here we have used the combined techniques
ferrous species is unknown. The dioxygen ligand in this twice- of ab initio and semiempirical quantum chemistry to address
reduced form, could remain in the end-on binding mode, or as these unresolved aspects of the enzymatic cycle common to all
suggested in the literature might correspond to a bridged, p450 enzymes.

dioxygen-bound structure similar to that in five-coordinate ferric
heme$ and six-coordinate heme complexes of other transition
metal ionst®11 |t 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 P4&m species, have now been reported.

(4) Davydov, R.; Kappl, R.; Huttermann, J.; Peterson, FBBS1991
295 113.

(5) Kobayshi, K.; Iwamoto, T.; Honda, KBiochem Biophys Res
Commun1994 201, 1348.

(6) Peterson, J. A,; Ishimura, Y.; Griffin, B. WArch. Biochem Biophys
1972 149 197.

(7) Sharrock, M.; Debrunner, P. G.; Schulz, C.; Lipscomb, J. D.;
Marshall, V.; Gunsalus, |I. Biochim Biophys Acta1976,420, 8.

(8) Bangcharoenpaurpong, O.; Rizos, A. K.; Champion, P. M.; Jollie,
D.; Sligar, S. GJ. Biol. Chem 1986 261, 8089.

(9) Burstyn, J. N.; Roe, J. A,; Miksztal, A. R.; Shaevitz, B. A.; Lang,
G.; Valentine, J. SJ. Am Chem Soc 1988 110, 1382.

(10) Smith, T. D.; Podborow, J. RCoor. Chem Rev., 1981, 39, 295.

(11) Tovrog, B. S.; Kitko, D. J.; Drago, R. 8. Am Chem Soc 1976
98, 5144.

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 Sh&m
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 metatligand and metatmetal bond distancé8,as
well as the structure and thermochemistry of iron chlorides and

(12) Benson, D. E.; Suslick, K. S.; Sligar, S. Biochemistry1l997, 36,
6, 5104.

(13) Hohenberg, P.; Kohn, W. Phys Rev. B 1964 136, 864.

(14) Kohn, W.; Sham, L. JPhys Rev. A 1965 140, 1133.

(15) Fan, L.; Ziegler, TJ. Chem Phys 1991 95, 7401.
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their positive and negative ioA%. Nonlocal DFT has also been

Harris et al.

has been shown in these studies to be capable of calculation of

applied to a range of systems of biochemical, interest including spectra and electronic properties of transition metal complexes.

optimized geometries for a five-coordinate model of the ferryl
heme compleX? and iron sulfur clusters relevant to these centers
in proteinst® It has most recently been applied to the calculation

As a consequence of the use of only single excitations to
calculate spectra, calculated transition energies may differ from
experiment by 2650 nm depending on the spectral region.

of the properties of compound | in peroxidases at experimentally However, spectral shifts resulting from changes in ligand, spin

determined geometritsand to the calculation of the equilibrium

state, or oxidation state of the heme are accurately predicted.

geometries and electronic structure of a number of five- and The main use to be made of the INDO/S/ROHF/CI method is

six-coordinate iron porphyrin complexes with CO,, ®O, and
imidazole as ligand® In other studies nonlocal DFT has also
been shown to perform well for open-shell systems with
unpaired spin density in a number of studiés.

While density functional theory was originally cast for the
ground staté2it is equally valid to apply it to the lowest excited

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

states with different spin multiplicities and symmetr#&sDFT and reduced ferrous dioxygen P450 heme complexes. The
has been shown to provide an adequate prediction of the groundferrous dioxygen species was included in these studies in order
state spin multiplicity of a number of diradicals as well the to continue to assess the reliability of the nonlocal DFT by
singlet-triplet energy gaps in a series of carbenes and nitrenium comparison of the calculated properties of this well characterized
ions23 Our previous studies of the ground-state structure and Species with experiment. After successful validation, the same
vertical transition energies of ferrthexaaqua complexes Mmethods and procedures were used to further probe the existence
indicated nonlocal DFT theory using BPW91 functionals were and the nature of the more elusive reduced ferrous dioxygen
more accurate than DFT calculations using BLYP functionals Species.

or Moller—Plesset (MP2) resul. These results provide An INDO/S/ROHF/CI restricted open-shell Hartrelock
encouraging support for the use of the nonlocal DFT in this configuration interaction method has then been used to calculate
study to determine the optimized geometries and relative the electronic spectra of these two species at DFT optimized
energies of the singlet and triplet states of the ferrous dioxygen geometries. The calculated spectra of these intermediates were
P450 heme species and of the doublet and quartet states of theompared with the recently published spectra of these putative

reduced ferrous dioxygen P450 heme species.
The INDO/S/ROHF/CI method has been shown to correctly

species. These comparisons should help to further identify the
species that are the origin of these observed spectra and provide

calculate the ground state for a series of 23 model heme @ssignment of the electronic excitations comprising the observed

complexes with known high-, low-, and intermediate-spin

ground states. In addition, this method accurately calculated

their known Mossbéaer and ESR hyperfine splitting param-
eters?® Even more extensive use and validation of the INDO/
S/CI method has been made for calculation of electronic

absorption bands.

