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Abstract

Experimental covalencies of the Fe-S bond for the resting low-spin and substrate-bound high-spin
active site of cytochrome P450 are reported. DFT calculations on the active site indicate that one H-
bonding interaction from the protein backbone is needed to reproduce the experimental values. The
H-bonding to the thiolate from the backbone decreases the anisotropic = covalency of the Fe-S bond
lowering the barrier of free rotation of the exchangeable axial ligand, which is important for reactivity.
The anionic axial thiolate ligand is calculated to lower the Fe!'! reduction potential of the active
site by more than 1 V compared to a neutral imidazole ligand. About half of this derives from its
covalent bonding and half from its electrostatic interaction with the oxidized Fe. This axial thiolate
ligand increases the pKa of compound 0 (Fe'!!-hydroperoxo) favoring its protonation which promotes
0O-0 bond heterolysis forming compound I. The reactivity of compound I is calculated to be relatively
insensitive to the nature of the axial ligand due to opposing reduction potential and proton affinity
contributions to the H-atom abstraction energy.
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Introduction

Cytochrome P450’s are involved in a number of critical processes in biology that use molecular
oxygen to oxidize a large range of substrates in all forms of life.1:2 The presence of an axial
thiolate ligand distinguishes these enzymes from other heme-based oxygenases and oxidases.
3 One of the most well-studied members of this family is cytochrome P450cam from
Pseudomonas putida. At room temperature the resting ferric state is low-spin which upon
substrate (camphor) binding becomes high-spin.#® This change of spin state increases the
reduction potential of this active site by +125 mV, enabling its reduction.*
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The mechanisms of O, activation and C-H bond hydroxylation have been discussed in great
detail in many review articles.12:6:7 O, binds to the substrate-bound ferrous active site and
forms an oxy-adduct that is then reduced by another electron and protonated to generate a ferric
hydroperoxy species, referred to as compound 0. This species then undergoes a proton-assisted
heterolytic cleavage of the O-O bond, generating a high-valent species, compound I, that is
mostly considered to be an Fe(1V)=0 with a porphyrin monoanion radical. This has been
identified as the primary oxidant in the reaction mechanism, which does an H-atom abstraction
that generates an Fe!V-OH species and a substrate radical. This is followed by hydroxyl
rebound, which results in a hydroxylated substrate and a ferric resting site. Several key residues
have been identified in the active site of P450 that play important roles in its reactivity.
Particularly, threonine-252 has been implicated in the proton transfer pathway for the reaction,
and mutation of this residue leads to loss of monooxygenase reactivity and uncoupled
production of H,0,.8:

The axial thiolate ligand has been proposed to provide a “push effect” that drives O-O bond
heterolysis in the absence of a “pull-effect” from strong H-bonding residues present in the
distal pocket of non-thiolate ligated heme peroxidases.” This push effect is generally proposed
to play two roles. First, it increases electron density on the iron in the ferric state that weakens
the binding of any exogenous ligand i.e. a normal trans effect associated with a strong donor.
105econd, this push-effect is also proposed to weaken the O-O bond, activating it for heterolytic
cleavage.1! The first effect has experimental evidence (vis-a-vis weak exogenous axial ligand
affinity).19 However, the latter, and other effects that the Fe-S bond may have on the reaction
cycle of P450, have been a focus of many studies and still lack consensus. Further, there is a
highly conserved H-bonding interaction to the S atom of this thiolate that is proposed to be
important for reactivity.12 However the role of the H-bond in tuning the Fe-S bond and its push
effect are not clear from the results of conventional spectroscopic techniques. Sulfur K-edge
X-ray absorption spectroscopy (XAS) is a powerful physical method that provides a direct
experimental estimate of the covalency of metal-ligand bonds.13:14 The K-edge spectrum of a
ligand bound to a transition metal can have an intense pre-edge feature. This is assigned to the
ligand 1s (L;g) to metal 3d (M3q) transition. The intensity of this transition (i.e. | (L1s —
Magq) in eq. 2, below) is directly proportional to the % ligand np character (a2) mixed into
unoccupied or half-occupied orbitals of the ground state wavefunction (¥, eq. 1) of the
transition metal complex.1®

1/2
P=(1 - a?) Mag> — alLyp> n

I(Lyg = Msg)=a’I(L;, — Lyp) @)

I(S1s— Spp) is the intensity of a purely ligand-based 1s— np transition, which depends
primarily on the Zegf of the ligand.1® The pre-edge intensity thus provides a direct estimate of
ligand-metal bond covalency (a2).

S K-edge XAS has previously been used to investigate the effect of H-bonding in the active
sites of Fe-S electron transfer proteins.14 XAS data on the proteins showed significant
reductions of M-S bond covalency relative to model complexes which qualitatively correlated
to the H-bonding interactions in the active site.16-18 For a quantitative estimate of this effect,
S K-edge XAS was performed on a series of high-spin ferric heme thiolate model complexes
where the H-bonding to the thiolate ligand was systematically varied from 0 to 2 H-bonds.19
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The data showed dramatic reduction in pre-edge intensity with increasing H-bonding which
indicated weakening of Fe-S d-z bond covalency.

In this study we use a combination of S K-edge XAS and DFT calculations to understand the
nature of the Fe-S bond at the active site of cytochrome P450 in its resting low-spin and
substrate bound high-spin states. The experimentally calibrated computational results further
explore the role of the thiolate ligand and H-bonding to the thiolate sulfur at different steps of
the reaction cycle.

