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Cytochrome P450 monooxygenase and superoxide reductase (SOR) have the same first atom coordination shell at
their iron active sites: an Fe[N4S] center in a square-pyramidal geometry with the sixth coordinate site open for the
catalytic reaction. Furthermore, both pass through ferric hydroperoxo intermediates. Despite these similarities, the next
step in their catalytic cycle is very different: distal oxygen protonation and O—OQ cleavage (P450) versus proximal
oxygen protonation and H»O, release (SOR). One of the factors leading to this difference is the spin state of the
intermediates. Density functional theory (DFT) applied to models for the ferric hydroperoxo, (SCHg)(L)Fe"'—OOH
(L = porphyrin for P450 and four imidazoles for SOR), gives different ground spin states; the P450 model with the
porphyrin, which contrains the Fe—N distances, prefers a low-spin ground state, whereas the SOR model with four
histidines, in which Fe—N bonds are extendable, prefers a high-spin ground state. Their ground spin states lead to
geometric and electronic structures that assist in (1) the protonation on distal oxygen for P450, which leads to 0—0
bond cleavage and formation of the oxo-ferryl, (SCH3)(L)Fe'V=0 (Cpd 1), and H,0, and (2) the protonation on
proximal oxygen for SOR, which leads to the formation of the ferric hydrogen peroxide, (SCH3)(L)Fe"'—HOOH,
intermediate before the Fe—0 bond cleavage and H,O, production. Specifically, the quartet ground state of the water-
bound oxo-ferryl, (SCH3)(L)Fe"'=0- - -H,0, is more stable than the sextet ground state of (SCH,)(L)Fe"'—HOOH
by —14.29 kcal/mol for the P450 model. Another important factor is the differences in the location of the active site:
P450’s active site is embedded within the enzyme, whereas SOR'’s active site is exposed to the aqueous environment.
In the latter location, water molecules can freely form hydrogen bonds with both proximal and distal oxygen to stabilize
the (SCH3)(L)Fe""—HOOH intermediate. When two explicit water molecules are included in the model, the sextet
ground state of (SCHs)(L)Fe"—HOOH- --2H,0 is more stable than the quartet ground state of (SCH,)-
(L)Fe"V=0- - -3H,0 by —2.14 kcal/mol for the SOR model. Our calculations show that both the spin state, which
is controlled by the differences between four N donors in porphyrin versus those in imidazoles, and the degree of
solvent exposure of the active sites play important roles in the fate of the (SCH3)(L)Fe'"—OOH intermediate, leading to
0—0 cleavage in one situation (P450) and hydrogen peroxide production in the other (SOR).

Chemistry

Introduction

The active sites of both superoxide reductase (SOR) and
cytochrome P450 monooxygenase enzymes have the same first
coordination sphere containing an iron center coordinated by
four nitrogen donor atoms and one cysteinate sulfur in a
square-pyramidal arrangement (Fe[N4S] center). However,
these enzymes catalyze very different reactions.' > Superoxide
reductase is a non-heme iron enzyme for detoxification of
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superoxide in anaerobic organisms.* ® The histidine and
cysteine ligated iron active site of SOR binds superoxide,
catalyzes one-electron reduction, and produces hydrogen
peroxide (i.e., O~ + 2H" 4+ ¢~ — H,0,). The cytochrome
P450 monooxygenase is a heme iron enzyme for biosynthesis
of steroids, detoxification of xenobiotics, and metabolism of
drugs.”® The porphyrin and cysteine ligated iron active site of
P450 binds O, and catalyzes two-electron reduction and
double protonation of O, to cleave the O—O bond to yield
one equivalent of H,O and the high valent iron—oxo complex,
known as Compound I (Cpd I), that catalyzes the stereo-
specific alkane hydroxylation reactions.
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Scheme 1. Catalytic Cycle of SOR and P450
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The generally accepted catalytic mechanisms for P4507%
and SOR’~'! are compared in Scheme 1. In both SOR and
P450 mechanisms, after one-electron reduction of the ferric
(Fe') resting state, a dioxygen species (O, and O,, res-
pectively) binds to the ferrous (Fe'') center with the addition
of one electron to the P450 yielding a ferric peroxo
(Fe""—00) intermediate for both. Protonation of the distal
oxygen gterminal oxygen), Oy, yields a ferric hydroper-
oxo (Fe""—=OOH) species, a common intermediate in both
enzymes.! However, this common intermediate proceeds
through two very different reactions. A second protonation
on the proximal oxygen (iron-bound oxygen), O, leads to the
formation and release of hydrogen peroxide (HOOH), the
product of SOR. The production of hydrogen peroxide is also
a side reaction for P450 (also known as an uncoupling or
decoupling reaction since it wastes reducing equivalents and
0,)."? On the other hand, the productive reaction in P450
involves a second protonation on the distal oxygen that leads
to loss of H,O and formation of an oxo-ferryl (Fe'Y=0)
species (Cpd I).

The SOR and P450 enzymes also differ significantly in the
location of the enzyme active sites within their respective
proteins. The P450 enzyme active site is located inside an
enclosed pocket that is buried in the protein. Well-defined O,
and alkane access channels, which also serve as H,O and
product egress channels, connect the P450 enzyme active site
to the protein surface."® Similarly, well-defined hydrogen-
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bonded proton-transfer pathways deliver protons from the
protein surface to the P450 enzyme active site.'*'* In marked
constrast, the active site of SOR is located in a cavity on the
surface of the SOR enzyme that is fully exposed to water
molecules.'%!?

Recent computational studies have provided new insights
into the formation of an oxo-ferryl complex in P450 and the
production of hydrogen peroxide in SOR. The protonation of
Fe'""—OOH at the distal oxygen is found to be more favorable
than the protonation at the proximal oxygen from several
theoretical studies of P450 models.'®™'® Later DFT and QM/
MM studies also show that the water network shuttles the pro-
ton from nearby amino acid residues to Protonate the distal
oxygen of Fe™OOH in P450 models."” > The role of a
water molecule to stabilize the oxo-ferryl complex in hydro-
xylation by P450 has also been studied.***> For one SOR
model, the formation of hydrogen peroxide has been investi-
gated computationally. Kurtz and co-workers performed
density functional calculation on various mono- and diproto-
nated peroxo ferric SOR model complexes and found that the
protonation at the proximal oxygen is an important step to the
decay of Fe'—OOH and release of hydrogen peroxide.”®
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Relatively few computational and spectroscopic studies have
been done for the structures and reactivity of the intermedi-
ates in the SOR active site in com7parisor1 to the correspond-
ing ones in the P450 active site.””*® Yang et al. studied the
electronic properties of cyano-ferric intermediates for both
enzymes by ENDOR measurements complemented with
DEFT calculation and found that the difference in the in-plane
heme and out-of-plane dihedral of four histidines and the
inclusion of H bonds to the cysteine axial ligands cause
different spin density distribution on sulfur in the active
sites.”” Solomon and co-workers suggested that the strong
equatorial ligand field from the porphyrin results in a low-
spin Fe""—OOH, which will not support the H,O, release
because of the spin-crossing barrier in the formation of the
high-spin ferric pentacoordinate product; in contrast, the
dianionic porphg/rin could assist the formation of the oxo-
ferryl complex.”

