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1. Introduction

The cytochromes P450 constitute a large family of
cysteinato-heme enzymes,'° are present in all forms
of life (plants, bacteria, and mammals), and play a
key role in the oxidative transformation of endoge-
neous and exogeneous molecules (see refs 5 and 6 for
recent reviews). The total number of members of the
cytochrome P450 family is increasing rapidly (over
2000 members at the time of this writing. Updated
information is available on the following web site:
http://drnelson.utmem.edu/CytochromeP450.html). In
all these cysteinato-heme enzymes, the prosthetic
group is constituted of an iron(l111) protoporphyrin-
IX covalently linked to the protein by the sulfur atom
of a proximal cysteine ligand (see Figure 1).

COOH

COOH

cysteinato-iron(lll) protoporphyrin-1X

Figure 1. Prosthetic of cysteinato-heme enzymes: an iron-
(111) protoporphyrin-1X linked with a proximal cysteine
ligand.

These enzymes are potent oxidants that are able
to catalyze the hydroxylation of saturated carbon—
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hydrogen bonds, the epoxidation of double bonds, the
oxidation of heteroatoms, dealkylation reactions,
oxidations of aromatics, and so on. As the means of
oxidation, the P450 uses molecular oxygen, inserts
one of its oxygen atoms into a substrate (S), and
reduces the second oxygen to a water molecule,
utilizing two electrons that are provided by NAD(P)H
via a reductase protein (eq 1). Since only one of the
two oxygen atoms, initially present in O, remains
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in the oxidized substrate, P450s are called monooxy-
genases.

cytochrome P450

S+0,+2e +2H" SO+ H,0 (1)

Molecular oxygen, itself, is unreactive toward
organic molecules at low temperatures either due to
spin-forbiddenness or to high barriers.'® Conse-
qguently, living systems mainly use enzymes that
modify dioxygen to a form capable of performing the
desired oxidation reaction. This modification can be
achieved by metal-dependent oxygenases, like cyto-
chromes P450 or non-heme metalloenzymes (e.g.,
methane monooxygenase), or by flavin-containing
enzymes that do not possess a metal-based prosthetic
group. Cytochrome P450 enzymes were first identi-
fied and purified nearly 40 years ago by biochemists
and pharmacologists who focused on the early studies
of the oxidative metabolism of drugs. This pharma-
cological and medicinal interest in P450 remains
intense to this day, and the name cytochrome P450
can be found 2508, 2775, 2690, and 2319 times in the
Medline database of the U.S. National Institutes of
Health for the years 2000, 2001, 2002, and 2003,
respectively.

The historical details of the discovery of cytochrome
P450 are available in two recent review articles by
Estabrook and Omura.''*? A few studies, conducted
before the early 1960s, on the animal response to
toxic molecules or pharmacologically active entities,
have established that hydrophobic exogeneous mol-
ecules are modified and subsequently excreted as
water-soluble forms. These two distinct steps are now
described as phase | (oxidation step) and phase 11
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(conjugation step) (eq 2, O—X being a sulfate or a
glucuronic residue).13

cytochrome P450 (phase I)

R—H
transferases (phase I1)

R—O—H

R—0-X (2)

The main phase Il drug-elimination enzymes are the
aryl sulfatase, the UDP-glucuronyl transferase, and
the glutathione S-transferase.

The motivation for these early studies was the
necessity of establishing a paradigm of drug metabo-
lism, a particularly important domain of molecular
pharmacology. Early in 1955, Axelrod reported that
the oxidative metabolism of ephedrine was mediated
by the microsomal fraction (containing the endoplas-
mic reticulum) of a rat liver homogenate in the
presence of NADPH and dioxygen.* In 1958, Klin-
genberg established that the rat liver microsomes
contained an unknown carbon monoxide binding
pigment.'> Later, Omura and Sato found that the
microsomal CO-binding pigment was a heme-protein
having a strong absorption peak at 450 nm and
therefore named this pigment as “cytochrome P450”
(the strong absorption band at 450 nm corresponds
to the Soret 7—x* band of the PPIX—Fe!'-CO chro-
mophore).’® In 1963, Estabrook et al. indicated that
cytochrome P450 was able to catalyze the C-21
hydroxylation of 17-hydroxyprogesterone in adrenal
cortex microsomes.'’” For many years, the membrane-
bound nature of these oxidative enzymes, present in
the microsomal fraction of rat liver, posed difficulties
for the biochemical characterization of these proteins.
However, due to the combined effort of a few groups,
it has become possible for the communities of bio-
chemists, enzymologists, and pharmacologists to
study the wide range of different oxidative transfor-
mations mediated by cytochrome P450 enzymes
either in the liver (detoxification processes, drug
metabolism, etc.) or in specific tissues or organs
(biosynthetic steps that require difficult oxidative
processes).

Originally found in rat liver microsomes, cyto-
chromes P450 are, in fact, present in all eukaryotic
organisms (animals, plants, and fungi) and also in
some prokaryotes. The purification of these mem-
brane-bound enzymes was facilitated by the discovery
of Ichikawa and Yamano?® in 1967 that high concen-
trations of glycerol were able to stabilize cytochrome
P450 against detergent treatments.'®'® Successful
purifications of different cytochrome P450s were
achieved in the period 1975—1980, just before the
beginning of the “cloning era”, initiated by the
development of genetics in the early 1980s.

Cytochromes P450 have been initially classified
according to the auxiliary electron-transfer proteins,
which provide electrons from NADH or NADPH to
the oxygenase protein (see Figure 2).2° “Class I” refers
to mammalian mitochondrial enzymes involved in
steroid syntheses and to most bacterial enzymes. For
this category, the electrons are transferred by an
iron—sulfur protein Fe,S..

“Class 11" corresponds to mammalian enzymes
located in the endoplasmic reticulum of liver cells,
which are involved in drug (or any exogeneous
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flavoprotein
reductase

Class | cytochrome P450 enzymes (steroid synthesis in mammals and bacteria)

flavoprotein
reductase

Class Il cytochrome P450 enzymes (drug metabolism in mammals)

Figure 2. Different electron-transfer chains in class | and
class Il of cytochrome P450 enzymes.

NADPH + H*
RH + O, —= ROH + H,0

P450 oxygenase
NADP*

NADPH + H*
RH + O, — ROH + H,0

P450 oxygenase
NADP*

compound) metabolism. For this second category,
electrons are provided by FAD- and FMN-containing
reductases (FAD serves as an electron acceptor from
NADPH and the FMN moiety transfers the electrons
to the oxygenase protein). All cytochromes P450 are
integrated in a complex multienzymatic system,
which hampers their industrial application for selec-
tive oxygenations of chemicals (sol—gel immobiliza-
tion of P450 enzymes might be a way to develop their
use in fine chemical syntheses).?! In that respect,
other enzymes, like hydrolytic ones, are easy to
handle on the industrial scale and are now currently
used in modern organic syntheses.