Experimental Details

Materials and Methods

Cytochrome P450cam was purified after heterologous expression in E. coli as previously
described.20 The resting oxidized (Fe!'") (100 mM phosphate at pH 7.0) and substrate bound
(100 mM phosphate, 200 mM KCI, 3 equivalents of camphor at pH = 7.0) protein solutions
were loaded via a syringe into a Pt-plated Al block sample holder sealed in front using a 6.3
um polypropylene window and maintained at a constant temperature of 24 °C during data
collection using a controlled flow of N, gas pre-cooled by lig. N, passing through an internal
channel in the Al block. Conversion to the substrate-bound form was monitored by an
absorption feature at 387 nm and found to be > 99% in the high-spin Fe!!! state.

Data Collection

XAS data were measured at the Stanford Synchrotron Radiation Lightsource using the 54-pole
wiggler beam line 6-2. Details of the experimental configuration for low energy studies have
been described previously.14 The energy calibration, data reduction and error analysis follow
the methods in the literature.2!

Fitting Procedures

Pre-edge features were fit by pseudo-Voigt line shapes (sums of Lorentzian and Gaussian
functions) using the EDG_FIT software.?2 This line shape is appropriate as the experimental
features are a convolution of a Lorentzian transition envelope and a Gaussian line shape
imposed by the beam line optics.23:24 A fixed 1:1 ratio of Lorentzian to Gaussian contribution
successfully reproduced the pre-edge features. The rising edges were also fit with pseudo-Voigt
line shapes. Fitting requirements included reproducing the data and its second derivative, using
the minimum number of peaks. The intensity of a pre-edge feature (peak area) was calculated
as 2 x amplitude x fwhm, where fwhm is the full-width-at-half-maximum (between 0.45-0.5
for each peak). The fitted intensities were converted to %Sg, character using the pre-edge
feature of plastocyanin as a reference (where 1.01 units of intensity, obtained using EDG_FIT,
corresponded to 38% Sgp character) as the Zefs on the S atom of the thiolate ligand will not
change significantly between the Cu-SCys active site of plastocyanin and the Fe-SCys active
site in P450.

DFT Calculations

All optimizations were performed using a 6-311g™* basis set for Fe, S, N and O atoms and a
6-31g* basis set for C and H atoms in the Gaussian 03 program ver. C022% employing the
BP8626:27 functional and the B3LYP28:29 hybrid functional. Single point calculations were
performed using the B3LYP functional and a 6-311+g* basis set in the gas phase for
wavefunctions and in a PCM30 with an £=4.0 was used for energies. The molecular orbitals
were plotted using Gaussview ver. 3 and Mulliken3! population analyses were performed using
the PyMOlyze32 program. The coordinates for the geometry optimization were obtained from
the high resolution crystal structure 1dz4.33
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1. Results and Analysis

A. XAS

The S K-edge XAS data for the substrate (camphor) bound high-spin P450 has an intense pre-
edge feature at 2470.07 eV (Fig. 1, red). Contributions from the transitions to the three half-
occupied t, orbitals and two half-occupied e orbitals are not resolved due to the low 10Dq for
the high spin state. The pre-edge intensity is 1.11 + 0.03 units (Table 1, 15t row) which
corresponds to 41 + 1% Sz mixing into the unoccupied Fezq orbitals (; Table 1, 15t row in
bold), i.e. covalency (using the value of I(L1s— Lgp) of plastocyanin in equation 2).1% In our
previous study, the Fe-S bond covalency for a five co-ordinate (5C) high-spin Fe'!'-porphyrin
thiolate model complex was determined to be 49%, which was reduced to 37% and 31% by
one and two H-bonding interactions to the thiolate, respectively. Thus the 41 + 3% covalency
of the Fe-S bond in the substrate-bound high-spin P450 active site3* indicates that it has one
efficient H-bonding interaction to the thiolate, which is consistent with the published crystal
structure.33:35

The XAS data for the resting low-spin ferric active site (Fig. 1, blue) shows an increase in pre-
edge intensity relative to the substrate bound form (Fig. 1, red). The lack of resolvable
transitions in the pre-edge indicates that the energy splitting between the t, and the e orbitals
that covalently interact with the thiolate (i.e. Sz, mixed into these Fe wavefunction) is not large
(a splitting of > 0.8 eV would be observed in the S K-edge spectrum). The total integrated
intensity of these pre-edge transitions (Fig. 1) is 1.52 + 0.03 centered at 2470.3 eV. This reflects
the sum of the intensities of the transitions to the unoccupied t, and e holes (t25eg0 ground
configuration). This gives 56£2% S covalency, however note that according to the analyses of
excited state multiplet effects for a S=1/2 Fe!!! system presented in reference 36, only 75% of
the intensity of the transitions to the e set contributes to the pre-edge energy region with the
remaining 25% shifted to higher in energy (~ 1 eV, into the rising edge). This intensity can be
estimated from the DFT calculations in section1B (25% of the Sz, in the e orbitals is 13%).
36 Thus the corrected total Sgp character in the Fegq manifold of the low-spin ferric resting
active site is 69+2%. This increase in Sgp in the low-spin Fe!!! resting form relative to the 41%
S for the high spin Fe!!! substrate bound form is expected as this bond is shorter in the low-
spin form? (2.21 A in low spin vs 2.36 A in high-spin) and both the o and  Fe-S d-o (i.e. eg)
orbitals are unoccupied in the low-spin complex relative to only the p component of each d-
o orbital in the high-spin complex. These results provide the key experimental parameters that
were used to calibrate DFT calculations as described below.