Methods

Model Used and Choice of Initial GeometriesThe model
of the P450 heme site used in all DFT calculations is an-ron

spectrd®*as well as to predict changes in spectra as a function porphine complex with no porphyrin substituents and a methyl

of electronic spin stat&. Given reasonable experimental or
calculated geometries, the semiempirical INDO/S/CI method

(16) Bach, R. D.; Schobe, D. S.; Schlegel, H.BPhys Chem 1996
100, 8770.

(17) Ghosh, A.; Almlof, J.; Que, L., Jd. Am Chem Soc 1993 98,
5576.

(18) Mouesca, J.-M.; Chen; J. L.; Noodleman, L.; Bashford, D.; Case,
D. A. J. Am Chem Soc 1994 116, 11898.

(19) Kuramochi, H.; Noodleman, L.; Case, D. 8. Am Chem Soc
1997 119 11442-11451.

(20) Rovira, C.; Kunc, K.; Hutter, J.; Ballone, P.; Parrinello, MPhys
Chem 1997 101, 8914-8925.

(21) (a) Cramer, C. W.; Dulles, F. J.; Falvey, D. EAm Chem Soc
1994 116 9797. (b) Baker, J.; Scheiner, A.; AnzeimChem. Phys. Lett.
1993 216, 380-388. (c) Murry, C. W.; Handy, N. C.; Amos, R. OJ.
Chem Phys 1993 98, 7145.

(22) Gunnarssin, O.; Lundgvist, B. Phys Rev. B 1976 13, 4274.

(23) Lim, M. H.; Worthington, S. E.; Dulles, F. J.; Cramer, C. J. In
Density Functional Methods in Chemistiyaird, B. B., Ziegler, T., Ross,
R., Eds./ACS Symposium Serjgsmerican Chemical Society: Washington,
DC, 1996.

(24) Harris, D.; Loew, G. H.; Komornicki, Al. Phys Chem 1997, 101,
3959.

(25) Axe, F. R.; Flowers, C.; Loew, G. H.; Waleh, A.J.Am Chem
Soc 1989 111, 733.

(26) Herman, Z. S.; Loew, G. HI. Am Chem Soc 1980 102 1815.

(27) Rohmer, M. M.; Loew, G. Hint. J. Quantum Cheml979,6, 93.

(28) Loew, G. H.; Rohmer, M. MJ. Am Chem Soc 1980 102 3655.

(29) Loew, G. H.; Herman, Z. S.; Rohmer, M. M.; Goldblum, A;
Pudzianowski, AStructure Spectra and Function of Model Cytochrome
P45Q In Quantum Chemistry in Biomedical Scienc®geinstein, H., Green,
J. P., Eds.; The New York Academy of Sciences: New York, 1981; Vol.
367, p 192.

(30) Harris, D. L.; Loew, G. HJ. Am Chem Soc 1996 118 10588.

(31) Harris, D. L.; Loew, G. H.J. Am Chem Soc 1993 115 5799.

mercaptide (SCH3 axial ligand for the heme iron. The initial
geometry chosen for the ferrous dioxygen species was based
on the Weiss model compound struct@r&hus, 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 G-0O distances used were 2.3,
1.8, 2.0, and 1.3 A, respectively, and an initiaH&@1—02 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 iror-oxygen distances were 1.84 A. This
initial geometry was generated using the UNICHEM 4 inter-
faces?

Density Functional DFT Calculations. Density functional
calculations were performed using DGauss version 4.0 in
conjunction with the UNICHEM interfac& 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 correctio%)Two types of
gradient corrected correlation functions were used, either the
Perdew-Wang-:91 (BPW91¥* or the Lee-Yang—Parr (BLYP)

(32) Dgauss 4.0/Unichem Oxford Molecular, Beaverton, OR.
(33) Becke, A. D.Phys Rev. A 1988 38, 3098.
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gradient-corrected correlation function&lsand the results from  ferrous dioxygen intermediates were then energy-minimized
each were compared. using the SANDER module of AMBER 4.1. These were the
A double< valence polarization basis (DZVP) set was used Minimized structures that were employed in the INDO/S/ROHF/
in all calculations. These include diffuse d functions on all Cl calculations. The calculated spectrum of the high spin,
atoms except hydrogen. In selected calculations using the BLYPsubstrate bound ferric P450 heme species shown here for
functional, an additional sp shell, with an exponent of 0.0405, comparison also employed a full protoporphyin-IX model
was added to the standard DZVP sulfur description since this prepared in a comparable fashion as input for INDO/S/ROHF/
atom had significant anionic character. The atomic basis setsCl, as previously reported.
in DGauss employed atomic centered Gaussian basis functions INDO/S/ROHF/CI Spectra and Calculated Ground-State
optimized for use with DFPS:37 Properties. These calculations were performed using an
This program emp|0y3 an additional auxi"ary approxima’[ion INDO/S restricted open-shell Hartre€ock configuration in-
in the use of the fitting basf,to express the charge density in  teraction (INDO/S-ROHF/CI) method®#* Using the DFT-
a series expansion in Gaussian basis functions. The energyoptimized ground-state geometries for both the ferrous dioxygen
expression, employing this fitting basis, may be computed in and reduced ferrous dioxygen porphine species, INDO/S
orderN3 in contrast to the exact energy expression which scales calculations were made first without and then with configuration
as N*. Assessment of the use of this approximation in interaction. The configurations included were a limited set of
reproducing the results for small compounds containing iron double excitations, expected to couple most strongly with the
previously examined by Bauchlicher using couple cluster initial reference configuration. The calculations with and

methods were found to be well reproduced. without CI were compared to ascertain the importance of