2. Genomic Studies on Cytochromes P450

The development of genomic studies has highly
facilitated the identification, the classification, and
the naming of the different cytochrome P450 enzymes
that have been generated by evolutional divergence
from a single ancestral form.??2% The number of
cytochrome P450 genes in the genome of a given
organism ranges from 50 to 150, indicating highly
diversified functions of these monooxygenases in
multicellular eukaryotes.?* The number of known
individual cytochrome P450s in humans is about 57
and will not change much in the future (in compari-
son, the plant Arabidopsis thaliana has 286 cyto-
chrome P450s). No P450 genes have been found in
the genomes of several bacteria, including Escheri-
chia coli; however, some prokaryotes which are using
hydrocarbons (e.g., terpenes) as both carbon and
energy sources contain cytochrome P450s, the clas-
sical example being Pseudomonas putida with its
camphor-oxidizing P450 (P450.am). Cytochrome P450
enzymes are now classified according to genetic
information. The nomenclature of cytochromes P450
was originally organized according to their physi-
ological functions and then, in the 1980s, according
to serial numbers based on the degree of similarity
in their amino acid sequences. For example, a cyto-
chrome P450 able to catalyze the oxidative cleavage
of the side chain of cholesterol is usually called
P450s. and, according to the systematic nomencla-
ture, is now reclassified as a member of subfamily
11A of family 11 (P450 11A1 or CYP11A1) and the
corresponding gene is Cypl1A1.2°°%7 For detailed
explanations of the nomenclature system adopted for
cytochrome P450 enzymes, the review articles by
Nelson et al. and Nebert et al. are highly recom-
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mended (see also the Web site mentioned at the
begining of the Introduction).2>-28

Taken together, all P450 families make up the
superfamily of cytochromes P450. The number of
cytochrome P450 families is continuously growing
and is now above 200. Within the same family, the
sequence identity of individual P450s should be
>59% (within a subfamily, the sequence identity
should be above 70%). However, between two indi-
vidual P450 enzymes, the sequence identity can be
as low as 16%.

The gene analysis of the different cytochrome
P450s indicates that all these metalloproteins exhibit
the same so-called “P450 signature” motif of 10 amino
acids, including the invariant cysteine residue that
ligates the heme iron to the protein, Phe-XX-Gly-Xp-
XX-Cys-X-Gly. The amino acid Xb is usually a basic
amino acid that plays a key role in interactions with
the reductase partner.?32° In cytochrome P450¢am, this
basic amino acid is a glutamine residue (Glu-360)
interacting with two cysteines: the proximal cysteine
(Cys-357) of the oxygenase protein and one cysteine
(Cys-39) of the ferredoxin reductase. The role of this
basic amino acid has been clearly established with
mutants of cytochrome P450..m by Morishima and co-
workers.3° Arg-112 (in P450.,m) has also an important
role in the interactions between the oxygenase and
the iron—sulfur protein that acts as electron trans-
ferase.31%2

In the future, genomic studies will provide the
whole collection of P450 sequences (and consequently
also the corresponding proteins) for the different
living organisms. X-ray crystallography remains the
main technique for structural determination of P450s.
Most of the P450 proteins are still too big for routine
three-dimensional (3D) structure determination by
nuclear magnetic resonance (for an example of a
NMR analysis of P450—substrate interaction, see ref
33). Consequently, efforts are currently being made
on the comparative modeling of these metalloen-
zymes. With access to fast computers, the prediction
of the 3D structure of P450 proteins from their amino
acid sequences will become more and more ac-
curate.® Computational predictions of drug interac-
tions with P450 enzymes are also rapidly expanding
and will facilitate in the future design of (i) specific
P450 inhibitors or (ii) drugs with limited and/or
controlled P450 metabolism.353¢ The main human
liver cytochrome P450s able to recognize and to
metabolize the xenobiotics (drugs and all the
other exogeneous molecules) are the following ones:
CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4.
Currently, these five human liver P450s contribute
to the oxidative metabolism of more than 90% of the
drugs in clinical use.®” The organization of cyto-
chrome P450 genes has been studied as well as the
role of NO or RNA in the down-regulation of the
expression of cytochrome P450 enzymes.38-40

3. Three-Dimensional Structures of Cytochrome
P450 Enzymes

After the establishment of the first 3D structure
of the bacterial cytochrome P450.,, (=CYP101) by
Poulos and co-workers in 1985, cytochrome P450
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Figure 3. Stereospecific hydroxylation of the exo C—H
bond at the C5 position of camphor by cytochrome P450.,m.

enzymes ceased being black boxes that perform
oxidation.*~4* Cytochrome P450.,y, of P. putida cata-
lyzes the stereospecific hydroxylation of the exo
C5—H bond of camphor (Figure 3). In turn, the
microorganism uses this terpene as its only source
of carbon and energy; camphor is first hydroxylated
and then metabolized to isobutyrate and acetate.

P450..m is a 45 000 Da polypeptide chain contain-
ing a single ferric protoporphyrin-1X and a cysteine
(Cys-357) as an axial ligand (see Figure 4A for a
general disposition of the different helices of the
enzyme and Figure 4B for a view of the camphor
substrate within the active site).

The camphor substrate is oriented within the
active site of the enzyme by a combination of a
hydrogen bond between the oxygen of the carbonyl
group and the phenolic function of a tyrosine residue
(Tyr-96) and weak hydrophobic interactions with
Phe-87, Leu-244, Val-247, Thr-252, and Val-295. The
entrance of the hydrophobic pocket of the active site
is occupied by two phenylalanines (Phe-87 and Phe-
193).

The Fe''' state of the resting enzyme can, in
principle, equilibrate between the low-spin (S = 1/2)
and the high-spin state (S = 5/2). The low-spin state
is favored in the absence of a substrate when the
sixth position of the octahedron is occupied by a water
molecule (an aqua ligand). In the presence of cam-
phor, the axial water molecule and other water
molecules are displaced from the hydrophobic pocket
of the enzyme and the spin equilibrium of the iron-
(I11) center is shifted toward the high-spin form. This
modification of the coordination sphere of the metal
center induces a change in the redox potential of the
iron center, shifting it from —300 to —170 mV after
substrate binding; such a redox shift facilitates the
reduction of the pentacoordinated ferric center by the
reductase.