B. DFT Calculations

i. Correlation to XAS data—Geometry optimizations for the low-spin ferric resting state
were performed using an FePSMeH,0 (where P = porphyrinato, SMe = thiolate) based model
(Fig. 2A) and a larger model (Fig. 2B) where the backbone region of the Cys-lle-Gly peptide
sequence was also included (pdb id: 1DZ4).32 The backbone N-H moiety of the Gly residue
is within H-bonding distance of the S of the thiolate. The computational model of the active
site was further expanded to include the H-bonding interactions from the Thr252 and Gly248
residues present in the distal pocket to the axial H,O ligand (Fig. 2C). For the high-spin model
(i.e. substrate bound) calculations, no axial H,O ligand was included in the models A and B.
The optimized structures using model A are in relatively good agreement with reported
crystallographic data for both the high-spin substrate-bound33:37 (Table 1, row 2) and
crystallographic 38 and EXAFS data for the low-spin resting ferric state (Table 1, row 5).3:39
In model A there is a noticeably large deviation of the optimized N-Fe-S-C torsion angle from
that observed in crystallography. The heme plane has rotated along the Fe-S bond such that
the optimized N-Fe-S-C torsion angle is 38° relative to 14° observed crystallographically. This
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rotation is limited in the a-carbon constrained model B which is in better agreement with the
crystallographic parameters (14° vs 17°).3°

In general the calculated wavefunctions for all the high-spin 5C models (no H,O bound) show
that there are two bonding interactions between the thiolate Sz donor orbitals and the iron
Fesq orbitals; a d-c interaction with the d,2 orbital and a d-r interaction with the dy;, orbital
(Fig. 3 for model B, Z-axis along the Fe-S bond, X-axis along the C-S bond). For model A,
26% S3p is mixed into the d-r orbital and 21% S, is mixed into the d-c orbital, giving 47%
total Sgp character in the Fesq manifold, which is higher than the experimentally observed value
of 41% (Table 1). Upon including the H-bonding interaction from the backbone to the thiolate
in the model (model B), the d-r covalency decreases from 26% to 18% while the d-c covalency
remains unaffected. This is because the N-H of the peptide H-bonds only with the = donor
Szp orbital of the cysteine residue. A similar 8% decrease in Fe-S d-n covalency due to a single
H-bond from an amide N-H was observed in the series of structurally characterized model
complexes.1® Thus H-bonding reduces the total Fe-S covalency to 40% in model B relative to
47% in the non H-bonded model A (experimental value is 41%, Table 1).

The wavefunction of the low-spin 6 co-ordinate (6C) model A-H,O (i.e. resting, no substrate)
has a total of 74% Sgzp mixed into two Fezq orbitals; i.e. 22% Sz, is mixed into the § d-x and
52% Sgp is mixed into . and B d-c orbital (Table 1). This is higher than the experimental
observed value of 69%. Also note that the Fe-S ¢ bond covalency in the low-spin form is
calculated to be higher than that of the high spin form (52% and 21% respectively) due to the
presence of o.and f unoccupied e orbitals in the t,%0 configuration of a low-spin Fe!!! relative
to only B unoccupied e orbitals in the t,3e2 configuration of high-spin Fe!!!. Inclusion of the
H-bonding interaction to the thiolate ligand (model B-H0, Fig. 2B) decreases the %Sg,
covalency to 69% (the d-r covalency reduced from 22% to 17% while the d-c remains
unaffected, Table 1). This is in agreement with the multiplet corrected experimental Fe-S
covalency (69%, Table 1). Further expansion of the model to include the H-bonding
interactions from the distal side to the axial H,O ligand (CH30H representing the threonine
residue, a non-coordinated H,O molecule that H-bonds to the axial H,O and an N-
methylacetamide group representing the glycine group present in the distal pocket) leads to a
slightly shorter Fe-O bond length in model C-H,0 (2.09 A, Table 1, row 7) relative to model
B-H,0 (2.15 A, Table 1, row 6). This results in only a small decrease in Fe-S covalency to
67% in model C-H,O0 relative to 69% in model B-H,O.

In summary the experimental data and the computational results show that the Fe-S bond is
very covalent in both the high-spin and low-spin states. The low-spin form is more covalent
due to increased d-o bonding interaction of the thiolate with low-spin Fe!l!. Importantly, the
H-bonding from the amide residue is directed towards the d-rn Szp, orbital, which tunes down
the = covalency in both the high-spin and low-spin models. Finally, it is important to note that
the computational models with H-bonds to S (model B and C) agree well with the experimental
results and can now be used to evaluate important reaction intermediates in the catalytic cycle.