In all calculations, a fine density grid was choseri( 7 844 _electron c_or_relation, V\_/ithin th_e _C(_)ntext of the INDO/S method,
grid points). All the SCF iterations were converged to<2 in dgtermlnln_g the spin multiplicity of the ground state of the
1076 in the density matrix and % 1078 in the energy. All oxy intermediates.

optimizations converged within the chosen criterion of 0.0008 ~ The spin state species determined to be the ground state for

hartrees/A. All calculations were made using 2-CPUs of a J90 €ach species was used as the reference for configuration

provided by Oxford Molecular, Beaverton, OR. interaction (Cl) calculations of the electronic spectra for that
Optimized geometries were obtained for both singlet and entity. In cases where electron correlation was determined to

triplet states of the ferrous dioxygen species and for doublet be important and a single configuration was dominant, this
and quartet states of the reduced ferrous dioxygen species usin ominant conflgurqtlon was.used as .the reference to calculate
the unrestricted density functional code embodied in DG&uss. SPectra of the oxy intermediate species. o
The structure and electronic description of the ground state was The spectra were calculated from a single excitations CI
determined as the lower energy of the two spin state alternativesemploying the TammDancoff approximation, in which each
for each species. Spectra of these porphine models of the P45@Xcited state is approximated as a linear combination of single
oxy intermediates, at their optimized DFT geometries, were then €xcitations, i.e., the energy of the system with a promoted
calculated using an INDO/S/CI procedure described below. electron is approximated by the energy for such a promotion
Generation of a Protoporphyrin IX Heme Model for Each with orbital energies given by the_solu_tlon for the ground state
Species. In addition to calculations of spectra of ferrous and of the molecule. Such an approximation te.n.ds to overestimate
reduced ferrous dioxygen bound porphine models of the the wav_elength correspondmg_ to the transition by-20 nm -
corresponding P450 intermediates at DFT optimized geometries,dePem“ng on the spectral region. This I_ev_el of calculation 1S,
the spectra of the full protoporphyrin IX heme model of each however, adequate for the accurate prediction of spectral shifts

P450 species were calculated. The geometry of these hemeresulting from change.s in ligand, spin state, or oxidation state
models was generated using a combination of the resultsOf the heme. The main use to be made of the INDO/S/ROHF/

obtained from the nonlocal DFT-optimized geometries for the C_I method is to calculate and compare the spectra Qf the ferrous
unsubstituted porphine and the existing parameters in the dioxygen and reduced ferrous dioxygen species using the DFT-

AMBER 4.1%° suite of programs for the added substituents. The ©Ptimized geometries of these two species. .

steps used in this procedures were (1) the porphine structural_ 1he excitations in the Cl were chosen in accord with the
parameters (bond lengths, bond angles, and torsion anglesRUmer procedure in which the spin multiplicity of the CI states
determined from DFT geometry optimizations of the ferrous Were taken to be_ the same as the referencg state. _The excitation
and reduced ferrous dioxygen porphine species were introduced®Pace explored in the Cl for all three species considered in this
into the AMBER 4.1 (Oxford Molecular, Beaverton, OR) Study included the filled 126y, 3&, 1aw, 28u 3ay porphine/
parameter database, (2) the substituents corresponding td?0rPhyrinz orbitals into the unfilled 4gz*) and 2b(7*) and
protoporphyrin IX were added to this porphine core using and "N d_ qrbltals. The excitation space als_o mclgded all orb|t_als
parameters for these substituents developed previously for thecontaining S and O character admixed with orbitals of porphine/
reduced ferrous dioxygen heme foff(3) the resulting full porphyrinzr ands* character. Wherever possible, the symmetry

protoporphyrin-IX models of the ferrous dioxygen and reduced |abels used for the orbitals on the heme/porphine are idealized
for D4h symmetry analogous to the porphine core of the

(34) Perdew, J. P.; Wang, Yhys Rev. B 1992 45, 13244, porphyrin without substituents, although these complexes deviate

ggg é%%b%;jtYﬁn-géXYahﬁﬁg’g'S"-hﬁfzi’l‘mB 398\%?&]7612?%5“ ] slightly from this ideal symmetry. In selected cases where
Chem 1992 70, 560. T T ’ ' ligand perturbation of th&4h symmetry is significant, sym-

(37) Sosa, C.; Andzelm, J.; Elkin, B. C.; Wimmer, E.; Dobbs K. D.; metry assignments have been used in the appropriate symmetry
DiX(gg,) I(D-)AD- J. IPhy%CIhegl 199ﬁ 9%, ?,33% Sabin. J. & Chem Ph subgroup, which is applicable due to the perturbation.

a) Dunlap, B. I.; Connolly, J. W. D.; Sabin, J. R.Chem Phys .