At present, 12 other X-ray structures have been
published: (i) the fatty acid hydroxylating enzyme
P450gm-3 (CYP102, molecular weight = 119 kDa)
from Bacillus megaterium (this enzyme is the first
example of a bacterial enzyme that can be classified
as a class Il P450),%546 (ii) the bacterial terpineol-
hydroxylating cytochrome P450:r, (CYP108),%" (iii)
the fungal cytochrome P450,,s from Saccharopolyspo-
ra erythraea (CYP107A1),%7%0 (iv) the fungal NO-
reductase cytochrome P450,, from Fusarium ox-
ysporum (CYP55A1),% (v) the acidothermophilic
archaeon cytochrome CYP119 from Sulfolobus sol-
fataricus,® (vi) the Mycobacterium tuberculosis cy-
tochrome CYP51 able to demethylate 14a-sterols,>
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Figure 4. (A) General disposition of the different helices of cytochrome P450.,m Reprinted with permission from ref 41.
Copyright 1985 American Society for Biochemistry and Molecular Biology. (B) View of the camphor substrate within the
active site of cytochrome P450.,m. Reprinted with permission from ref 41. Copyright 1985 American Society for Biochemistry

and Molecular Biology.

Figure 5. Structure of the human cytochrome P450 2C9.
Reprinted with permission from Nature (http://www.na-
ture.com), ref 60. Copyright 2003 Nature Publishing Group.

(vii) the mammalian cytochrome CYP2C5,5455 (viii)
the bacterial cytochrome P4500,,g from Amycolatop-
sis orientalis involved in vancomycin biosynthesis,>®
(ix) the macrolide-functionalizing cytochrome CYPis4c1
from the Gram-positive bacteria Streptomyces coeli-
color,” (x) the fatty acid hydroxylating cytochrome
P450gs; from Bacillus subtilis,% (xi) the thermostable
cytochrome CYP175a1 from Thermus thermophilus,®
and (xii) also recently the mammalian cytochrome
CYP2C9, one of the major human drug-metabolizing
enzymes (see Figure 5 for the general structure of
this P450; here the sixth coordination site of the iron
is not occupied by a water molecule in the substrate-
free enzyme).®0

The X-ray structure of CYP2C9 with the antico-
agulant drug S-warfarin indicates that the substrate
is stabilized within the active site by stacking inter-
actions between the drug phenyl group and two
phenylalanine residues of the protein (Phe-476 and
Phe-100).8°

All these 3D structures of cytochrome P450 have
common structural elements and an overall fold
characteristic of the P450 family. The general shape
of these metalloenzymes involves 12 helices and loops
denoted A—L (Figure 5). The B—C and F—G helices
contribute to substrate access and specificity, and the
heme is located between helices | and L. In addition,
a few (-sheets are present in P450 structures.

The crystal structure of the complex between the
heme-containing protein and the FMN-binding do-
main of the reductase of bacterial cytochrome
P450gm-3 has been determined at 2.03 A resolution
by Poulos and co-workers.5! The flavin domain is
positioned at the proximal face of the heme of the
oxygenase-domain, and the interface between the two
proteins is strongly organized via hydrogen bonds
and salts bridges. The electron-transfer “pathway”
between the reductase (via a key tryptophan residue
Trp-574) and the heme-domain involves a series of
amino acids between two amino acid residues of the
oxygenase, Pro-382 and the proximal cysteine Cys-
400 of the heme. The specific flavin—protein interac-
tions are involved in the tuning of the redox potential
of the FMN entity in such a way that the flavin
shuttles between the semiquinone and the fully
oxidized states during the catalytic cycles of the
oxygenase. The binding of the substrate to the heme-
domain increases the redox potential of Fe'"'-PPIX
and thereby allows the electron transfer from the
FMN semiquinone to the metal center (see Figure
6). The tight coupling between electron transfer and
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Figure 6. Redox potential control of the electron flow
between flavin-dependent reductases in cytochrome
P450gv-3 (S9, hq, and ox stand for semiquinone, hydro-
quinone, and oxidized forms, respectively).

the oxygenation cycle is of great importance for a fast
P450 enzyme such as P450gm-3 since it avoids
electron waste in side reactions (the turnover number
of this enzyme is above 4000 catalytic cycles per min).

The availability of the 3D structures of cytochrome
P450s has had a major impact on the enzymological
studies of these monooxygenases. Thus, using the
structural information paved the way to protein
engineering by site-directed mutageneses and made
it possible to carry out real molecular enzymology.
In fact, this field can be called “chemical enzymology”,
in which all the molecular partners (enzymes, sub-
strates, and inhibitors) can be modified according to
the methods that chemists use for ordinary mol-
ecules.5? Besides the site-directed mutagenesis stud-
ies that have been performed to understand the role
of key amino acid residues in the catalytic cycle of
the enzyme (see below the section devoted to the
catalytic cycle of P450), many studies focused on the
changes in the protein conformation with chiral
inhibitors,®® product distributions with different sub-
strates,’* substrate docking,%® and the design of
ruthenium-photosensitizers linked to P450.,, sub-
strates and able to recognize submicromolar concen-
trations of this particular enzyme in the presence of
other heme proteins.®® The long-chain fatty acid
hydroxylase P450gn-3 can be turned into an efficient
indole-hydroxylating enzyme by a triple mutation
(Phe87Val, Leu88GIn, Ala74Gly).5"

4. Theoretical Methods for Studying P450
Enzymes

One of the pioneering theoretical studies on the
active species of P450 was carried out by Loew, Kert,
Hjelmeland, and Kirchner,58 using an empirical
guantum mechanical (QM) method to calculate elec-
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tronic structure and derive the Mossbauer param-
eters for the species. However, it was only after the
development of density functional theory (DFT)
methods that QM theory came of age and offered a
tool that combines reasonable accuracy with speed.
More recently, even better tools have become avail-
able when DFT calculations were combined with
molecular mechanical (MM) approaches, leading to
hybrid quantum mechanical/molecular mechanics
(QM/MM) methods that enable study of the active
species in their native protein environment. All these
developments have had a considerable impact on the
field and led to an ever-growing surge of theoretical
activity. It was therefore deemed timely to include
in this review the results and insights provided by
these theoretical methods. While we mention oc-
casionally other theoretical methods, our focus is on
DFT methods,® of which the most successful one is
the method based on the hybrid functional called
B3LYP. However, there are other methods based on
pure functionals, with gradient corrections, such as
BP86 and so forth. The interested reader can find a
concise description of the various theoretical methods
in the recent monograph by Cramer.® The theoretical
results will be embedded into the following discussion
wherever theory provides an essential and comple-
mentary insight to experiment. We emphasize that
the theoretical coverage is restricted here to selected
P450 species and mechanisms. Fuller coverages can
be found in recent reviews.’0-72

5. Updated Description of the Catalytic Cycle of
P450 Enzymes

Forty-five years after the isolation and the char-
acterization of cytochromes P450, the exact nature
of the active species responsible for the oxygen
insertion step is still a matter of intensive debates.
After an “iron-oxenoid” period during the 1970s%>73
came the period of the “high-valent iron-oxo” species.
This last suggestion was based primarily on elegant
studies using single oxygen atom donors with cyto-
chrome P450 itself and with chemical model species
made from synthetic metalloporphyrins.”4-8 More
recently, the hypothesis of an electrophilic “iron(I11)-
hydroperoxo” appeared in the literature,® partially
inspired by oxidations catalyzed by non-heme iron
complexes and DNA sugar oxidation performed by
activated iron-bleomycin within tumor cells.®?