ii. Reactivity

1. Reduction Potential: A key step in the catalytic cycle of P450 enzymes is reduction of the
high-spin state, generated upon substrate binding, to the 5C ferrous form. The reduction
potential of the 6C low-spin state is reported to be 125 mV more negative than of the
corresponding high-spin site, which makes its reduction unfavorable.*4? The calculated
ionization energies show that the low-spin active (AEgc) site has 240 mV and 220 mV lower
reduction potential than the high-spin active site (AEsc) in the thiolate model A and the H-
bonded thiolate model B, respectively, in general agreement with experimental value. To
compare the reduction potentials of the different spin states, the reduction of the low-spin six
co-ordinate Fe!!' site (6C, S=1/2) to a five co-ordinate Fe!! site (5C, S=2) has been divided into
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three steps: i) loss of an axial ligand (E_ in Scheme 1), ii) change of the spin state from S=1/2
to S=5/2 (Espin in Scheme 1) and iii) reduction of the resultant 5C high-spin Fe!!! site (5C,
S=5/2) toa 5C Fe!l site (i.e. the functionally relevant potential, AEsc in Scheme 1). We evaluate
these contributions to the Felll/1l reduction potential of this heme thiolate active site below
(i.e. 6C, S=1/2, Fell + e~ — 5C, 5=2, Fe!!, Egc = E|_ + Egpin + Esc, Scheme 1).

The energy decomposition in scheme 1 shows that this decrease in the reduction potential of
the 6C site relative to the 5C site has two contributions both in the oxidized low-spin site
(AEL + A Egpin). Our calculations indicate that the axial HO ligand binding favors the 6C,
S=1/2 Felll state by 10 Kcal/mol (i.e. AE|_ in Scheme 1 is —430 mV). Alternatively, the S=1/2
spin state is calculated to be disfavored relative to the S=5/2 spin state in the resultant Fe!'l 5C
site by 5 Kcal/mol (i.e. AEgpi, in scheme 1 is calculated to be +220 mV). The net effect is that
the binding energy of the water ligand in the ferric 6C S=1/2 state lowers the reduction potential
by 220 mV relative to the 5C S=5/2 site.

We further investigated the contribution of the axial thiolate ligand in the redox properties of
the substrate-bound high-spin 5C site (i.e. 5C, S=5/2, Fe!ll + e~ — 5C, S=2, Fe!l, Esc in Scheme
1) by comparing the calculated ionization energies (IE) of this site to those calculated with a
neutral imidazole ligand and a fairly non-covalent anionic F~ ligand, and the tuning of the
thiolate by H-bonding to the S (Table 2).41 The calculated IE’s in Table 2 with different axial
ligands shows that relative to a neutral imidazole ligand, which is calculated to have an IE of
0.25 mV as a reference, the thiolate ligand shifts the Fe!!'/!l potential more negatively by 1.38
V. This is in reasonable agreement with the > 1 V difference observed between the reduction
potential of the thiolate bound heme (=680 mV) and imidazole bound heme (+350 mV) model
complexes in the same non-coordinating solvent.#2:43 The non-covalent anionic ligand F~ (i.e.
<10% F~ mixed in to the Fesq orbitals relative to > 40% for thiolate) is calculated to shift this
Fe!lI! potential negatively by 1.24 V relative to the neutral imidazole (Table 2). Thus, based
on these calculated IE’s the large negative shift in reduction potential associated with thiolate
and F~ ligands may be interpreted as due to the additional stabilization of the oxidized Fe'!!
state by the anionic axial ligand. 11 However the electrostatic interaction between the Fe and
thiolate is weaker than that between Fe and F~. The Fe-S bond length in the thiolate complex
(2.31 A) is ~0.3 A longer than that of the Fe-F bond (2.0 A) resulting in a weaker electrostatic
interaction and the negative charge on the thiolate is distributed over the anionic ligand. Also
a significant amount of charge is donated from the thiolate to the Fe due to bonding. The IE
for a P450 model with a hypothetical ionic thiolate ligand (modeled as a cluster of point charges
using the NPAs of the thiolate bound to Fe) having the same geometry as the optimized
structures, is calculated to be shifted by only —0.67 V relative to —1.24 V for F~. Thus the
contribution of the experimentally observed Fe-S covalency to the total ionization energy
decrease of the thiolate complex is ~ —0.70 V, comparable to its electrostatic contribution.

The H-bonding to this axial thiolate ligand reduces the Fe-S bond covalency and tunes up the
Fe!!!I! potential by +320 mV (Table 2, columns 3 and 4). A similar experimental shift in
covalency and E° has been observed in the series of P450 model complexes and is due to
stabilization of the electron density on the S in the reduced state.1®