1979 71, 3396. (b) Dunlap, B. I.; Connolly, J. W. D.; Sabin, J.RChem The rc_)OIS of the Cl ma}trlx We,r? used to Calcu!ate. the
Phys 1979 71, 4993. frequencies of the electronic transitions. The electric dipole

(39) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.
M., Jr.; Ferfuson, D. M.; Spellmeyer, D. D.; Fox, T.; Caldwekk, J, W.; (40) Bacon, A. D.; Zerner, M. CTheor. Chim Acta 1979 53, 21.

Kollman, P. A.J. Am Chem Soc 1995 117, 5179-5197. (41) Edwards, W. D.; Zerner, M. O:heor Chim Acta 1987 72, 347.
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matrix elements were use to calculate oscillator strengths for Table 1. Optimized Geometri€sof Ferrous Dioxygen and
each transition corresponding to the intensity of the transition. Reduced Ferrous Dioxygen Porphine Model P450 Species
Together these quantities, a list of frequencies, oscillator ESL%?;?;%?SUS”]Q Nonlocal DFT with the BLYP and BPW91
strengths, and contributions to the intensity from xhg, and o,
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

H
uniform line width of 1500 cm! was convoluted with each D
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 i
primary data are the spectral line intensities and frequencies, ferrous dioxygen species reduced
but the convoluted band contours are generated in order to make  geometric BPW91 ferrous dioxygen
the most consistent comparisons with the experimental spectra. quantity experiment  (BLYP) = BPW91 (BLYP)
Assignment of each of these spectral lines in terms of the Fe-0O1 1.82(1.78) 1.82(1.83) 1.95 (1.95)
type of excitations contributing to them was also made. These 01-02 114 1.31(1.32) 1.33(1.35)
spectral line assignments are expressed in terms of % contribu-F¢~N1 1.98 (2.0) 2.01(2.03) 2.01(2.02)
tion of specific molecular orbital excitations. There is no case Fe-N2 1.99 2.01(2.03) 2.01(2.02)
- e , C > Fe—-N3 2.01 2.04 (2.06) 2.03 (2.05)
where a single excitation is responsible for a given spectral line. pe—N4 1.99 2.04 (2.06) 2.03 (2.05)
Each of the calculated frequencies has intensity contributions Fe-S 2372309 2.32(2.37) 2.46 (2.60)
from many fundamental excitations. C2-S 1.72 1.84 (1.85) 1.85 (1.86)
OFe-01-02 128 122 (122) 120 (119)
: ; 0S—Fe-01 177 173 (173 175 (176
Results and Discussion 0C_S1_Fe 110 ((109)) 109 ((108))
Optimized Geometries. Table 1 gives the DFT-optimized =~ UN4—Fe~01-02  23-45 45 (45) 45 (45)
geometries for ground states of the ferrous dioxygen and reduced?C—S_Fe"N4 45 (45) 45 (45)

ferrous dioxygen P450 heme complex using both the BLYP  2Distances in angstroms and angles in degreBsesition of Q
and BPW91 functionals. Also presented in Table 1, for _disordered in model compound crystal structure resulting irr0O2
comparison are the experimental values of the geometric |nf;1ccuracy.C Experimental values from ref 2; values in parentheses from
quantities found in the X-ray structure of a model ferrous ref 3.
dioxygen P450 henfeand the very similar values found in
EXAFS measurements of this species in intact R&b®and
chloroperoxidase heme protefsAs 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 bond length.
The calculated distance is more reliable for this quantity because
the free rotation around the F© bind prevented its accurate
determination in the X-ray structure of the model compound.

The agreement between calculated and observed geometrie
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 complekasd in heme
complexes of transition metals other than ifér3

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

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

As seen in Table 1, the optimized geometry of the reduced
ferrous dioxygen species in the preferrred asymmetric end-on
O, 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-F® and Fe-O bonds
with the magnitude of the FeS 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+8 bond lengths, BPW91
functionals generally perform better than BLYP functionals in
describing the electron density in the outer regions of atoms
and molecule$? Consequently, the DFT-optimized geometries
obtained using the BPW91 functionals were chosen for com-
utation of the spectra in the remainder of the study.

Examination of the filled and occupied orbitals of the ferrous

(42) Smith, T. D.; Podborow, J. RCoor. Chem Rev., 1981, 39, 295. dioxygen and reduced ferrous dioxygen species reveal the origin
(43) Tovrog, B. S.; Kitko, D. J.; Drago, R. 8. Am Chem Soc 1976
98, 5144. (44) Laidig, K. E.Chem Phys Lett 1994 225, 285.
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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).