We shall discuss in the section below the different
steps of the catalytic cycle of cytochrome P450
(mainly the case of P450.,m Which can be used as a
paradigm) with particular attention to the iron
oxygen-containing intermediates. Then, in the fol-
lowing sections, we shall review mechanistic aspects
of reactions catalyzed by cytochrome P450 enzymes
(hydroxylation, epoxidation, aromatic oxidation, etc.).

5.1. Substrate Binding and Product Release

The kinetic and thermodynamic parameters of the
reversible binding of the substrate have been par-
ticularly well studied in the case of cytochrome
P450..m by Griffin and Peterson.8 The association of
camphor is a second-order reaction with a rate
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Figure 7. Schematic representation of the different intermediates generated during the catalytic cycle of cytochrome

P450.

constant of 4.1 x 10 M~ s7, while the dissociation
is a slow first-order reaction with a rate constant of
6.0 s71. Since the camphor binding causes release of
a few water molecules from the protein pocket, this
produces an entropy change (AS) of 26 cal mol~* K
and a free-energy change (AG) of —7.7 kcal mol~! at
21 °C. The substrate binding is therefore an entropy-
driven process.

The catalytic cycle of cytochrome P450qm is trig-
gered as the camphor molecule enters into the active
site and displaces the axial water molecule (A in
Figure 7). Consequently, the displacement of the iron
from the plane of the porphyrin ring increases from
0.30 A in the resting state of the enzyme (A, Figure
7) to 0.44 A in the pentacoordinated complex (B,
Figure 7). This makes the heme a better electron sink
and triggers an electron transfer from the reductase
protein; this electron-transfer event then initiates the
cycle. At the end of the cycle, camphor is converted
to 5-exo-hydroxycamphor that forms a complex with
the heme. Now Tyr-96 comes into play, which to-
gether with the product complex forms a polar
environment acting as a probe for the polarity
changes within the active site of the enzyme when
camphor binds. Since Tyr-96 and 5-exo-hydroxycam-
phor favor a polar environment, this causes the re-
entrance of bulk water molecules into the pocket and,
by displacing the 5-exo-hydroxycamphor, causes the
release of the product from the enzyme.®

Theoretical calculations using molecular dynamics
(MD) simulations lend support to the X-ray structural-
based mechanistic description of substrate binding
and product release. The hydration of the protein
cavity was studied by Helms and Wade®® using MD
simulations of the substrate-free P450cm. It was
found that the thermodynamically most favorable
water content in the pocket was six molecules; most
of them occupied the site of the sixth axial ligand
(distal ligand), and one was coordinated to Tyr-96.
The water molecules in the pocket were spread over

a larger volume than in bulk water and were there-
fore more mobile than bulk water molecules. MD
simulations of the substrate entrance and exit chan-
nels of P450¢.m, P450gm-3, and P450¢ye were studied
by Lidemann et al.® and Winn et al.8” In all cases,
the major access channels were found to coincide with
the ones predicted from crystallographic data based
on thermal fluctuation factors near the F/G loop and
adjacent helices. All these mechanisms involve back-
bone motions that are specifically tailored to the
physicochemical properties of the substrate. In
P450..m, the channel is typified by small backbone
displacements (1.8—2.4 A) and aromatic side chain
rotations of Phe-87, Phe-193, and Tyr-29. In P450gp -3,
the positively charged Arg-47 located in the entrance
of the channel makes a salt-link that guides the
negatively charged substrate via its carboxylate
group, while in P450¢yr the Arg-185 residue rotates
and, by making intraprotein hydrogen bonds, gates
the channel opening.

5.2. First Reduction Step

After the substrate binding step as discussed above
(A — B in Figure 7), an electron transfer from the
reductase causes the reduction of the iron(l11) center
to the ferrous state (C, Figure 7). As mentioned in
section 3 above, the nature and role of the different
amino acids involved in this electron-transfer step
have been elucidated based on the 3D structure of
the “oxygenase—reductase” complex in the case of
cytochrome P450gy-3.5 The rate constant of the first
reduction step is relatively slow (k = 35 s™1). The
reduced form of cytochrome P450 (intermediate C in
Figure 7) is an extremely efficient reducing agent as
expected for an iron(ll) porphyrin complex. For
example, polyhalogenated hydrocarbons (halothane,
carbon tetrachloride, etc.) produce a stable iron(ll)-
carbene species via a reductive dehalogenation.”

The sulfur—iron bond length is probably modified
as the resting state, A, is converted to the ferrous
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intermediate C. Thus, the sulfur—iron bond distance
changes from 2.20 A in the ferric P450.m (A, Figure
7) to 2.35—2.41 A in the CO-adduct of intermediate
C with the ferrous iron being only displaced by 0.02
A from the porphyrin plane.88 Despite the high
resolution of the X-ray structure, the authors pre-
ferred to attribute this distance modification to
experimental errors rather than to a possible modi-
fication of the nature of the iron—sulfur bond. The
reduction of B leads to a negatively charged ferrous
complex or to a ferrous complex with a neutral
cysteine ligand (RSH, i.e.,, an L neutral ligand)
instead of a cysteinato ligand (RS-, an anionic X
ligand). The protonation of the proximal cysteine
would give rise to a cytochrome having a Soret band
at 420 nm, excluding the hypothesis of a protonated
sulfur atom, but extended Huckel calculations®® and
data on model systems®-9! suggested that a negative
charge exists on intermediate C. This negative charge
is delocalized over the whole prosthetic group, in-
cluding the sulfur atom, and probably has a key role
in the heterolytic cleavage of the O—0O bond of the
ferric-hydroperoxo complex leading to the high-valent
iron-oxo species. The cysteinato sulfur atom is hy-
drogen bonded to the amide proton of three amino
acids in P450.,m.28 For simplification, the negative
charge is not explicitly indicated on intermediates
C—FE' in Figure 7, like in any other textbook on
cytochrome P450, but this charge is likely to play a
key role in the increase of the electron density of the
iron-dioxygen intermediate. The representation of
this negative charge has already been discussed (see
also section 6.1).” The key role of the cysteinato ligand
has been confirmed by site-directed mutagenesis; the
Cys375His mutant of P450.,m has a poorer substrate
affinity than the wild-type cytochrome. In addition,
the proximal ligand strongly facilitates the O—O bond
cleavage of the iron-peroxo intermediate.%?

A is the deviation of the iron from the porphine plane (A > 0 signifies
that the deviation is above the plane, etc.). AE is in kcal/mol.