Still missing was a careful comparison of the Fe!"—~OOH
structures in all possible spin states for SOR and P450 models
that may explain how the high-spin structure supports Fe—O
bond cleavage and low-spin structure supports O—O bond
cleavage. Moreover, the effect from the difference in the iron
active site location (environment) in these two enzymes had
not been carefully compared. Therefore, a comparison of
both reactions for models of both active sites is presented in
detail here. To understand the factors leading to the differ-
ence in the reaction pathways between these two similar
active site enzymes, the structural properties of the corres-
ponding model intermediates from both enzymes will be
compared, including the effects from different active site
locations, which have not been addressed elsewhere. Here,
we used density functional theory (DFT) calculation to study
the geometric parameters, electronic structures, and relative
free energies of possible spin states for the model of fer-
ric hydroperoxo, (SCH5)(L)Fe'"—=OOH (L = four imida-
zoles for SOR and porphyrin for P450), the common inter-
mediate of SOR and P450, to examine the factors leading to
key differences in the next step for both enzyme models.
Then, the formation of ferric hydrogen peroxide complex,
(SCH;)(L)Fe""=HOOH, is compared to the formation of
oxo-ferryl complex, (SCH5)(L)Fe'Y=0, for both enzyme
active site models. Finally, we studied the effect from the
solvent-exposed position of the active site in SOR enzymes to
the production of hydrogen peroxide by including explicit
water molecules in the calculation of the (SCH;)(L)Fe''—
HOOH intermediate.

Computational Details

In both iron active site models (SOR and P450), a methyl
thiolate (SCH; ) is used as the axial ligand. For the equato-
rial ligands, the four histidines in SOR are replaced by four
neutral imidazole (ImH) ligands (Scheme 2) and the heme in
P450 was replaced by porphyrin (Por) (Scheme 3). For all
SOR models, the crystal structure in the resting ferric state
with glutamate bound at the sixth coordinate (PDB code:
1DQI)'® was used as the starting structure. The sixth coordi-
nate ligand was replaced by acetate (CH3;COO ™ or OAc ) in

(27) Yang, T.-C.; McNaughton, R. L.; Clay, M. D.; Francis E. Jenney, J.;
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Scheme 2. [(SCH3)(ImH),Fe'"—0Ac]" Model for the SOR Active
Site?
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“The residue numbers in parentheses are from the crystal structure of
the Pyrococcus furiosus SOR structure in ref 15.

Scheme 3. (SCH;)(Por)Fe''=X model for P450 Active Site (X =
OOH™, HOOH, and 0*")

the model of glutamate—bound resting state, [(SCHj3)-
(ImH)4Fe™—0Ac] ", and by hydroperoxo (OOH "), hydro-
gen peroxide (HOOH) and oxo gO 7)) in the models of ferric
hydroperoxo [(SCH3)(ImH),Fe"'—OOH] ", ferric hydrogen
peroxide (SCH3)(VmH)4FeIII HOOH]2+, and oxo-ferryl
[(SCH3)(ImH)4Fe'Y=0]>" complexes, respectively. For all
P450, the crystal structure of cytochrome P450 from PDB
code 1DZ8'° was used as the starting structure. As in the SOR
models, the sixth coordinate was replaced by hydroperoxo,
hydrogen peroxide, and oxo in the model of [(SCHj3)-
(Por)Fe“‘ OOH] ™ (Por = porphyrln) [(SCH;)(Por)Fe™—
HOOHYJ’, and [(SCH3)(Por)Fe'Y=0]° complexes, respec-
tively. Note that we refer to the oxidation state of the iron
in the oxo complex as Fe'Y for both SOR and P450 models
because the spin density calculation suggested that there is a
radical delocalized on the thiolate and the equatorial ligands
(see later in the text).

All calculations were performed with the Gaussian03 pro-
gram package.®® The PBE*" density functional was used
for all geometry optimization with basis set I (BS-I), in
which modified LANL2DZ-+f basis set with effective core
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Table 1. Geometry Parameters and Relative Free Energies of (SCH;)(ImH)Fe~OAc for the SOR Model

1DQI 1DO6" B3LYP//PBE/BS-11 B3LYP//PBE/BS-1 B3LYP/BS-1

S 5/2 5/2 12 32 5/2 12 3/2 5/2 12 3/2 5/2
AG(PBE) (kcal/mol) 0.00 9.93 11.01 0.00 6.79 5.40

AG(B3LYP) (kcal/mol) 0.00 —1.56 —8.39 0.00 =1.79 —8.84 0.00 —4.02 —8.60

geometry (A, deg)

Fe—Ol1 2.15 2.01 1.99 1.95 2.00 2.01 1.93 2.01 2.00 1.97 2.02
Fe—S 2.46 2.42 2.21 2.23 2.37 2.23 2.28 2.41 2.28 2.34 2.40
Fe—N7 2.09 2.14 2.02 2.04 2.20 2.01 2.04 2.21 2.03 2.09 2.21
Fe—N20 2.20 2.09 1.99 2.34 2.22 2.01 2.37 2.24 2.05 2.33 2.24
Fe—N9 2.16 2.20 2.00 2.03 2.17 2.01 2.02 2.18 2.03 2.07 2.19
Fe—N6 2.20 2.15 1.97 2.28 2.21 1.97 2.35 2.23 2.00 2.30 222
Fe—S—C22 117.0 117.6 114.1 112.1 111.4 115.3 111.4 110.4 114.8 111.4 113.8
Fe—0O1—-C45 175.0 162.7 133.1 136.0 146.7 134.5 135.5 149.3 135.3 136.7 140.3
N7—Fe—S—C22 10.4 18.4 —7.8 8.7 —19.1 —34.9 10.1 —18.6 -39.9 8.4 —11.7