2. Compound 0: A. Geometric and electronic structure: Oxygen binding to Fe!! P450, further
reduction and protonation lead to the formation of compound 0, a low-spin Fe!''-OOH species
that is the last intermediate experimentally observed in the reaction cycle of P450.4445 In this
section the experimentally calibrated low-spin thiolate bound Fe!"'-OH, model developed
above is extended to compound 0 by replacing the axial H,O ligand by "TOOH. The effects of
different structural perturbations of the axial thiolate and hydroperoxy ligands on the geometric
and electronic properties of this hydroperoxy ferric species are evaluated and correlated to
reactivity.
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The optimized geometric parameters for the most stable conformations of the models A-OOH,
B-OOH and C-OOH are listed in Table 3 and shown in Fig. 4 along with the calculated spin
densities on relevant atoms. There are two limiting orientations for the low-spin heme thiolate
hydroperoxide complex. In one conformation the C-S-O-O dihedral angle is close to 90° (Fig.
4B, anti) and in the other the C-S-O-O dihedral angle is close to 0° (Fig. 4B, syn). In models
A-OOH and B-OOH the syn conformation is more stable than the anti by 5.5 Kcal/mol and
2.5 Kcal/mol, respectively (Table 3). The syn conformation has a shorter Fe-S distance and a
higher spin density on the thiolate sulfur than the anti conformation which alternatively has a
shorter Fe-O and higher spin density on O-O (Table 3, rows 1, 2 and 3, 4). This is because the
singly occupied t; orbital on the low-spin Fe!!l is delocalized over both the thiolate and the
hydroperoxide ligand in the syn conformation whereas it is localized on the hydroperoxide
ligand in the anti conformation (Fig. 5). This leads to a more covalent Fe-S d-x interaction in
the syn conformation (reflected by the shorter Fe-S distance 2.40 in syn vs 2.45 A in anti)
which allows for additional energy stabilization and delocalization of the unpaired spin into
the thiolate sulfur. Note that in case of model B the H-bonding to the thiolate sulfur weakens
the d-m covalency (10% without H-bonding to 3% with H-bonding) which leads to a smaller
energy difference between the two conformers (2.5 Kcal/mol) than in the non H-bonded model
A-OOH (5.5 Kcal/mol).

Although no structural parameters for compound 0 have been reported for comparison, the C-
S-0-0 dihedral angle may be inferred from the crystal structure of the dioxygen-bound ferrous
active site, which is ~40°. This orientation of the Fe-O-O plane is important as it enables the
distal oxygen to H-bond to the conserved threonine residue, which is the proposed proton
source for the generation of compound 0 as well as the proton for O-O bond cleavage.*®
Inclusion of the proximal H-bonding to cysteine S atom and distal H-bonding interactions from
threonine (modeled by CH30H), H,0 and a glycine (modeled by acetamide) in the
computational model C-OOH reproduces this C-S-O-0 dihedral angle (47.8° calculated vs 40°
experimental) as well as the H-bonding interaction between the distal oxygen of the OOH and
the threonine O-H. As noted earlier the syn conformer is expected to be more stable by 5.5
Kcals/mol due to more favorable bonding interactions. However the H-bonding interaction to
the cysteine lowers this energy difference to 2.5 Kcals/mol and the additional H-bonding of
the hydroperoxy with the distal CH3OH residue further stabilizes this orientation. This H-
bonding from the distal pocket results in a weaker Fe-OOH bond in model C-OOH relative to
model B-OOH in the more stable syn conformation, which is reflected in the longer Fe-O bond
length and decreased spin density on the peroxide fragment in model C-OOH (Table 3, row
5). This weakening of the Fe-O bond in model C-OOH is reciprocated by strengthening of the
trans Fe-S interaction, as indicated by a shorter (2.37 A) Fe-S bond and an increased spin
density (0.05) on the sulfur atom relative to the more stable syn B-OOH model (Fe-S 2.45 A,
spin 0.0).

B. Reactivity: Compound 0 can decay via i) protonation and heterolytic O-O bond cleavage
leading to the formation of compound I (the generally considered reaction), ii) protonation and
heterolytic cleavage of the Fe-O bond leading to H,O5 release (i.e. uncoupled reaction), iii)
homaolytic O-O bond cleavage (proposed for certain mutants), and iv) direct H-atom abstraction
(Scheme 2). In this section the calculated energies (AE) for these processes for the H-bonded
thiolate ligand (model B) are compared to those for a neutral imidazole and the fairly non-
covalent anionic F~ ligand (the optimized geometries of relevant species are listed in Table 4,
their Mulliken spin densities are listed in Table 5 and the calculated energies are listed in Table
6). The AE for protonation assisted heterolytic O-O bond cleavage generating a compound |
species and a H,O molecule is about —46 Kcal/mol for a trans thiolate ligand with H-bonding
(model B). The AE for a neutral imidazole ligand is only —20 Kcal/mol. A calculation with an
axial anionic F~ ligand gives a AE for compound | formation of —40 Kcal/mol, which is —20
Kcal/mol more negative than the reference neutral imidazole ligand.*” This indicates that the
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covalent anionic axial thiolate ligand greatly favors the formation of compound I relative to a
neutral axial ligand (i.e. imidazole) consistent with previous results.1 Note that this difference
in AE’s of compound | formation between an imidazole and a thiolate axial ligand is generally
referred to as the “push” effect of the thiolate ligand in cytochrome P450.48 The more favorable
AE could reflect an increased proton affinity of the compound 0 species or an additional
stabilization of the resulting compound | species by the axial thiolate ligand. These factors are
evaluated below.

The protonation of the distal oxygen of compound 0 leads to spontaneous formation and
dissociation of a water molecule and formation of compound | during geometry optimization
which complicates estimation of its proton affinity.*? However, protonation of the proximal
oxygen leads to the formation of a stable Fe!!'-O,H, species and can be used to obtain an
estimate of the proton affinity of compound 0. The proton affinity of compound 0 with a thiolate
ligand is —33 Kcal/mol, which is 4 Kcal/mol more negative than that for an anionic F~ ligand
(=29 Kcal/mol). On the other hand, for a neutral axial ligand such as imidazole the proton
affinity is only —9 Kcal/mol. Therefore, the thiolate ligand increases the proton affinity of
compound 0 relative to the neutral ligand by 24 Kcal/mol. Thus, out of the 26 Kcal/mol
difference in AE for the formation of compound | from compound 0 with an axial thiolate
relative to a neutral imidazole ligand, 24 Kcal/mol is derived from its greater proton affinity
and only 2 Kcal/mol results from additional stabilization of the resultant compound | species
by the axial thiolate ligand.