The species A—C were calculated by theoretical
methods. Harris and Loew® studied the resting state
for P450 using an early phase of the QM/MM method
that relied on a semiempirical QM method. They
found that only with inclusion of an electrostatic field
of the protein, the ground state of A is the low-spin
doublet state, which was found to lie —1.6 kcal mol~*
lower than the sextet high-spin state. The authors
concluded that the low-spin ground state is due to
the electric field of the protein and is not an intrinsic
feature of the water complex. Some support for this
conclusion was provided by synthesis of a model ferric
water complex with a thiophenoxo ligand® that
exhibits a ground state with a sextet spin, whereas
the doublet state becomes the ground state only when
water is replaced by a ligand with a stronger field
such as imidazole.

This conclusion was contested by Green,% who
calculated the resting state of cytochrome P450 using
DFT and the B3LYP functional. Green’s model
system, which had a water-ligated iron-porphyrin
and a methyl mercaptide proximal ligand, led to the
conclusion that the doublet state is an intrinsic
property of the resting state of P450. An early DFT
study by Shaik et al.% used the pure functional BP86
and partial geometry optimization. The ground state
was found to be a doublet state that existed in two
conformations; in the “upright” conformation, the
water molecule is perpendicular to the porphyrin
ring, while in the “tilted” conformation the water
molecule sits parallel to the ring and forms hydrogen
bonds to the nitrogen atoms of the porphyrin. The
water—porphyrin hydrogen bonds were found to
stabilize the tilted complex by about 6.6 kcal mol~2.
The present B3LYP/LACVP(Fe),6-31G(H,C,N,0,S)
calculations of Shaik and de Visser,”? shown in Figure
8, support this conclusion but show that after geom-
etry optimization the energy differences are small,
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ca. 1.1 kcal mol~1. Clearly, therefore, DFT calcula-
tions indicate that the resting state has an intrinsic
preference for a tilted conformation, due to the
propensity of the water ligand to undergo hydrogen
bonding with a suitable H-bond acceptor. Within the
protein pocket, this interaction can be supplied by
the protein side chains that will stabilize the upright
conformation, which might become the ground state
or at least be in equilibrium with the tilted con-
former. A QM/MM study using the BP86 functional
for the QM subsystem was performed by Scherlis et
al.®” using X-ray data without geometry optimization.
The studies confirm the previous DFT findings, that
the doublet state is indeed the ground state. How-
ever, the study started with the upright conformer,
so that the conformational question is still open.
Future QM/MM calculations with full geometry
optimization will be required to resolve this issue.

Shaik et al.®8 calculated the pentacoordinated fer-
ric- and ferrous-porphyrin (B and C, Figure 7), using
the B3LYP hybrid functional. Figure 9 provides
optimized structures and energy separation of some
of the lowest lying states. At the UB3LYP/LACV3P+*
level of theory, the ground state of B was found to
be the sextet state, whereas the quartet and doublet
states were higher by 4.2 kcal mol™.

Reduction of B fills the d_,2 orbital and generates
a quintet ground state, 5C for the reduced pentaco-
ordinated ferrous complex.”?% Another quintet state
with a doubly filled dy, orbital lies only 2.1 kcal mol~?
higher, while the triplet state lies 9.4 kcal mol™*
higher. The singlet state lies considerably above the
quintet ground state by 14.1 kcal mol™t. Thus,
basically theory converges to the experimental de-
scription of the initial species of the cycle. The next
step is the binding of dioxygen to the ferrous state of
this heme-enzyme.

5.3. Oxygen Binding Step (Formation of the
Dioxygen Complex of P450 or Dioxy-P450)

Triplet dioxygen reacts with ferrous cytochrome
P450..,» with a second-order rate constant of 1.7 x

108 M1 s7! to produce a stable dioxygen adduct (Kas
=108 M~1).1 One electron from the iron(l1) center and
one from the triplet oxygen pair create an iron(l11)—
oxygen bond. This oxygen—iron complex (intermedi-
ate D in Figure 7) is relatively stable but can
dissociate to an iron(l11) and superoxide anion with
a rate constant of 0.01 s! at room temperature.
Within the enzyme, the release of superoxide is
followed by its disproportionation and generation of
hydrogen peroxide, a source of harmful hydroxyl
radicals. Such a step is called the “decoupling reac-
tion” (or “uncoupling reaction”) in the vocabulary of
P450 enzymology.® The uncoupling reaction is more
common in microsomal P450s than with bacterial
enzymes. So, the intermediate D has to be regarded
as an n'-superoxide ion coordinated to an iron(l11)
center with an unpaired electron on the terminal
oxygen atom. An O—O stretching vibration has been
observed at 1141 cm™! in the resonance Raman
spectrum of P450.,, under catalytic conditions.1® The
Fe—0O—0 bending mode has been observed at 401
cm™! (for the Fe—0) by resonance Raman spectros-
copy with an angle of approximately 125—130°.10

The electronic structure and the chemical proper-
ties of this dioxygen intermediate of P450 enzymes
are different from the analogous stable ferrous-
dioxygen states of molecular oxygen carriers such as
hemoglobin and myoglobin. In these heme-dioxygen
carriers, the reduced ferrous state is neutral with the
proximal position being occupied by a histidine
nitrogen atom, a ligand that is a poorer electron
donor compared with the cysteinato ligand. In this
respect, a proximal cysteine does not stabilize the Fe-
(I1)-heme-dioxygen adduct as well as the histidine
ligand does.

5.4. Transfer of the Second Electron to P450
(Formation of a Nucleophilic Iron-peroxo Species)

The second reduction step is the rate-determining
step in many cytochrome P450s. This relatively slow
step (k = 17 s in cytochrome P450.,m) generates a
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negatively charged iron(l11)-peroxo complex (inter-
mediate E in Figure 7; note that it is formally a
dinegatively charged anion) which is probably quickly
protonated at this stage to generate the iron(ll1)-
hydroperoxo complex E'. The intermediate E with a
red-shifted band at 350—450 nm and a split Soret
band has been observed by UV—visible spectroscopy
in a Asp251Asn P450.,m mutant (the aspartic residue
at 251 being replaced by an asparagine).1921% The
aspartic residue plays a key role in the kinetics of
the proton transfer to this intermediate E. In that
mutant Asp251Asn, the rate-determining step is not
the reduction step, but the proton transfer that
generates an Fe—OOH entity (complex E' in Figure
7). The turnover rate for camphor hydroxylation of
this mutant is 1—2 orders of magnitude slower than
for native P450,m.%3

This unprotonated iron(l11)-peroxo complex E is
obviously an excellent candidate to explain some
particular P450-catalyzed reactions that involve a
nucleophilic oxidant intermediate. This is the case
with both the oxidative decarbonylation of aldehydes
and the final step of the aromatization of the cycle A
of androstenedione in the biosynthesis of estrone (see
section 7.8). The intermediate E is certainly a stron-
ger nucleophile than E', the corresponding proto-
nated form Fe'"""OOH. However, both entities can be
involved in these nucleophilic oxidations depending
on the relative rates of the nucleophilic addition of
the nonprotonated iron-peroxo to an electrophilic
center of the substrate present in the active site and
that of the protonation of intermediate E. If the
proton transfer is faster than the nucleophilic attack,
then P450—Fe'"'""OOH is the only intermediate re-
sponsible for the nucleophilic oxidations observed
with some particular substrates.