“PDB codes of the X-ray crystal structures from ref 15.

potentials (ECP)*' 733 is used for Fe; 6-31++G(d,p)** ¢ is
used for sulfur, iron-bound nitrogen, and oxygen and hydro-
gen atoms of H,O and H,O»; and 6-31G(d)** *®is used for all
other atoms. Basis set II (BS-II) used 6-31++G(d,p) and
basis set 111 (BS-IIT) used the Wachter’s basis set for iron,>’
while the rest is identical to BS-1. Mulliken charges on Fe are
negative for BS-I but positive for BS-III, but the trends are
similar (see Supporting Information). The effect of the basis
set on the geometry optimization was examined for BS-I and
BS-I1 for the SOR model as [(SCH3)(ImH)4Fe""—OAc] ", the
experimental structured active site. All structures were fully
optimized, and frequency calculations were calculated to
ensure that there were no imaginary frequencies for minima.
Frequency calculations were performed with the PBE func-
tional, and single-point energies were recalculated with the
B3LYP functional®®* in the same basis set. Zero-point
energies and thermodynamic functions were calculated at
298.15 K and 1 atm. Unless specified otherwise, the energies
mentioned throughout the Article refer to the B3LYP relative
free energies.

Results and Discussion

We begin with the density functional calculation of
[(SCH3)(ImH),Fe""—0Ac]", the model for ferric resting state
of SOR, to compare geometry parameters and spin states with
those from the crystal structures (PDB: 1DQI and 1DOG6)"’
and spin state measurements.** Then, the electronic structures
of all possible spin states for ferric hydroperoxo model,
(SCH;)(L)Fe""—=OOH, a common intermediate of SOR
(L = ImHy) and P450 (L = Por), will be examined for the
factors which might lead to different pathways in each enzyme.
The protonation at distal oxygen of (SCH3)gL)Fem—OOH
leads to O—O bond cleavage and (SCH5)(L)Fe'Y=0 and H,0O
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(37) (a) Rassolov, V. A.; Pople, J. A.; Ratner, M. A.; Windus, T. L.
Eheneming. 1998, 109, 1223-1229. (b) Wachters, A. J. H. jonflusntii.
1970, 52, 1033. Bauschlicher, C. W., Jr.; Langhoff, S. R.; Barnes, L. A. Lo
Pls. 1989, 91, 2399.

(38) Becke, A. D. gninniisaniiiang. 1993, 98, 5648.

(39) Lee, C.; Yang, W.; Parr, R. G. il 1988, 37, 785.

(40) Clay, M. D.; Francis, E.; Jenney, J.; Hagedoorn, P. L.; George,
G.N.; Adams, M. W. W.; Johnson, M. K. jniniiismiiag. 2002, /24, 788—
805.

. 1985, 82, 270-283.
. 1985, 82, 299-310.

product formation (the main product for P450), whereas the
protonation at proximal oxygen leads to (SCHs)(L)Fe'''—
HOOH intermediates and Fe—O bond cleavage releasing
hydrogen peroxide as a product (the product for SOR).'®
Therefore, the stability of (SCH;)(L)Fe""HOOH and
(SCH;)(L)Fe"Y=0 intermediates will be compared for both
SOR and P450 models. Finally, to represent the degree of
solvent exposure at the active site of the enzymes, we will also
compare the stability of (SCH;)(L)Fe"™-HOOH and
(SCH;)(L)Fe"Y=0 complexes that include hydrogen bonds
from explicit water molecules.

Ferric Acetate Model, [(SCH3)(ImH) Fe'—OAc] ™, the
Resting State of SOR. The crystal structures of the iron
active site in SOR show that the iron center binds to four
histidine ligands at the equatorial plane and one cysteine
at the axial position; the sixth coordinate is either
found empty*'** or varies from glutamate,'>* water,'” to
(hydro)peroxide.** Typically, the water molecule binds
loosely to the iron center (Fe—O ~ 2.6 A)."> On the other
hand, the glutamate binds tightly at the ferric resting state of
SOR." and in this form, the system is known to be in the
high-spin (S = 5/2) state.** Therefore, we chose to perform
geometry optimizations on all possible spin state (S =1/2,
3/2, and 5/2) for [(SCH3)(ImH),Fe"—OAc] " (Scheme 2) to
verify the accuracy of PBE and B3LYP density functionals
for one of our model calculation systems in comparison to
the glutamate-bound ferric resting state from the crystal
structure.'® The geometry parameters from calculations and
the crystal structure are shown in Table 1, and atom labels
are displayed in Scheme 2. The PBE relative free energies
and structures from the “all-electron’ basis set on iron (BS-1I)
can also be compared to those from an effective core
potential (ECP) on iron (BS-I). The Fe—ligand atom bond
distances are closest to the crystal structure for the high-spin
state in both PBE and B3LYP optimization (Table 1). In
particular, the Fe—N bonds are computed to be only slightly
too long in the high-spin case but much too short in the low-
spin case and much too varied in the intermediate-spin case.
Therefore, the computed Fe—N distances of the high-spin

(41) Coelho, A. V.; Matias, P.; Fiilop, V.; Thompson, A.; Gonzalez, A.;
Carrondo, M. A. . 1997, 2, 680-689.
(42) Santos-Silva, T.; Trincao, J.; Carvalho, A. L.; Bonifacio, C.;
Auchere, F.; Raleiras, P.; Moura, I.; Moura, J. J.; Romao, M. J. L Bigl
: . 2006, 11, 548-558.
(43) Katona, G.; Carpentier, P.; Niviere, V.; Amara, P.; Adam, V.
Ohana, J.; Tsanov, N.; Bourgeois, D. Sgigucg 2007, 316, 449-453.
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1.500(1.489)[1.452] 0.980(0.980){0.980]

1.853(1.862)[1 999)

2.013{2.091)j2.203)

1.988(2.236)[2.245] . 2.285(2 285)[2.387]
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Figure 1. Ferric hydroperoxo model, (SCH3)(L)Fe"—OOH, for SOR (L = ImH,) and P450 (L = Por). Enthalpies and free energies relative to the
doublet state in kcal/mol, selected bond distances in A, and selected dihedral angles in deg are presented for doublet, quartet (in parentheses), and sextet

(in brackets) states.