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
singlet triplet doublet quartet
method (=0 (s=1) (S=1,) (S=3)
BLYP 0.0 0.8 0.0 11.3
BPW91 0.0 11 0.0 10.0
INDO/S 43.1 0.0 1.9 0.0
INDO/S/CI 0.5 0.0 0.0 16

multiplicity, in the reduced system, using both the BLYP and
BPWO9L1 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

Figure 3. The lowest unoccupied molecular orbital of the ferrous : . - .
dioxygen porphine P450 species to which an electron is added uponIn cytochrome P45¢am consistent with a low-spin doublet

reduction. The red and blue colors indicate the sign of the wave function Stat€; thus providing experimental validation of the finding of
of this molecular orbital and illustrate that it has antibondirgF8—0 a doublet ground state for this species from the DFT calculations.

character. In addition to determining that the consistency of the spin
state ordering from the nonlocal DFT results for the two
of the Fe-O and Fe-S bond lengthening. Upon reduction of ~ dioxygen species with experiment, it was important also to
the ferrous dioxygen species, the added electron occupies gdetermine if spin state ordering obtained from use of the INDO/
molecular orbital of significant antibonding character on the S/ROHF/CI method at the BPW91 density functional geometries
S—Fe—0 centers, shown in Figure 3, that was previously empty. gave similar results, since this method is the one to be used to
It is this added electron occupancy that leads to the pronouncedcalculate spectra of these species. As shown in Table 2, spin-
Fe—0O and Fe-S bond elongation upon reduction. However, state ordering for the ferrous and reduced ferrous dioxygen
this second electron reduction does not significantly weaken porphine P450 species determined from INDO/S calculations
the O-0 bond (cf. Table 1) as reflected in the Mayer bond at the BPW91 density functional geometries are in agreement
orders. Thus, facile ©0 bond cleavage to form the oxyferryl ~ with the DFT and experiment results only when configuration
compound | species, requires the proton-assisted cleavage ofnteraction is included in these calculations. For the ferrous
this bond as supported by experimental kinetic isotope effécts. dioxygen species a singlet state energy essentially degenerate,
Characterization of Ground and Excited States of Dif- i.e., within 0.5 kcal/mol with the triplet state results. For the
ferent Spin Multiplicity. Table 2 gives relative energies of ~reduced ferrous dioxygen species a doublet state is the ground
the optimized ferrous dioxygen singlet and triplet P450 species State. Given theemiempiricaind minimal basis set nature of
and of the optimized reduced ferrous dioxygen doublet and this INDO/S/ROHF/CI method, this level of agreement with
quartet states in the favored end-on geometry from the nonlocal€XPeriment and the density functional calculations is surprisingly
DFT calculations. These results indicate that the diamagnetic900d- _ N _
singlet ferrous dioxygen species is the ground state with very Table 3 |nd|cate_s the excess spin densities on the iron, oxygen,
low lying triplet states of comparable energy using either the Sulfur, and porphine atoms for the reduced ferrous dioxygen
BPWO91 or BLYP nonlocal functionals, in agreement with the SP€cies from both the density functional and INDO/S/ROHF/
lack of an ESR signal from this speci&%.In contrast to the Clresults. The spin distributions obtained for this species from

ferrous dioxygen species, with a very low lying state of higher P0th methods is found to be comparable, justifying the calcula-
tion of INDO/S/ROHF/CI spectra at the density functional

(45) Aikens, J.; Sligar, SJ. Am Chem Soc, 1994116, 1143. porphine geometries. Both of these methods indicate that the
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Table 3. Calculated Excess Spin Densitigd{p¥) of the dioxygen species, the spin-paired singlet reference configuration
Reduced Ferrous Dioxygen P450 Species was the dominant configuration in the CI expansion (90%)
spin INDO/S BPWO1 consistent vyith the DFT_ results. Inthe reduqed .f(_errous dioxygen
population Joublet ot Joubiet ot P450 species, there is also only one significant reference
on oYydolbe gquar® oxydoube quare configuration, a doublet, with a contribution 100 times larger
gela 8-202 g-gf _06252 0(-)6(?1 than the contribution of any other state in the Cl for this species.
Ox 0.73 0.68 051 0.68 These dominant configurations were hence used as the reference
s 0.0 0.0 —0.02 0.20 configuration of the ground state for calculation of the spectra
porphinerx 0.0 1.02 +0.32 0.91 of these species discussed below.
201 is the proximal oxygen and O2 the distal oxygen. Quadrupole Splitting (AEq) in Mossbater Resonance
Spectra. Table 4 shows the calculated Mossbaguadrupole
Table 4. Calculated INDO/S Mossliau Quadrupole Splitting splittings (AEg) for the high and low spin states of each of the

(AEq) Parameters for Ferrous and Reduced Ferrous Dioxygen

Porphine P450 Species dioxygen porphine species. These results dramatically indicate

the sensitivity of this quantity to the electronic configuration,

species AEq (mm/s) oxidation state, and chemical bonding of the iron center.
Ferrous Dioxygen Species Experimental Mossbau results for the ferrous dioxygen species
singlet 2.34(2.04,2.19) of P45@anf” and the Weiss model compotititave aAEq of
triplet 391 2.1 mm/s in good agreement with the calculated value of 2.34
Reduced Ferrous Dioxygen Species mm/s for the singlet ground state of the ferrous dioxygen P450
oxy-doublet 0.20 model. The disparity of the experimental and calculated value

tet 1.97 . . .
quarte of 3.91 mm/s for the triplet state provides further evidence for

2 Experiment: Weiss model compound rePExperiment: P45am the validity of the singlet ground state. Calculat®y values
ref 6. for the lowest energy doublet and quartet states of the reduced
ferrous dioxygen species cannot be compared with experiment.

ground state is an oxy doublet, with the preponderance of the h
unpaired spin density on the two oxygen atoms of the dioxygen However, Fhe ground-state doublet vqlue of 0.23 mm{s is thg
ligand. The quartet state, calculated to be-1Q kcal/mol valu<_e p_redlcted to correspond to expeqmental ot_)servatlon. This
higher than the ground-state doublet is seen to have an eXcesgredlct_lon can be usgql t_o further co_nflrm_ the existence of such
spin density more delocalized than the doublet case, distributed® SPecies when and if it is trapped either in mutant, wt or model
over the Fe, S, oxygen, and porphine atoms. cytochrome P450.