Theoretical calculations of D and E provide further
support for the experimental characterization of
these species. The first DFT calculations on D and
E were reported by Harris and Loew®* and Harris
et al.,'% using the BPW91 and BLYP pure density
functionals; the two functionals gave virtually the
same results, which are in good agreement with
experimental data. The most stable form of ferrous
dioxygen (D) is an end-on complex in accord with the
experimental predictions, while the symmetrically
bridged isomer was found to be much higher in
energy, by ca. 28 kcal mol~!. Reduction of D to E
resulted in elongation of the Fe—O and Fe—S bonds,
while leaving the O—0O bond length intact, albeit the
O—0 bond order decreased from 1.20 to 0.87.1%* In
agreement with its silent electron spin resonance
(ESR) behavior, D was found to have a singlet ground
state, with the triplet state only 1.1 kcal mol~* higher.
By comparison, E was reported to have a doublet
ground state with spin densities distributed over both
oxygen atoms, in agreement with ESR data. Elec-
tronic spectra of both the ferrous and ferric dioxygen
species, calculated with the semiempirical INDO/S/
CI method,% exhibit, in agreement with experiment,
a split Soret band. The corresponding Modssbauer
parameters of D and E were calculated too, and those
for D show a good fit to experimental data.

Meunier et al.

Figure 10 compares the structures of 'D and 2E
(superscripts indicate the spin state) as derived by
Shaik et al.,”? using the B3LYP functional, vis-a-vis
the BPW91 results of Harris et al.!% in parentheses.
The structures show a general fit, with the exception
of 'D that appears more open in B3LYP compared
with BPW91. Transformation of the DFT orbitals for
1D revealed that its electronic structure is the open-
shell singlet 62 dy,? 7%y, n*o0! configuration. The z*,
orbital has a strong mixing with the corresponding
st and st orbitals of the dioxygen moiety, and as such,
an appropriate description of D is a resonating
mixture of the ferrous and ferric forms, Fe!''O, and
Fe'''O,™. This conjugation requires that the dioxygen
moiety, in the Fe'"O, form, will be in its singlet state,
so that the empty 7*(O—O0) orbital can mix with the
doubly occupied dy, (Fe) orbital; as such there is a
very low lying triplet state, 3D, only 1.1 kcal mol™*
higher than D.

An orbital analysis reveals that the odd electron
in 2E populates predominantly the z*(O—0)-type
orbital of the dioxygen ligand, as found by Harris et
al.’% In reasonable agreement with Harris and
Loew,1%* the reduction D — 2E was found by Shaik
and de Visser” to be endothermic, by 46.5 kcal mol 2.
However, in the presence of a medium modeled by a
dielectric constant of ¢ = 5.7,72 the reduction energy
becomes exothermic by 48.1 kcal mol=2.

The effect of the protein environment on D and/
or °E was studied initially by molecular dynamics
simulations of P450cam and P450¢ye, using MM/MD
calculations.106.107 The study showed that the ferrous
dioxygen species is stabilized by a hydrogen bond
from Thr-252.1% In the case of the species 2E of
P450¢rye, Harris and Loew?!?” found that the distal
oxygen of 2E is linked through a hydrogen-bonding
network involving neighboring amino acids, such as
Ala-241 and Ser-246, and several water molecules.
This stable hydrogen-bonding network was impli-
cated as the root of the double protonation that
eventually converts E to the active species F (Figure
7).

5.5. First Protonation Step (Generation of a
Nucleophilic Iron(lll)-hydroperoxo Species)

Threonine-252 in P450.,m plays a key role in the
protonation of the iron-peroxo intermediate E (see
Figure 11). The protonation of the terminal oxygen
atom of intermediate E is not going to change the
oxidation state of the iron center which is already
1.

The first protonation produces a P450—Fe'"''-O0OH
intermediate which can behave as a nucleophile (see
above for the discussion on the reduced nucleophi-
licity of this protonated form compared to the corre-
sponding nonprotonated species, intermediate E in
Figure 7). The close interaction of Thr-252 with Asp-
251 allows two fast proton transfers from protonated
forms of Lys-178 and Arg-186. When Thr-252 is
replaced in P450.,,m» by an alanine, the mutant
enzyme produces hydrogen peroxide and water mol-
ecules in large excess compared to the expected
camphor hydroxylation (the so-called uncoupling
reactions).108.109
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The essential role of the Asp-251 in the proton
transfer to the Fe!''-O—0O" intermediate E has been
studied in cytochrome P450.m using site-directed

mutagenesis, crystallography, and Kkinetic solvent
isotope effects.>® The turnover rates of the Asp251Asn
mutant in various proton—deuterium mixtures have
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been determined. The kinetic solvent isotope effect
is larger, with a value of 10, compared to 1.8 for the
wild-type enzyme. The hydrogen-bond network cre-
ated with the aspartic residue is broken in the
mutant, and the dioxygen adduct is more open to
bulk water molecules.

This threonine residue is highly conserved among
cytochrome P450s (see the similar role of Thr-268 in
cytochrome P450gy-3).11° In this latter case, it should
be mentioned that a Thr-268-Ala mutant still has a
low oxygenase activity (this is not the case for
P450.am).

As shall be seen in sections 6 and 7, the same Fe!'''—
OOH intermediate E', mainly considered as a strong
nucleophile, has been proposed by Newcomb, Coon,
and some other colleagues as being an electrophilic
intermediate in olefin epoxidations mediated by
cytochrome P450.11%.112

5.6. Second Protonation Step (Generation of an
Electrophilic Iron-oxo Species)

As in the case of the first protonation step, the
second proton which is necessary to produce an iron-
(V)-oxo species (intermediate F in Figure 7) and a
water molecule after protonation of the terminal
oxygen atom of the Fe'"-OOH entity E' is also
provided by Thr-252 and involves the contribution
of Asp-251, Lys-178, and Arg-186. This protonation
is probably assisted by the negative charge ac-
cumulated on the proximal cysteine in the first
reduction step (see section 5.2), which is one of the
driving forces of the heterolytic cleavage of the O—0O
bond leading to the electrophilic high-valent Fe(V)-
oxo species F.%? Since the protonation steps are faster
than the second reduction step in wild-type P450s,
no lifetimes can be determined for the Fe'"'-OOH
and Fe(V)=0 species; both are very short-lived enti-
ties. The hydroxylation product is observed very
quickly after the injection of the second electron.'!?
This is the reason the exact nature of the hydroxy-
lating species in cytochrome P450 is still a matter of
debate. The very elegant work on P450..m crystals
by Schlichting et al.** has provided in a single study
the 3D structures of different intermediates of the
catalytic cycle of this cytochrome P450, including
possibly the high-valent iron-oxo species having an
iron—oxygen distance of 1.65 A (Figure 12).