sextet state match best with the experimentally-determined
Fe—N distances. The high-spin structures have Fe—O and
Fe—S bonds in a good agreement with the crystal structure,
but these bonds are predicted to be too short in the lower
spin states. Although, the N7—Fe—S—C22 dihedral angle is
negative for the high-spin structure, in which the methyl
group of methyl thiolate is on the opposite side of
N7—Fe—S plane from the one found in the crystal structure,
this angle is still near zero. The Fe—S—C22 and Fe—O1—
C45 bond angles also vary from the crystal structure mainly
because the interactions from the amino acid side chains are
not included. In general, the all-electron basis set (BS-1I)
and the basis set with effective core potential on iron (BS-I)
give similar structural parameters and the same trend for the
relative free energies (Table 1). As expected from other
studies,***’ the pure density functional, PBE, tends to prefer
the low-spin states. With the B3LYP functional, the high-
spin state has the lowest relative free energy, consistent with
the experimental results. However, the high-spin geometries
from PBE and B3LYP are not significantly different; the
bond distances differ by only 0.01 A, and the bond angles
vary by 9°. Moreover, the calculated single-point energy by
B3LYP with PBE optimized geometry gives the same trend
for the relative free energies as B3LYP optimized geometry
with high-spin state as the most stable structure. Therefore,
we will apply B3LYP//PBE/BS-I to all other structures as
this compromise produces the correct spin states and has
more rapid geometry optimization than B3LYP.

Ferric Hydroperoxo Model, (SCH3)(L)Fe'"—OOH.
The ferric hydroperoxo, Fe''=OOH, is a common inter-
mediate observed at the active sites of both SOR and P450
enzymes. The optimized geometric parameters, enthal-
pies, and free energies relative to the low-spin state for the
(SCH5)(L)Fe"-OOH model of SOR and P450 active
sites are shown in Figure 1. Mulliken atomic charges (all-
electron basis sets give Fe charges as positive, but with
similar trends; see Supporting Information), and spin
densities are presented in Table 2. From the calculated
spin densities, one and three unpaired electrons, for
doublet and quartet states, respectively, reside mainly
on the iron center in both enzyme models (>80%).

(44) Ghosh, A. INEEEEEEEEEE. 20006, /1, 712-724.
(45) Swart, M.; Groenhof, A. R.; Ehlers, A. W.; Lammertsma, K. L 2kus
Shed 2004, 108, 5479-5483.

Table 2. Mulliken Atomic Charges and Spin Densities in Ferric Hydroperoxo
Model, (SCH;)(L)Fe"—0OO0H (L = ImH, for SOR and Por for P450)

SOR P450
spin 12 32 52 12 32 52
total charge 1+ 1+ 1+ 1- 1- 1-

atomic charge

Fe —1.302 —-1.107 —1.265 —1.169 —1.158 —1.209
O, —0.237 —0.442 —0.334 —0.075 —0.059 0.059
Oyq4 —0.543  —0.230 —0.411 —0.451 —0472 —0.481
SCH3 0.106 0.165 0.139  —0.017 0.018 —0.070
L 2.581 2.328 2.487 0.346 0.230 0.283

atomic spin density

Fe 0.869 3.063 4.035 0.880 2.804 4.011
0O, 0.103 0.006 0.245 0.154 0.176 0.408
Oyq4 0.007  —0.023  0.038 0.018 0.045 0.103
SCH; 0.093 —0.112  0.452 0.050 0.001 0.300
L —0.071  0.064 0.229  —0.102 —0.025 0.182

In the sextet state, four of the five unpaired electrons
are on iron while the other is distributed somewhat
differently in SOR and P450 models. In the SOR model,
the other electron is mainly on the SCH; group (~45%)
with the remainder split between the proximal oxygen
(~25%) and the four imidazole ligands (~23%); in the
P450 model, there is less on SCH3 (~30%), more on the
proximal oxygen (~41%), with the remainder distributed
between the distal oxygen (~10%) and the porphyrin
(~18%).

From the free energy calculations, SOR is predicted to
have a high-spin ground state with low-spin and inter-
mediate-spin states higher by 5.98 and 1.65 kcal/mol,
respectively, whereas P450 is predicted to have a low-spin
ground state with intermediate-spin and high-spin states
higher by 13.13 and 9.27 kcal/mol, respectively (Figure 1).
The high-spin ground state predicted for the SOR and the
low-spin ground state predicted for the P450 model
complexes, (SCH;)(L)Fe'"—=OOH, corresponds to that
found experimentally.*® Previous calculations for SOR

(46) (a) Mathe, C.; Mattioli, T. A.; Horner, O.; Lombard, M.; Latour,
J.-M.; Fontecave, M.; Niviere, V. . 2002, 124, 4966.
(b) Davydov, R.; Makris, T. M.; Kofman, V.; Werst, D. E.; Sligar, S. G.; Hoffman,
B. M. iy 2001, /23, 1403-1415.
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Scheme 4. Molecular Orbital Energies (¢) of Selected High Energy Orbitals Relative to the Orbital of 7-OOH™ Bonding to d.. for the High-Spin
(SCH3)(L)Fe"'=OOH Model for SOR; P450 Active Sites are Shown in Hartree for Both o and 8 Orbitals
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“Only the occupied (a spin) iron orbitals are shown. The absolute molecular orbital energies are ¢ — 0.510 for the SOR model and ¢ — 0.262 for the
P450 model. Note that we defined the z-axis parallel to Fe—S bond and the y-axis parallel to O—O bond.

active site models have 6predicted both high-spin®® and
low-spin ground states.”

The difference in ground spin state for Fe'"—OOH
intermediates of P450 and SOR models derives from the
difference in equatorial ligand structure, the constrained
Fe—N bonds of the porphyrin ligand versus the extend-
able Fe—N bonds of imidazole ligands, which is reflected
by their molecular orbital energies. Since the SOR and
P450 models contain different total charges (14 and 1—,
respectively), one must scale the molecular orbital (MO)
energies in order to make a comparison. Scheme 4
compares the MO energy levels for two enzyme models
in the high-spin (SCH3)(L)Fe''=OOH complexes. Here,
all five singly occupied MOs consist mainly of iron
d-orbital contributions antibonding to ligand orbitals.
Since we defined the y-axis to be parallel to the O—O bond
and the orientation of O—O bond over the equatorial
ligand plane is different in the SOR and P450 models as
shown Scheme 4, d,>— > in the P450 model and d,, in the
SOR model are o-antibonding to the equatorial ligands,
whereas d,, in the P450 model and d,. . in the SOR
model are sr-antibonding to the equatorial ligands. In the