The density functional and INDO/S/ROHF/ClI results indicate ~ Molecular Electrostatic Potentials of the Two Dioxygen
that the inclusion of electron correlation effects are crucial to P450 Heme SpeciesThe DFT results obtained have clearly
proper prediction of the spin-state energy ordering of the indicated that the second electron reduction alone is not
dioxygen intermediates of the cytochrome P450 enzymes. sufficient to account for facile formation of compound | by
Nevertheless, the INDO/S/ROHF/CI results indicate that a single cleavage of the ©0 bond leading to the oxyferryl species. It
configuration is dominant and is an adequate description of the is widely accepted that donation of two protons to the distal
electronic structure of each of these species. In the ferrousoxygen atom of the reduced ferrous dioxygen species are the

: /mol
120 kcal/mo -205 kcal/mol

N/

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 bta&20 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 20%ekcal/mol) to red {80 kcal/

mol)].
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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.

next essential steps in facile€® bond cleavage and compound while panel B illustrates the MEPS surface for the reduced
| formation. The main experimental evidence for this inference ferrous dioxygen porphine P450 species. The calculated MEPS
is the known requirement of two protons and formation of water were determined from the ground-state wave function computed
as well as compound*. In addition, recent molecular dynamics using DFT(BPW91) for each species. Inspection of the two
studies of the reduced dioxygen bound species in wt P450eryFpanels in Figure 4 shows that the region near the two oxygen
indicated two hydrogen bonds to the distal oxygen were presentatoms of both the ferrous and reduced ferrous dioxygen species
during most of the simulation indicating a coordination likely have the most favorable sites for interaction with a species or
to facilitate diprotonatior§® functional group of electropositive character. However, the
To continue to probe the plausibility of the proton-assisted addition an electron to the ferrous dioxygen species results in
mechanism of compound | formation, molecular electrostatic a significant increase in the depth of the minima near the
potentials (MEPs) and net atomic charges were computed fordioxygen atoms in the reduced ferrous dioxygen species. The
both the ferrous dioxygen and reduced ferrous dioxygen speciesminima near the dioxygen atoms ard 20 kcal for the ferrous
The minima in these MEPS correspond to the region of lowest dioxygen species ane205 kcal/mol for the reduced ferrous
energy for a positively charged species such as a proton or adioxygen species. Clearly the reduced ferrous dioxygen species
hydrogen bonding hydrogen attached to a heteroatom. will rapidly hydrogen bond to any species present in the binding
In Figure 4, panel A shows the molecular electrostatic site cavity which may serve as a hydrogen-bond donor.
potential surface of the ferrous dioxygen porphine P450 species,However, while the MEPS surface indicates about equal
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1.2 3 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
11 dioxygen species were calculated. One set was of the unsub-

105 stituted porphine models of each species calculated at the DFT-
ke 1 ?m\ optimized geometries. The other set was with the methyl, vinyl,
950 300 350 400 450 500 550 600 650 700 750 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
Figure 6. INDO/S/CI calculated spectrum of the ferrous dioxygen  c5|cylations of the unsubstituted porphyrin models allow more
porphine model P450 species at the BPW91-optimized geometry. straightforward assignment of excitations contributing to the

likelihood for the approach of potential proton/hydrogen bond calculated spectra. They also clearly indicate the nature of the
donors to either the proxima| or distal oxygen, it does not give effects of the reduction of the ferrous diOXygen intermediate.

an indication of the relative propensity of the distal vs proximal The calculated spectra of the protoporhyrin IX models of the

oxygen sites toward proton addition, which requires the calcula- two dioxygen intermediates make the closest possible linkage
tion of proton affinities. with the form, giving rise to the experimental spectra of the

Panels A and B of Figure 5 show the net atomic charges on actual P450 enzymes.

each atom of the ferrous dioxygen and reduced ferrous dioxygen Figure 6 shows the spectrum of the ferrous dioxygen porphine
porphine P450 species obtained by fitting the calculated P450 species calculated from single excitations using the INDO/
molecular electrostatic potential shown in Figure 4A,B. As seen S/Cl method. Each of the calculated excitation lines in the

in these figures, very similar negative charge on the distal than spectrum is shown in Figure 6 as a vertical line. The Gaussian
the proximal oxygen ligand are obtained consistent with the profile also shown in this figure is the Gaussian convoluted sum
equivalent electrostatic potentials found near these two oxygenof these excitations, shown to make more facile qualitative
atoms. Upon one-electron reduction, the negative charge oncomparison with reported experiment. The spectrum has a
each of the oxygen atoms increases. However, the increasednarked split-Soret signature.