However, this latter structure has been questioned
since Kinetic data are suggesting that the iron-oxo
will not be able to accumulate before the oxygen
transfer step.**® This argument may not be entirely
applicable to this particular protein, which crystal-
lizes in a monoclinic space group with two protein
molecules within the asymmetric unit that are con-
nected to each other via a potassium ion. Such strong
interactions between the two proteins produce a real
constraint for the camphor itself, which was kept
away from the ideal position required for an oxygen
transfer step. This may explain why the high-valent
iron-oxo could have accumulated in this particular
type of P450 crystals.'®

It has been possible to generate reactive iron—
oxygen species with cytochrome P450 enzymes by
using peroxides or single oxygen atom donors, sup-

Meunier et al.

Figure 12. X-ray structure of the high-valent iron-oxo
species in cytochrome P450. This structure has been kindly
provided by Dr. Ilme Schlichting (see ref 114).

porting that the reactive species F is, in fact, a high-
valent iron with only one oxygen atom linked to it.”*
This so-called “peroxide shunt” opened successfully
the modeling of cytochromes P450 with single oxygen
atoms donors such as PhlO, NaOCI, KHSOs, H;0,,
and so forth.74-80

Theory has also addressed the ferric hydroperoxo
species E', called sometimes compound 0 (Cpd 0), and
its protonation to yield F. DFT calculations, in Figure
13, show that ferric peroxide, Cpd 0, is a fairly strong
base with a high proton affinity.%®104116 |n both
studies, E' was found to be the stable isomer by ca.
18.4104 (23.316) kcal mol 1, relative to the isomer with
a proton on the proximal oxygen, and to possess a
doublet ground state, labeled 21y, (Fe'"),*16 a symbol
that denotes its singly occupied xz*,, orbital. An
interesting feature of the ferric peroxide is the
internal hydrogen bond between the hydroxo proton
and the nitrogen of the porphyrin ring.'¢ Application
of a weakly polar environment simulated by a dielec-
tric constant of € = 5.7 further shortened the Fe—S
bond and the OH---N hydrogen bond.'6 Whether this
hydrogen bond will or will not survive in the protein
pocket is an interesting question that will await QM/
MM calculations.

As mentioned already, the protonation mechanism
is thought to occur from a hydronium ion sequestered
in P450.,m by Asp-251 and Thr-252.19 A recent DFT
study of Kamachi and Yoshizawa''’ used a model
similar to the one proposed by Vidakovic et al.,03
with two water molecules sequestered between the
carboxylate end, CO;™, of Asp-251 and the hydroxyl
side chain of Thr-252, as shown in Figure 14. The
protonation starts with a proton transfer from Thr-
252 to the distal oxygen of Cpd O, followed by the
departure of a water molecule that is trapped through
hydrogen bonding to the Thr-252 anion and the array
of the two waters that are linked by hydrogen
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bonding to the Asp-251 anion. This mechanism
predicts that the protonation of Cpd 0 and formation
of F is exothermic by 13.1 and 5.5 kcal mol~* for the
quartet and doublet states, respectively. The entire
protonation process from 24E to 2*F by this Asp-251—
Thr-252 machinery was calculated to be exothermic
by 74.6 kcal mol~1 for the doublet state and 55.6 kcal
mol~! for the quartet state.''” However, the barrier
was not calculated for this process. Alternatively, the
protonation mechanism may be nascent from a
hydrogen-bonding array of water molecules similar
to the one discussed by Gualar et al.*'® and Harris!'®
for the conversion of D to E. This protonation
mechanism is significantly gentler and less exother-
mic. Taken together, the two mechanisms suggest
strongly that there should exist a variety of alterna-

tive protonation mechanisms that eventually lead to
species F.

In principle, protonation of Cpd 0 can occur on
either the proximal or the distal oxygen of the
complex. Distal protonation results in the splitting
of a water molecule and generation of Cpd I (F, see
below for a comment on this manner of naming F).
Alternatively, proximal protonation gives a hydrogen
peroxide complex. The latter complex is able to
release H,O, and return to the resting state by
coordination to a water molecule, thereby leading to
decoupling. Energetically, the formation of the hy-
drogen peroxide complex from Cpd O is only 6 kcal
mol~! less exothermic than that of F from Cpd 0,1%*
such that the decoupling reaction is a serious com-
petitor with the productive process that leads to F.
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Figure 15. Two cartoons representing different electronic
aspects of the iron(V)-oxo species, F. On the left, the doubly
bonded FeO moiety represents the fact that like in O, here
too the bond order is 2. However, like in O,, here too the
FeO moiety has two triplet coupled electrons. This is
represented on the right, where we added the spins of the
unpaired electrons in the FeO and porphyrin moieties. The
effective oxidation state of V is the combination of Fe(lV)
and Por*.

Not much is yet known about this competition.
Clearly, a future theoretical study is required to
explore alternative protonation pathways that can
reveal the intricate behavior of the wild-type and
mutant enzymes.

5.7. Properties of the Iron-oxo Species

In this second protonation step, the formal oxida-
tion state of the iron center increases from 11l to V
with the formation of the iron-oxo species F (Figure
15).

As reasoned by Shaik et al.,*?* using bonding
principles, the Fe=0 moiety of this species is a triplet
state, much like the ground state of the dioxygen
molecule. In addition, there is an odd electron,
formally on the porphyrin, making the macrocycle a
radical-cation species. The three electrons are, in
turn, coupled into two closely lying spin states: one
is a ferromagnetic state with all three electrons
having the same spin, and one an antiferromagnetic
one, where the spin of the electron in the porphyrin
is opposite to the spins on the Fe=0 moiety; the
latter is the ground state and is shown in the drawing
in Figure 15. Such Fe(lV)-oxo radical-cation species
have been fully characterized in heme-peroxidases:
these entities are the so-called compound I (see refs
121 and 122 for reviews on peroxidases). Initially, the
name compound | was only used for peroxidases, but
recently several authors have been using it for
naming the high-valent iron species of P450 enzymes.