high-spin state, unlike low- and intermediate-spin states,
unpaired electrons occupy d.»—,» and d.. orbitals, which
are o-antibonding to ligand orbitals; lengthening of the
Fe—N, Fe—O0, and Fe—S bonds stabilizes these orbitals.
The MO energies of d,.—,» orbital in the P450 model are
higher than the d,, orbital in the SOR model. With no
ligand constraints, all Fe—O, Fe—S, and Fe—N bond
distances in the sextet state of the SOR model are longer
than the corresponding ones in doublet and quartet states
(Figure 1). However, for the P450 model, although the
Fe—O and Fe—S bond distances in the sextet state are
longer than the ones in the doublet and quartet states, the
porphyrin constrains the Fe—N bond distances such that
they are unchanged for different spin states. Therefore,
the constrained ring of porphyrin ligand disfavors the
high-spin ground state of (SCH;)(L)Fe'"—OOH for the
P450 model, whereas the more extendable Fe—N bonds
of the imidazole ligands accommodate the high-spin
ground state in the SOR model.

The different ground spin states of (SCH5)(L)Fe'"'—
OOH intermediates for SOR and P450 models can
contribute to different reaction paths. Interestingly, the
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Figure 2. Ferric hydrogen peroxide model, (SCH;)(L)Fe'"'—=HOOH, for SOR (L = ImHy) and P450 (L = Por). The selected bond distances in A are
presented for doublet, quartet (in parentheses), and sextet (in brackets) states.

Table 3. Relative Enthalpies and Free Energies (kcal/mol) of Ferric Hydrogen

higher spin states for both enzyme models have shorter
O—0 bond distances and longer Fe—O bond distances
(Figure 1). Thus, the high-spin ground state in SOR has a

Peroxide and Oxo-Ferryl Models with Respect to the Doublet State of

(SCH;)(L)Fe"'=HOOH (L = ImH, for SOR and Por for P450)

strong O—O bond but a weak Fe—O bond, whereas the spin AH AG
low-spin ground state in P450 has a weak O—O bond but
a strong Fe—O bond. Moreover, in SOR, the atomic SOR
charge (Table 2) on the distal oxygen in the high-spin
ground state is only slightly more negative than that on ((SCH;)(ImH);Fe'"! ~HOOH]** S=12 0.00 0.00

. . S =32 0.74 —2.65
the proximal oxygen (—0.411 and —0.334, respectively), S=5p 706 1347
whereas the atomic charge on the distal oxygen in its low- [(SCH;)(ImH),FeV=0*" + H,O0  S§=12 =759  —18.69
spin state is much more negative than that on the proxi- S=32 876  —20.33
mal oxygen (—0.543 and —0.237, respectively). The same v ,, S=32 409 -1917
situation is found for the low-spin ground state in P450; [(SCHy)(ImH)Fe"=0- - -H;0] g: ;//22 :ig'ig :}g'gg
the atomic charge on the distal oxygen is highly negative S=52 —1019 —16.58
(—0.481) in comparison to that on proximal oxygen,
which is almost neutral (0.059). Therefore, the charges and Pas0
the distances in the high-spin (SCH3)(L)Fe"'—OOH models, [(SCH3)(Por)Fe—HOOH]" s=12 0.00 0.00
as found for SOR, favor protonation at proximal oxygen and S =32 4.78 1.09
Fe—O bond cleavage, whereas the charges and the distances [(SCH3)(Por)FeV=0]° + H,0 “?; B ?//22 _354959 __104 1676
in the low-spin (SCH;)(L)Fe"—OOH models, as found for ’ : S=32 —537  —1680
P450, favor protonation at distal oxygen and O—O bond S=752 6.87 —5.11
cleavage. Previous studies of other ferric hydroperoxo*” and [(SCH3)(Por)Fe'Y=0- - -H,0]’ S=12 -1025 —12.76
alkylperoxo®* complexes also support the Fe—O bond gz 2% 7(} 19‘;7 :124‘7466

cleavage for the high-spin complex and O—O bond cleavage
for the low-spin complex.

Ferric Hydrogen Peroxide Model, (SCH3)(L)Fe'"'—
HOOH, versus Oxo-Ferryl Model, (SCH;)(L)Fe'Y=0.

Table 4. Mulliken Atomic Charges and Spin Densities in Ferric Hydrogen

Peroxide Model, (SCH;)(L)Fe"-HOOH (L =

ImH, for SOR and Por for P450)

The protonation at the proximal oxygen of ferric hydro- SOR P450
peroxo, Fe'"'—OOH, leads to the formation of ferric hydro- ) " 5 5 " 5 5
gen peroxide (Fe"—HOOH), the intermediate prior to spin / 3 > / 3 S/
Fe—O bond .cleavage and release of H,O,, the product Qf total charge 2+ 2 2 0 0 0
SOR catalytic cycle. For both SOR and P450 models, in '
omparison to (SCH;)(L)Fe""—OOH, the (SCH;)(L)- atomic charge
F ""_HOOH has a shorter Fe—S bond and a longer Fe—O Fe —1.423 —1.404 —1389 —1.181 —0.965 —1.092
bond in preparation for H>O, release (Figures 1 and 2). For O, —0.080 —0.069 —0.159 0.155 —0.010 0.026
the SOR model, the sextet ground state of (SCH5)(L)Fe''— Oq —0465 —0449 —0.441 —0.555 —0.550 —0.573
HOOH is much lower in free energy than the doublet SCH; 045 0331 031 031701500329
] gy W L 2722 2588 2665 0487  0.639  0.563
and quartet states, which have free energies close to each o )
other (Table 3). For the P450 model, the high-spin state of atomic spin density
(SCH5)(L)Fe"—=HOOH is found to lie very close in free Fe 0.879 3154 3997 0968  2.582  4.042
0O, —=0.007 —=0.012 —0.026 —0.010 —0.025 —0.018
Oq4 0.000 0.000 0.006 0.000 0.007 0.005
(47) Lehnert, N.; Neese, F.; Ho, R. Y. N.; Lawrence Que, J.; Solomon, SCH3; 0.195 —0.187 0.783 0.129 0.534 0.559
E. 1. i, 2002, /24, 10810-10822. L —0.066 0.044 0242 —0.088 —0.090 0.420

(48) Lehnert, N.; Ho, R. YN Que L.; Solomon, E. I. s
2001, /23, 12802- 12816,

(49) Lehnert, N.;Ho, R. Y. N.; Que, L.; Solomon, E. I. jnuiniiia
2001, 723, 8271-8290.