1 125
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Table 5. Assignment of Major Electron Excitations Comprising the Calculated Spectral Frequencies in the Sd)eRégjBn 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

A (nm) Osc. Str. character, % transition character band character
280 1.00 13 A(Cs)(r) — 4ey(n*)
62 A(Cs)) + Fe—0O—S(o, m) — 4ey(*)
282 0.89 29 A(Cs)(r) — dey(*)
26 A(Cs)) + Fe—0—S(o, m) — 4ey(n*)
12 3g(r)/Fe—O0—S(0) — by (7*)
288 0.19 18 la + Fe-O—S(o—x) — 4ey(*)
45 Fe-S—pl/d(o) + 3g(n) — Fe(d?) + O/S(p-0)
292 0.16 24 la + Fe-O—S(o—x) — 4ey(*)
10 A (Cs)(r) + Fe—O—S(o, ) — 4ey(*)
36 Fe-S—p/d(o) + 3gy(n) — Fe(d?) + O/S(p-o0)
295 0.44 42 ACs)(@) + Fe(dw0,,) — 4e,(*)
11 3a(m) + S, py—m) — bau(*)
305 0.80 18 ACs)(r) + Fe(dxd,) — 4ey(*) B
44 2ay() + Fe—O—S(p—0—x) — 4ey(*)
310 0.69 40 2ga(m) + Fe—O—S(p—o—mn) — 4dey(*) B
24 3au(m) + S(px,py—m) — bay(r*)
312.2 0.16 29 ACs)) + Fe(dd,) — 4ey(*)
16 2ay() + Fe—O—S(p—0—x) — 4ey(*)
27 a(r) — bay(r*)
312 0.05 37 A(Cs)(r) + Fe—=O—S(o—px,py) — Fe—01-02(7)
28 3ay(m) + S py—x) — bay(*)
320 0.07 22 A(Cs)(r) + Fe—O—S(o—px,py) — Fe—01-02(r)
18 A(Cs)) + Fe(dady) — 4eg@*)
16 Fe-S—pl/d(o) + 3g(n) — 4egf*)
18 3ay() + S(,py—m) () — boy(*)
350 0.09 64 3a(r) + S(x,py—r) — Fe(d?) + O/S(p-o)
389 117 22 2a2uf) + Fe—O—S(p—o—x) — 4egfr*) B’
28 3a() + S(px,py—) — 4eg(r)
34 au(m) — deg@@®)
394 1.05 19 2a2u() + Fe—O—S(p—o—mx) — 4eg@@*) B’
30 3ay(7) + S(px.py—m) — 4eg(r*)
28 aw() — 4eg(r®)
414 0.04 20 Fe(@d.,/d/dy) + S(r) — Fe—01-02(r)
23 A(Cs)() + Fe(dady) — dhe_y?
30 3egfr)/Fe—0—S(0) — Fe(d?) + O/S(p—0)
421 0.08 35 3eg)/Fe—0O—S(0) — 4eg(*)
44 3egfr)/[Fe—0—S(o) — dey

471 0.24 71 3eg()/Fe-O—S(o) — Fe-01-02(t)
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2— 4 Comparison of the Soret band positions in Figures 6 and 7
_ :-g: ‘g\\ 135 ° reveals that the principal consequence of the reduction of the
g, 14l | ( EE ferrous dioxygen porphine model of cytochrome P450 is a 30-
: 120 | 125 § nm red shift in the Soret spectrum.
g 10 2 % Figure 8 shows the calculated spectra of the ferrous dioxygen
'f g'g:‘s’ s e and reduced ferrous dioxygen protoporphyrin IX species
8 o4 ,/f“ R juxtaposed with the spectrum of the high-spin camphor substrate
02f Jo \/ 4 105 bound protoporphyrin 1X species previously reportédThe
980 330 380 430 480 530 580 630 ° calculated spectra of these three species is presented in this
manner to make the closest possible comparison with the
Mnm) published resulig for these three species. The experimental

Figure 7. INDO/S/CI calculated spectrum of the reduced ferrous results are shown as an inset of Figure 8. As seen in this figure,
dioxygen porphine model P450 species at the BPW9l-optimized the calculated ferric heme high-spin substrate-bound spectrum
geometry. 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!? 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.

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-porphyrine and sulfur character. The origin of this dual
Soret character is the mixing of sulfur p orbitals with porphyrin
ot andzr* orbitals that modulate the intensities of the porphyrin
T — 7* 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 F& bond elongates, sufficient=9
orbital admixture with porphyrint — z* orbitals occurs to In this work, nonlocal DFT geometry optimizations of
account for the retention of the split Soret upon reduction. plausible spin states of two important dioxygen species in the

Conclusions

Table 6. Assignment of Major Electron Excitations Involved in the Calculated Spectral Frequencies in the SofeR@Bn 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