The large negative proton affinity of the proximal oxygen indicates that formation of an
Fe!l'O,H, species is energetically favorable in the P450 active site (Scheme 2, proton from
solvent is worth 262 Kcal/mol).50 Cleavage of the Fe-O bond in this Fe!''O,H, species forming
a high-spin 5C site with release of H,O5 is estimated to be +10 Kcal/mol uphill in energy
(Scheme 2).21 It is important to note that while this is uphill, the protonation of the proximal
oxygen of compound 0 forming the Fe!!'-O,H, is energetically favorable (—33 Kcal/mol). Thus
the orientation of the Fe-O-O plane in compound 0 in the optimized structure (model C-OOH,
Fig. 4) is an important contribution to its reactivity, as it directs the protonation to the distal
oxygen, initiating the heterolytic O-O bond cleavage while minimizing the possibility of
H,0, formation via a protonation on the proximal oxygen of compound 0.2 The threonine 252
residue which is H-bonded to the distal oxygen of compound 0 (model C) ensures that this
oxygen gets protonated, leading to heterolytic O-O bond cleavage and formation of compound
I. In the absence of this residue there can be loss of selectivity in protonation of compound 0,
which would also lead to H,0O, formation via an uncoupling reaction.®

The calculations indicate that AE for O-O bond homolysis is +24-28 Kcal/mol uphill (Table
6) for all the axial ligands tested, suggesting that this pathway is unfavorable relative to either
of the two proton assisted pathways considered above. The AE for O-O bond homolysis shows
only a minor dependence on the nature of the axial ligand.>2 Newcomb et al. have proposed
that compound O reacts directly with the substrate, possibly via H-atom abstraction,33 a reaction
similar to that of activated bleomycin.>* The H-atom abstraction energy for an alkyl C-H bond
(the bond strength used here is 101 Kcal/mol) is calculated to be endothermic by +4-6 Kcal/
mol (Table 6). The calculated H-atom abstraction energies are independent of the nature of the
axial ligand, which is consistent with the invariance seen in the calculated energies for O-O
bond homolysis. Note that while the AE for H-atom abstraction by compound 0 is calculated
here to have a AE of +4-6 Kcal/mol, this process has been calculated by Shaik et. al. to have
a barrier of ~17 Kcal/mol (G¥).55:2

3. Compound I and Compound I1: Compound I has been described asa P~ Fe(1V)=0 species,
where P~ represents a porphyrin monoanion radical species. It is generally accepted that this
species performs an H-atom abstraction from a substrate forming compound 11, which is either
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an Fe(IV)-OH species (with axial thiolate ligand; P450) or Fe!V-O species (with an axial
imidazole ligand; peroxidases).%6:>7 For a parallel comparison of the different axial ligands we
have focused on the former species. The strength of the C-H bond that can be abstracted by
compound | with different axial ligands (i.e. the O-H bond strength of the resulting compound
I1 species) will depend on both the reduction potential of compound | and the proton affinity
of the resultant Fe(1V)=0 species.>® A more positive reduction potential and higher proton
affinity will increase the BEg. (B.E. = bond energy). Table 7 lists the calculated O-H bond
energies of the compound 11 species, their ionization energies without a proton and proton
affinities for axial imidazole and fluoride ligands relative to those for a thiolate ligand. The
calculated BEq. is —96 Kcal/mol for a thiolate axial ligand, which is reasonable based on the
known bond energies of aliphatic C-H bonds abstracted by compound I. Interestingly, the
relative ABEg.y is only 4.0 Kcal/mol higher with an axial imidazole ligand relative to a thiolate.
This is because the two contributions to BEg. vary differently with the nature of axial ligand.
From Table 7 and Scheme 3 the anionic thiolate ligand increases the proton affinity of the Fe
(IV)=0 species. Thus the Eproton term is 32.5 Kcal/mol more favorable for a thiolate ligand
relative to a neutral imidazole ligand. However, the anionic nature of the thiolate also lowers
the ionization energy of compound Il. This disfavors the BEg.4 by 28.5 Kcal/mol relative to
a neutral imidazole ligand. Together these result in very similar ABEq. for compound I sites
with both neutral and anionic axial ligands.