energy to low- and intermediate-spin states, all within a
range of 1 kcal/mol (Table 3). Like (SCH;)(L)Fe'"—OOH,
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Figure 3. Oxo-ferryl model, (SCH3)(L)(Fe'") = O + H,0, for SOR (L = ImH,) and P450 (L = Por). The selected bond distances in A are presented for

doublet, quartet (in parentheses), and sextet (in brackets) states.

the calculated spin density predicts that the one and three
unpaired electrons for doublet and quartet states of
(SCH;)(L)Fe""—=HOOH reside mainly on the iron center
(Table 4). For the sextet state, four of five unpaired electrons
are on iron while the other unpaired electron is distributed
mainly on SCHj3 (~78%) with the remainder on four
imidazole ligands (~24%) in the SOR model but distributed
between both SCH; (~56%) and porphyrin (~42%) in the
P450 model. Unlike (SCH5)(L)Fe'—=OOH, the proximal
oxygen in (SCH5)(L)Fe™—HOOH has very low spin density
due to the long Fe—O bond. In both enzyme models, a low
spin density is found on the distal oxy%en in (SCH5)(L)Fe'"'—
HOOH (Table 4) as in (SCH3)(L)Fe'"'—OOH (Table 1).

Protonation at the distal oxygen of ferric hydroperoxo
leads to O—O bond cleavage and formation of the oxo-
ferryl complex, Fe'Y=0, and H,O, the main product for
P450. The (SCH;)(L)Fe'Y=0 model complexes are cal-
culated for both P450 and SOR (Figure 3) to compare
their stability with that of (SCH;)(L)Fe'"—=HOOH. In
both SOR and P450 models, (SCH3)(L)Fe'Y=0 has a
much shorter Fe—O bond and a longer Fe—S bond than
those in (SCH3)(L)Fe"'—OOH, implying a strong Fe—O
bond with stronger trans influence. Unlike -either
(SCH;)(L)Fe'"-OOH or (SCH;)(L)Fe'"-HOOH, the
spin density calculations for both doublet and quartet
spin states of (SCH3)(L)Fe'Y=0 for both enzyme models
(Table 5) show two unpaired electrons of the same spin
distributed more or less equally over both the iron and
oxygen atoms,'® whereas the third unpaired electron is
distributed on SCHj3 and the equatorial ligands, antiparallel
and parallel to the other two unpaired electrons, respec-
tively. Although, in both SOR and P450 models, the third
unpaired electron is mainly on SCHj with less on the
equatorial ligand, there is a greater amount of spin density
on porphyrin compare to a minor amount on four imidazole
ligands because of the conjugated structure of the porphyrin
in P450. Moreover, the issue of whether the spin density
distribution from the third unpaired electron is mainly on
sulfur or porphyrin can depend on various aspects of the
model'**’ and is particularly sensitive to H bonding to the
thiolate.”®>">? Further, the energetic differences between
these different spin distributions are small.

(50) Ogliaro, F.; Cohen, S.; Filatov, M.; Harris, N.; Shaik, S. dugei,
. 2000, 39, 3851-3855.
(51) Ogliaro, F.; Cohen, S.; Visser, S. P. d.; Shaik, S. i
2000, 722, 12892-12893.
(52) Schoneboom, J. C.; Lin, H.; Reuter, N.; Thiel, W.; Cohen, S.;
Ogliaro, F.; Shaik, S. jimiinmiay. 2002, /24, 8142-8151.

Table 5. Mulliken Atomic Charges and Spin Densities in Oxo-Ferryl Model,
(SCH;)(L)Fe'Y=0 (L = ImH, for SOR and Por for P450)

SOR P450
spin 1/2 32 5/2 1/2 32 5/2
total charge 24 24+ 24+ 0 0 0

atomic charge

Fe —0.812 —0.738 —0.768 —0.724 —0.626 —0.600
O, —0.518 —0.495 —0.505 —0.381 —0.369 —0.395
SCH3 0.509 0.420 0.493 0.296 0.220 0.250
L 2.821 2.813 2.781 0.809 0.775 0.745

atomic spin density

Fe 1.157 1.106 3.053 1.177 1.093 3.087
O, 0.965 0.940 0.722 0.937 0.950 0.707
SCH; —1.000 0.938 0.851 —0.726  0.687 0.581
L —0.123  0.015 0.374  —0.388  0.270 0.626

In the SOR model, the quartet ground state of
(SCH5)(L)Fe'Y=0 is found to lie close to the sextet and
doublet states, which have free energies within ~1 kcal/
mol (Table 3). In the P450 model, the ground state of the
(SCH;)(L)Fe'Y=0 complex is also the quartet state,
which has free energy close to the doublet state but much
lower than the sextet state. Considering the relative free
energies for the various states of both (SCH;)(L)Fe''—
HOOH and (SCH;)(L)Fe'Y=0 + H,O (Table 3), the
most stable structure is the (SCH;3)(L)Fe'Y=0 complex
in the quartet state for both SOR and P450 models. The
low free energy of the (SCH;3)(L)Fe'Y=0 complexes and
H,O in comparison to the (SCH;)(L)Fe"~HOOH com-
plexes is largely derived from the entropy contribu-
tion (~—11 to —15 kcal/mol), which favors (SCH3)(L)-
Fe'V=0 and H,O, the dissociated products, over
(SCH;)(L)Fe""—=HOOH, a single product. In the P450
model, the free energy of the quartet state of (SCHj3)-
(L)Fe'Y=0 and H,0 is much more favorable than that
of the sextet state of (SCH;)(L)Fe'"'-HOOH by
—16.63 kcal/mol, whereas the enthalpy change favors
the quartet state (SCH5)(L)Fe'Y=0 and H,O by a smaller
number (—8.82 kcal/mol). In the SOR model, the enthal-
py of the sextet ground state of (SCH;)(L)Fe''~HOOH
is only 1.60 kcal/mol higher than the enthalpy of the
quartet ground state of (SCH;)(L)Fe'Y=0 and H,O,
whereas the free energy difference is 6.86 kcal/mol.