A(nm) 0SC. str. character, % transition character band system
267 0.90 20.6 26m) — 4gy (%)
54.6 3g(7) + Fe(dxty) + S(pup,) — bau(r*)
5.8 3ay() + S(p) — dey(*)
4.1 Fe(e) + Ol(o/n) + O2(ol7) — byy(*)
286 0.24 7.7 A(Cs)— bay(*)
40 A(Cs)+ Fe(d?) + S(papy.p.) — 4ey*)
35.5 A'(Cs)+ Fe(dd) + S(papy) — bau(7*)
318 0.20 45.2 3a(7) + S(p) — O(0)
6.1 2ay(m) + Fe(p,d2) + S(pepy,p) — 4ey(*)
7.9 3g(n) + Fe(dxdy) — bay(*)
20.3 3ay(m) + S(p) — 4ey(*)
319 1.18 8.5 3a(m) + S(p) — O(o)
27.2 2ay(m) + Fe(,02) + S(papy,P,) — 4ey(*)
40.4 3g() + Fe(dxdy,) — bay(*)
8.4 3ay(m) + S(p) — dey(*)
323 1.33 41 A(Cs)— bay(*) B
29 A (Cs)+ Fe(d?) + S(pupy,pr) — 4ey(*)
11.3 A'(Cs)+ Fe(dadys) + S(Bupy) — baul()
235 Fe(¢h) + O1(o/n) + O2(o/n) — dey(*)
6.8 A'(Cs)+ Fe(dady,) + S(p.py) — 4ey(*)
4.2 3q(n) + Fe(dxdy) — bi(*)
336 0.16 5.1 26m) — dey(n*)
34.8 2a,(7) + Fe(p.d2) + S(Pupy.p:) — 4ey(*)
47.7 3g() + Fe(dxdy,) — bau(*)
5.3 lay(m) — 4gy(n*)
426.6 0.75 29 28() + Fe(p,d2) + S(p.py.p) — 4ey(*) B’
41.9 lay(m) — 4ey(*)
24 3a() + S() — dey(*)
427 0.701 121 A(Cs)— bay(*) B’
10.3 A(Cs)+ Fe(d?) + S(pupy,p,) — 4ey(*)
45.3 2¢() + Fe(dxdyy) + S(ptpy) — buu(*)
5.1 1lay(m) — by(*)

16.9 Fe(d) + O1(o/m) + O2(olm) — Aey(*)
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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.

enzymatic cycle of P450s were performed the stable once-rest of the Fe-S—porphine system. Pronounced minima
reduced ferrous dioxygen and the transient twice-reduced ferrousfavorable for electropositive species in the molecular electro-
dioxygen species. The optimized ferrous dioxygen P450 heme static potential (MEP) surface occur near the two oxygen atoms
species resulted in a structure in good agreement with the X-rayand the sulfur atom of the ferrous dioxygen and reduced ferrous
structure of a model compound for this species and with bond dioxygen species. However, the depth of the electrostatic
distances in intact proteins derived from EXAFS. The structure minima around the two oxygen atoms is much greater in the
of the optimized ferrous dioxygen species is an asymmetric reduced ferrous dioxygen species. This increased negative
“end-on” structure with only one oxygen atom directly bound potential minimum indicates an enhanced propensity for incipi-
to the heme iron. Optimization of singlet and triplet species ent hydrogen bonding for the reduced form. Both oxygen atoms
using the nonlocal DFT method resulted in a diamagnetic singlet are clearly candidates for hydrogen bonding and/or proton
ground state, consistent with the lack of a detectable ESR signaldonation as revealed by the MEP surface.
for this species. Calculated Mossleawquadrupolar splitting The calculated spectra of both the ferrous and reduced ferrous
of this singlet state is in good agreement with experimental data dioxygen P450 heme species have a pronounced split-Soret band
on cytochrome P45@am as well as the Weiss model com-  while the calculated high-spin substrate-bound ferric P450 heme
pounds. spectrum does not. The lower energy component of this dual
DFT optimizations of the reduced ferrous dioxygen porphine Soret band is shifted by30 nm in the reduced ferrous dioxygen
P450 species starting with an asymmetric “end-on” structure species from the corresponding peak of the ferrous dioxygen
or a symmetric side-on “bridged” geometry in either a doublet species. The experimental spectra attributed to these three
or quartet spin state indicated that the “end-on” dioxygen binding species exhibit similar trends in spectral shifts. This similarity
mode is preferred with the alternative bridged form of this between calculated spectra of specific species and observed
species 28 kcal/mol higher in energy. Thus, the preferred form spectra of species for which there is no independent evidence
of the reduced ferrous dioxygen species is qualitatively similar provides additional support for the hypothesized origin of the
to the ferrous dioxygen species. The computed ground stateobserved spectra. These combined results strengthen the
from both DFT and the INDO calculations with limited assignment of these experimental spectra as originating from
configuration interaction is a doublet species. Most of the the ferrous dioxygen and reduced ferrous dioxygen intermediates
unpaired spin density is on the dioxygen ligand, consistent with of cytochrome P450.
the reported ESR signature of this species. Predicted Massbau )
parameters of the reduced ferrous dioxygen species doublet state Acknowledgment. The authors would like to thank Oxford
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in the S-Fe—0O bonds. The occupancy of this orbital upon
reduction results in a significant increase of the-Beand Fe-S
bond lengths. Only minor lengthening of the-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 JA974110Q
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