Geometry optimizations indicate that similar to compound 0, compound Il also has two possible
orientations of the Fe-OH plane relative to the C-S-Fe plane: syn, when the C-S-O-H dihedral
angle is 0° and anti, when the angle is 90° (Scheme 4). The orientation of the camphor C-H
bond relative to the Fe-S-C plane in the crystal structure of the Fe-O, form suggests that the
Fe(IV)-OH species that would result immediately after the first H-atom abstraction step could
be in the anti conformation (Scheme 4).5° The Fe-O-H plane of this species has to rotate 90°
to form the syn conformer for the rebound hydroxylation step to take place. This energy
difference between the syn and the anti conformations is the reorientation energy invoked by
Shaik et al. and Yoshizawa and coauthors, which is estimated to be 1-8 Kcal/mol depending
on the method used.69—63 The DFT calculations for model A without the H-bond to the thiolate
indicate that, in contrast to compound 0, where the syn conformation was more stable, the anti
conformation of compound Il is more stable by 1.5 Kcal/mol. This is because in an S=1 Fe(IV)
system, two d-x holes are available for = bonding with both the thiolate and hydroxide ligands
which have one r donor valence orbital each (Fig. 7, top). In the anti conformation both the
thiolate and the hydroxide ligand can form strong orthogonal = donor bonds. However, in the
syn conformation, these ligands compete to form = donor bonds to the same d-x orbital. This
is indicated by longer Fe-O and FeS bond lengths and reduced spin densities on both the thiolate
and hydroxide ligands in the syn conformation relative to the anti conformation (Table 8). The
reorientation for rebound thus involves a barrier as the final syn conformer is at higher energy
than the initial anti conformer. H-bonding to the thiolate (model B) weakens the Fe-S d-n bond
and reduces this AE to only 0.8 Kcal/mol at this level of calculation.®*

The rotation of the O-H bond to a syn conformation leads to an FMO (Fig. 7, bottom) that is
set-up for hydroxyl transfer to the carbon radical on the substrate. The energy of this step
(AEcompii-Fe(ir), Table 8) reflects the homolytic dissociation energy of the Fe!V-OH bond in
compound I1. The lower 6 Kcal/mol Fe!V-OH homolytic bond dissociation of compound 11
with a thiolate axial ligand relative to imidazole reflects its stronger trans effect weakening the
Fe-OH bond.

Discussion

The S K-edge XAS results provide insight into the role of the axial thiolate ligand in the active
site of cytochrome P450. The thiolate ligand is a very covalent anionic ligand. Our experimental

J Am Chem Soc. Author manuscript; available in PMC 2010 June 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dey et al.

Page 10

data indicate that in the resting high-spin state of P450cam the covalency of this bond is 41%
(i.e. 0.41 Sg, character of the thiolate is mixed into the d orbitals of the Fe'!l) and it is 69%
(corrected for multiple effects) in the resting low-spin state. Correlation to previously published
data on structurally characterized model complexes indicates that this electronic structure
reflects one strong H-bond to the cysteine sulfur in the P450cam active sitel® consistent with
crystallography and biochemical studies.12:33 Consistent with the experiment, the DFT
calculations indicate that binding of an additional H,O axial ligand in the low-spin form lowers
its reduction potential by ~230 mV relative to the high-spin 5C active site. This reflects the
opposite effects of ligand binding and spin state of the oxidized state. These calculations further
show that the axial thiolate ligand lowers the Fe!'!! reduction potential by ~ 1 V relative to a
neutral imidazole ligand as observed in models.#2:43 This is reflects the strong bonding of the
axial thiolate ligand with the oxidized Fe center. Half derives from the anionic nature of the
thiolate and half results from very covalent Fe-S interaction observed experimentally. The
calculations further indicate that the experimentally observed H-bonding effect on the Fe-S
bond tunes this potential up by +320 mV.65

The push-effect of the axial thiolate ligand has been proposed to weaken the O-O bond,
activating it for heterolytic cleavage. Our calculations with imidazole and thiolate axial ligands
indicate that the axial thiolate does not weaken the O-O bond in compound 0 relative to a
neutral imidazole ligand (same O-O bond distance and O-O homolysis energy). Instead the
anionic nature of the thiolate raises the pKa of compound 0, favoring its protonation by ~20
Kcal/mol relative to a neutral imidazole ligand. Thus the inherently high pKa of the thiolate
bound heme active site activates it to undergo proton induced heterolytic cleavage of the O-O
bond. Note that this energy decomposition scheme is different from that presented by Shaik
and co-workers!! where O-O bond homolysis is followed by the oxidation of the resultant
ferryl by the generated hydroxyl radical and the "OH produced is then protonated. The role of
the thiolate ligand was found to lower the reduction potential of the ferryl species.1! However
the idea that the charge of the thiolate is playing a dominant role in the O-O heterolysis is
consistent with the fact that a proton is required for the formation of compound I. Also
calculations where the thiolate is replaced by a poor donor F~ indicate that the electrostatic
effect of an anionic ligand is as efficient as a covalent thiolate in driving the proton assisted
formation of compound | from compound 0. Thus the push effect of a thiolate is similar to that
of an anionic ligand which c raises the pKa of compound 0 and drives the proton assisted O-
O bond heterolysis.