To ensure that the lower free energy of the (SCH;)-
(L)Fe'Y=0 complex compared to the Fe''-HOOH
complex in both enzyme active site models is not
entirely from the dissociation of H,O, we also calculated
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Figure 4. Oxo-ferryl model with a water molecule, (SCH;)(L)Fe'Y=0- - -H,0, for SOR (L = ImH,) and P450 (L = Por). The selected bond distances in
A are presented for doublet, quartet (in parentheses), and sextet (in brackets) states.

water-bound  oxo-ferryl, (SCH3)(L)Fe'V=0---H,O0,
complex (Figure 4). Although the Fe—O bond is slightly
longer in (SCH3)(L)Fe'Y=0- - - H,O than that in (SCH3)-
(L)Fe"'=0, there is no significant change in the overall
geometry. The relative free energies of (SCH;)(L)Fe'Y=
O-:-H>O product show a similar trend to those of
(SCH3)(L)Fe'Y=0 and H,O products (Table 3). For the
P450 model, the doublet ground state of (SCH5)(L)Fe'"'—
OOH favors protonation at distal oxygen, which corres-
ponds to the fact that the quartet ground state of
(SCH3)(L)Fe'Y=0---H,0 product is more favorable
than the sextet ground state of (SCH;)(L)Fe'"-HOOH
by 14.3 kcal/mol. This result is consistent with the ap-
pearance of Cpd I in the P450 catalytic cycle, in which the
quartet ground state of the (SCH5)(L)Fe'Y=0 complex is
found with the free energy lying close to the doublet state
asin previous computational studies.'***~>> On the other
hand, for the SOR model, the doublet state of (SCH3)-
(L)Fe'Y=0---H,0 is the lowest free energy spin state
with the quartet state lying very close. Although, in the
SOR model, the electronic structure of the sextet ground
state of (SCH;)(L)Fe"—OOH could support the forma-
tion of the (SCH;)(L)Fe"'=HOOH, the intermediate to
produce H,0,, the sextet ground state (SCH5)(L)Fe'"'—
HOOH is still lying 6.11 kcal/mol higher than the doublet
ground state (SCH;)(L)Fe'Y=0- - -H,0. Although there
is a real trend toward P450 favoring the oxo-ferryl species
more than SOR, there must be other factors that stabilize
the Fe""-HOOH intermediate or favor its production
in SOR. Here, it is important to note that only the rela-
tive energies are trustworthy, so the calculations, even
for these simple models, predict the correct experimen-
tal trends. In the next section, the effect of hydrogen
bonding from explicit water molecules will be included to
represent the solvent-exposed location of the active site
of SOR.

Models Including Explicit Water Molecules for Ferric
Hydrogen Peroxide, (SCH3)(L)Fe'"—HOOH- - -2H,0,
and Oxo-Ferryl, (SCH;)(L)Fe"Y=0- - -3H,0. Since the
active site of SOR is located at a solvent-exposed position,
hydrogen bonding between the iron-bound H,O, and
water molecules could be involved in stabilizing the
Fe'"—=HOOH species. On the other hand, the active site
of P450 is located within an enclosed pocket of the

(53) Altun, A.; Shaik, S.; Thiel, W. jnniutismiag 2007, /29, 8978
8987.

(54) Ogliaro, F. o.; Filatov, M.; Shaik, S. | 2000, 2455—
2458.

(55) Liu, X.; Wang, Y.; Han, K. i 2007, /2, 1073-1081.

Table 6. Relative Enthalpies and Free Energies (kcal/mol) of Ferric Hydrogen Peroxide
and Oxo-Ferryl Models with Two Extra Water Molecules with Respect to the Doublet
State of (SCH3)(L)Fe™~HOOH: - -2H,0 (L = ImH, for SOR and Por for P450)

spin AH AG

SOR
[(SCH3)(ImH),Fe"—=HOOH- - - 2H,0** S =12 000 0.00
S=3/2 066 -—2.66
S =152 —523 —10.84
[(SCH;)(ImH),Fe'V=0" + 3H,O cluster S =1/2 583 —6.06
S=32 466 -—771
S=52 933 —6.55
[(SCH;)(ImH),Fe'V=0- - -3H,0* Model-1 § = 1/2* —4.36 —8.18
S =329 —441 —8.70
S =152 167 —4.86
[(SCH3)(ImH),Fe'V=0- - -3H,0** Model-2 § = 1/2°
S =3/29 —=9.90 —10.68
S =152 —1.55 —891
P450
[(SCH;)(Por)Fe'"—=HOOH - - - 2H,0]° S =12 000 0.00
S=32 410 139
S=572 08 —231
[(SCH3)(Por)Fe'Y=01" + 3H,0 cluster S=12 —6.66 —17.66
S =32 —8.05 —19.80
S=1572 420 -8.11
[(SCH;)(Por)Fe'Y=0- - - 3H,0]° S =12 —17.87 —18.43

S =3/2 —18.71 —20.07
S =152 =597 =777

“Structures have one small imaginary frequency (~ —30). ® Water
cluster dissociates from Fe=0O complex.

enzyme and this may limit the number of water molecules
near the enzyme active site.'* However, in this examina-
tion of the effects of explicit H,O molecules, we will
assume a similar arrangement of H>,O molecules for the
(SCH5)(L)Fe"—=HOOH model of both SOR and P450.
The free energy of the (SCH5)(L)Fe''-HOOH - - -2H,0
complex, in which two water molecules and the proximal
and distal oxygen atoms form three hydrogen bonds,
is calculated and compared to the free energy of
the (SCH;3)(L)Fe'Y=0 complex and three-water-
molecule cluster and the free energy of the (SCHj3)(L)-
Fe'V=0---3H,0 complex. This latter complex and
three-water-molecule cluster are chosen to provide the
same total number of hydrogen bonds in order to provide
a fair energetic comparison. The relative free energies
and enthalpies of (SCH;)(L)Fe'"—HOOH---2H,0,
(SCH;)(L)Fe'Y=0 + 3H,O cluster, and (SCH;)(L)-
Fe!V=0--.3H,0 active site models of SOR and P450,
which included three hydrogen bonds from explicit water
molecules, are shown in Table 6.
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-3H,0, for SOR (L = ImH,) Model-1 and

P450 (L = Por). The selected bond distances in A are presented for doublet, quartet (in parentheses), and sextet (in brackets) states.