It has been proposed that the strong proton affinity of this thiolate bound Fe!V=0 species
provides the large driving force for H-atom abstraction by compound 1.%6:57 The computational
results presented here indicate that, while the thiolate provides a large driving force for
protonation, the nature of the axial ligand has only a very limited effect on the overall energy
of H-atom abstraction by compound I (i.e. BEg. Table 7). This is because the nature of the
axial ligand has opposing effects on the contributions to H-atom abstraction (IE and pKa). As
discussed by Green and coworkers, compound | with an anionic thiolate ligand has a lower IE,
however the resulting Fe!V=0 species has a higher proton affinity.>” Alternatively, a neutral
axial ligand like imidazole has a lower proton affinity of the Fe!V=0, but the higher IE of this
species leads to a comparable driving force for H-atom abstraction. However a 4 Kcal/mol
difference in AE (i.e. imidazole vs thiolate axial ligand in Table 7) can still lead to as much as
~ 103 times lower rate. In fact, Nam et al. has found that a compound | species with a neutral
axial ligand is capable of C-H bond hydroxylation although its rate is 650 times slower than
the rate observed for an anionic axial ligand.®® Also when the axial cysteine ligand is mutated
to histidine in P450 it still shows some camphor hydroxylation.8 Interestingly this mutant also
shows a significant increase (100 fold) in peroxidase activity (oxidation of guaiacol using
H,0, as oxidant).67 Thus although a compound | species with an axial imidazole ligand is
capable of C-H bond hydroxylation, its high reduction potential increases its effectiveness for
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outer sphere oxidation. The presence of an anionic thiolate ligand increases the selectivity for
C-H bond hydroxylation relative to outer sphere oxidation by lowering the potential and raising
the pKa of compound 1.

Thiolate is a strong anisotropic  donor that can restrict the rotation of anisotropic = donor
trans-axial ligands in particular TOH and "OOH about their Fe-O axis. In the case of compound
0, the most stable geometry requires the thiolate and hydroperoxide ligands be in the syn
conformation, where they are both able to = donate into the only available singly occupied t,
orbital on the S = 1/2 Fe!!! center. However, for compound 0 to H-bond to tyrosine 252 the Fe-
O-OH plane needs to rotate 48°, from its most energetically stable geometry.1:33 This rotation
is calculated to have a barrier of 5.5 Kcal/mol for compound 0. This may compromise catalytic
efficiency as H/D isotope data and cryoreduction experiments #6:68 and recent QM/MM
calculations®%:70 indicate that the protonation of compound 0 may be the rate determining step
in substrate oxidation. However, the presence of a strong H-bonding interaction with the
thiolate, reflected in the pre-edge intensity of the S K-edge XAS data in Fig. 1, tunes this
anisotropic  covalency down, which significantly lowers this rotational barrier and facilitates
reorientation of the trans hydroperoxide ligand to a conformation that would enhance reactivity.
Alternatively, in compound I, the thiolate and hydroxide ligands need to be in an anti
orientation to individually form = bonds with the two orthogonal singly occupied t, orbitals
on the S=1 Fe!V center. For rebound, this OH bond has to rotate 90° off this alignment which
is slightly endothermic by 1.5 Kcal/mol. This barrier is also lowered by the H-bonding to the
thiolate.

In summary, S K-edge XAS data on cytochrome P450 provide key experimental Fe-S bond
covalencies for this active site. The thiolate is a very covalent anionic ligand that: 1) lowers
the reduction potential of the active site, and 2) raises the pKa of the Fe!''-OOH, compound 0,
leading to its protonation that drives O-O bond heterolysis. There is one strong H-bond to the
thiolate S of the active site that: 1) tunes the potential by > 200mV, and 2) eliminates the
anisotropic 7 covalency which lowers rotational barriers of bound oxygen intermediates
facilitating proton transfer and rebound.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Background subtracted S K-edge XAS data of resting ferric (blue) and camphor bound ferric
(red) cytochrome P450.
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Figure 2.

Structural models for the calculations of the resting ferric site used in this study. A) Porphyrin
ligand with water and thiolate axial ligands; B) An expanded to include H-bonding from the
backbone to the thiolate (indicated by a blue line); and C) B expanded to include H-bonding
to the ligand in the distal pocket. For the substrate-bound site, the H,O was eliminated and
models A and B applied.
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d-o 22%S,, d-n 18% S, X

Figure 3.
The d-o (left) and d-x (right) interaction between a thiolate ligand and a 5C high-spin Fe!!!
(model B). The reference co-ordinate system is shown.
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Figure 4.

Optimized geometries of compound 0 model B (two left structures). In the syn orientation, the
0O-0 bond projects into the plane of the paper whereas it is in the plane in the anti orientation.
The structure on the right is the optimized model C with the "TOOH ligand. Fe-S, Fe-O and H-
bonding distances with the distal hydroperoxide ligand are indicated. (Iron in blue, sulfur in
yellow, oxygen in red.)
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Anti ‘):’ Syn ‘)f

Figure 5.

Representative t; SOMO’s of the anti (left) and syn (right) conformations using Model B-OOH
(OOH ligand is in the plane of paper). Contributions from individual donor ligands are given
in Table 3.
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Syn

Figure 7.

The B Fe!V-OH d-n SOMOs in the anti (top) and syn (bottom) configuration of model B. In
the latter case the oxygen donor orbital is directed towards the C-OH bond (carbon acceptor
orbital indicated for clarity) to be formed.
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Fe"OH, (6C, S=1/2) > Fe'' (5C, S=1/2) + H,0
Fe (5C, S=1/2) > Fe™ (5C, S=5/2)
Fe (5C, S=5/2) + ¢ > Fe'' (5C, $=2)

Scheme 1.
Steps in the reduction of the 6C, S=1/2 resting Fe!!! state

J Am Chem Soc. Author manuscript; available in PMC 2010 June 10.

Page 20

AE;
AEspin

AEsc



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Dey et al.

Uncoupling Reaction
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Scheme 2.
Three different reactions of compound 0.
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Scheme 4.
Involvement of an anti to syn reorientation of compound Il during rebound.
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