The addition of two water molecules to the
(SCH;)(L)Fe""—=HOOH model creates three hydrogen
bonds: O14—H4, O14—HS5, and O13—H3 (Figure 5);
(SCH5)(L)Fe'Y=0---3H,0 also has three hydrogen
bonds: O1—H4, O13—H3, and O14—HS5 (Figure 6), as
does (SCH;)(L)Fe'V=0 and three-water-molecule cluster
(Figure 7). Initially, for the SOR model, the fully opti-
mized structure of (SCH5)(L)Fe'Y=0- - -3H,0 had four
hydrogen bonds, where the fourth hydrogen bond was
formed between O14 and N—H from one of the imidazole
ligands. Therefore, to keep the water chain in the upright
direction, preventing the formation of the fourth H bond
in (SCH;)(L)Fe"Y=0---3H,0 for the SOR model, we
calculated two other structures: (1) Model-1 which has
the bond angles of Fe—Ol—H4, O1—H4—02, and
02—H3-013 fixed (Figure 6) during the geometry opti-
mization; and (2) Model-2 which has dihedral angle
Fe—0O1—02—-013 fixed at 180°. Since both models gave
similar relative energies in comparison to the (SCH;3)(L)-
Fe""—=HOOH- - -2H,0 complex (Table 6), the (SCH;)-
(L)Fe"V=0- - -3H,0 model for SOR that will be dis-
cussed from here is referred to as (SCH3)(L)Fe'V=
O---3H,0 Model-1.

For both SOR and P450 models, the iron—ligand bond
lengths of (SCH;)(L)Fe'Y=0---3H,0 are not signifi-
cantly changed from (SCH;)(L)Fe'Y=0. The relative free

‘ ... 1854

L]
1.854 ' ¢

s,

,-'1.856

¢

Figure 7. Optimized three water cluster containing three H---O hydro-
gen bonds. Selected distances are given in A. The cluster was optimized
using BS-11.

ene ies of (SCH;)(L)Fe"V=0---3H,0 and (SCH;)(L)-
V=0 4 3H,0 cluster show similar trends (Table 6) for
the P450 model; the quartet ground state lies close to the
doublet state, and the sextet state has higher free energy.
For the SOR model, all spin states have similar energies
for (SCH;)(L)Fe'Y=0 + 3H,O cluster, whereas the
doublet and quartet states in the (SCH;)(L)Fe'Y=
O- - -3H,0 model have lower free energy than the sextet
state by ~—4 kcal/mol.
With two explicit water molecules, the Fe—O bond in
the P450 model of (SCH;)(L)Fe'"=HOOH - - - 2H,0 len-
gthens from that without water molecules (Figures 2 and 5).
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Clearly, the hydrogen bonds from water molecules do
not help to stabilize (SCH;)(L)Fe"'-HOOH in the
P450 model; the quartet ground state of both the
(SCH3)(L)Fe'Y=0- - - 3H,0 complex and the (SCH5)(L)-
Fe'Y=0 + 3H,0 cluster still have lower free energies than
the sextet ground state of Fe"—HOOH---2H,O by
> —18 kcal/mol (Table 6). Unlike the P450 model, the
SOR model of (SCH;)(L)Fe'"—=HOOH- - -2H,0 has a
shorter Fe—O bond than that without explicit water
molecules by 0.1—0.2 A (Figures 2 and 5). The hydrogen
bonds from water molecules in the SOR model stabilize
(SCH5)(L)Fe""—=HOOH as reflected in the stronger
Fe—O bond. With hydrogen bonds from just water
molecules, the sextet ground state of (SCH;)(L)Fe''—
HOOH:- - -2H,0 is now more stable than the quartet
ground state of either the (SCH;)(L)Fe'Y=0---3H,0
complex or the (SCH;)(L)Fe'Y=0 + 3H,O cluster by
—2.14 and —3.13 kcal/mol in free energy, respectively.
Our result suggests that the solvent-exposed position of
the active site in the SOR enzyme is a significant factor
that stabilizes the ferric hydrogen peroxide complex and
leads SOR to hydrogen peroxide production rather than
oxo-ferryl formation. As mentioned above, only the
relative energies are trustworthy; thus, it would be in-
correct for the reader to conclude that these calculations
actually predict that SOR might have some oxy-ferryl
activity. The calculations predict that SOR will have less
oxy-ferryl activity and more H,O, production than P450.

Conclusions

The different ground spin states of the Fe'"—~OOH inter-
mediates in the SOR and P450 enzymes lead these two
intermediates along different reaction pathways. For both
P450 and SOR models, we compute that the lower spin states
have shorter Fe—O bonds, longer O—O bonds, and more
negative charge on the proximal oxygen than on the distal
oxygen when compared to the higher spin intermediates.
Therefore, for both systems, we find that a lower spin iron
center favors protonation of the distal oxygen, release of
H,0, and production of a high-valent Fe'Y=0 ferryl oxide
species, while a higher spin iron center favors protonation of
the proximal oxygen atom and loss of H,O,. We show that
these two different ligand sets have a marked effect on the
nature of the ground spin state of these Fe'"" systems. For the
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P450 models, in which the porphine ligand constrains the
Fe—N distances, we compute a low-spin singlet ground state
for the Fe""—OOH intermediate. Therefore, we would expect
this species to undergo protonation at the distal oxygen atom
and O—O bond cleavage to yield H,O and the ferryl oxide
complex Fe'Y=0 from this system. For the SOR models, in
which the Fe—N distances are not constrained, we compute a
high-spin sextet ground state for the Fe''—OOH intermedi-
ate. Therefore, we would expect protonation of the proximal
oxygen atom and dissociation of H,O, from the SOR system.

Another factor that effects which product is formed is the
active site locations in the respective enzymes. The P450
active site is located on the inside of the P450 enzyme and,
thus, has limited access to the aqueous solvent, while the SOR
active site is located on the surface of the SOR enzyme and,
thus, has direct access to the aqueous solvent. We modeled
the effects of solvation on these enzyme active sites by
including two water molecules in our models. The presence
of water molecules near these enzyme active sites was found
to affect the course of these reactions in two complementary
ways. The addition of these water molecules, which act as
hydrogen bond donors to the iron-bound H,0O», (1) stabilizes
higher spin states of the Fe''" center and 2) weakens the
Fe—O interaction between H,O, and the Fe'"" center. These
computations show that the addition of H,O solvent favors
H,0, formation over O—O cleavage.

Although these computations due not assess the kinetics of
these reactions, the solvent exposed site in SOR may also
provide a kinetic lability for the dissociation of the H,O,
from the enzyme active site. Our calculations show that the
thermodynamics of the reaction path is controlled by two
factors: the spin state from the differences between the four
N-donor ligands in P450 versus SOR and the degree of
solvent-exposure from the location of the active site.
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