Within this review article, the active species of
P450 resulting from the heterolytic cleavage of the
O—0 bond of Fe'""-OOH by protonation will be
named compound I (Cpd I) or iron(V)-oxo, this latter
description being useful for electron counting and for
emphasizing that this active species corresponds to
a two-electron oxidation with respect to the resting
state Fe(ll1) of the enzyme. This will become clearer
in the theoretical description of Cpd I. An iron(l11)-
oxene has been used as another possible resonance
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Figure 16. The three unpaired electrons of the iron-oxo
species occupy s* orbitals and a ligand orbital, ¢_. Some
calculations suggest that ¢, is virtually a pure sulfur
orbital; others lead to a porphyrin a,,—sulfur combination
orbital. QM/MM calculations (ref 132) show that the latter
is the correct state.

form for the representation of the active electrophilic
species of P450 (with this representation, the two
electrons of the oxo ligand are back on the iron, thus
corresponding formally to the coordination of an
atomic oxygen to an iron(l11) center). However, such
electronic structure has not been observed when
oxidizing iron(lll) porphyrins with oxygen atom
donors. In all cases, the oxidation state of the iron
center is at least IV as determined by magnetic data
on isolated complexes; see refs 74 and 78—80. Con-
sequently, there is no longer a reason to use the name
“iron-oxene” that has been utilized in 1960—1975 to
describe the reaction iron—oxygen species of P450
enzymes.

Detailed theoretical calculations support the above
picture of Cpd I as a species having three unpaired
electrons coupled to two closely lying spin states.
Initial DFT studies of Cpd | were done for the bare
molecule, that is, in vacuum or gas phase conditions,
and showed sensitivity to the thiolate used to model
the cysteinate ligand, as well as to the functional
used to calculate the species. Nevertheless, all the
calculations agreed that the species is a triradicaloid
with three singly occupied orbitals. Two of these are
the n*,, and z*y, orbitals, depicted below in Figure
16, which appear in all calculations including the
CASSCF study of the reduced Cpd | (so-called Cpd
11).122 However, the various studies differ signifi-
cantly in the description of the third orbital, depend-
ing on the manner in which the study models the
thiolate proximal ligand.870-72104124-129 The studies,
especially those using mercaptide!?®1?° or cysteinate
anion devoid of its internal hydrogen bonding,'?°
predicted that the third singly occupied orbital is the
p,. lone pair orbital on sulfur leading to a #°I1s (7*y,*
w*,;t st) state (Figure 16) with spin density almost
exclusively on the sulfur while the porphyrin is closed
shell. Other studies!®>26 that used HS™ or cysteinate
with its internal hydrogen-bonding interactions found
that the third singly occupied orbital is ay, strongly
mixed with the sulfur o-hybrid (see Figure 16); this
occupancy leads to 42A,, states, with spin density
distributed over the porphyrin and sulfur. It was
found??51%0 that with HS™ or cysteinate as ligands,
the 4°I1s electronic states are more than 5 kcal mol—!
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higher in energy than the 4?A,, state, whereas with
mercaptide all the four states were condensed to
within 1 kcal mol~!. This difference is not only
academic. Had Cpd | been a 2I1s ground state, it
would have been red, as the Cpd Il species with
closed shell porphyrin, while if the ground state had
been 42A,, type, the compound would have been
green.

These considerations and other findings prompted
a DFT study of the effect of the NH---S hydrogen
bonding and the protein electric field on the nature
of Cpd I, using simple modeling of these effects.126:131
Inclusion of these effects showed that the ground
state of Cpd | for P450 is “2A,,, where the third
electron resides in an orbital which is a combination
of porphyrin ay, and the o-hybrid of the sulfur, as
depicted in Figure 15. Recent QM(DFT)/MM calcula-
tions of Cpd I of P450,,m'%? retrieved the important
NH---S hydrogen bonds, donated to the sulfur by Leu-
358, Gly-359, and GIn-360, and assigned Cpd | in a
definitive manner as the doublet 2A,, state with a
very closely lying “A,, state; the same QM/MM
description was found irrespective of whether the
proximal ligand was HS~, CH3S~, or a more extensive
chunk of the cysteine loop. Thus, in accord with
experimental results on the analogous Cpd | species
of the enzyme chloroperoxidase,’®® Cpd | of P450:4m
is a doublet state and it corresponds to the “green
species”. Having this definitive theoretical assign-
ment, we can return to deal with the question of the
best cartoon that describes the species and with the
oxidation state of the iron in it, as depicted above in
Figure 15. The FeO moiety of the species has the
same bonding as the O, molecule (one filled o-FeO
orbital, two filled n-FeO orbitals, and two singly
occupied #*-FeO orbitals), and as such the FeO bond
order is two. For this reason, we used in Figure 15
the doubly bonded cartoon, Fe=0O, that signifies this
bond order. In addition, since the two =* electrons
maintain a triplet couple, we added in Figure 15 the
arrows for two triplet electrons on the FeO moiety.
With this electronic structure, Fe has formally four
electrons (two in a o orbital, the pure dy2-y2, and two
in the 7*-FeO orbitals that are considered as the dy,
and dy, iron orbitals) and is hence Fe(lV). The third
unpaired electron of Cpd I is largely on the porphyrin
moiety, which appears therefore as radical-cationic
species Por't. Thus, Cpd | contains two oxidation
equivalents higher than the resting state and can be
described either as Por*tFe(1V)-oxo or simply as iron-
(V)-oxo.

In the next section, we summarize the role of
chemical model molecules used to understand the
nature of reactive species generated during the
catalytic cycles of these monooxygenases.

6. Role of Chemical Models of Cytochromes P450
Used To Understand the Nature of the Reactive
Species Generated during the Catalytic Cycle of
These Monooxygenases

For three decades, synthetic metalloporphyrin
complexes have been made and used as models of the
iron(111)-peroxo and the iron(V)-oxo species, which are
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generated during the catalytic cycle of cytochrome
P450.

6.1. Reactivity of Iron(lll)-peroxo Porphyrin
Complexes

The nucleophilicity of iron(ll11)-peroxo porphyrin
complexes has been demonstrated by Valentine and
co-workers,34137 using electron-deficient olefins (un-
saturated ketones or quinones). The peroxo complex
[Fe'"(TMP)O,]~ reacts quickly with menadione (2-
methyl-1,4-naphthoquinone) to produce the corre-
sponding 2,3-epoxide, whereas no reaction was ob-
served with cyclohexene.’® In contrast, such an
electron-rich cis olefin is easily epoxidized by single
oxygen atom donors (iodosylbenzene, hypochlorite,
monopersulfate) using metalloporphyrin catalysts.”*8

Replacement of the electron-donating porphyrin
ligand by an electron-withdrawing porphyrin con-
taining perfluorophenyl substituents at the meso
positions caused a reduction of the nucleophilicity of
the corresponding iron-peroxo. But the presence of
an axial ligand can restore its reactivity by opening
the side-on peroxo to a more reactive end-on struc-
ture.’®> The peroxo complex [Fe"(TMP)O,] " is also
able to mimic the deformylation step of aromatase.%’

What are the necessary modifications that are
required to enable the iron-peroxo porphyrin complex
to epoxidize electron-rich olefins? To remove electron
density from the iron-peroxo, highly electron-deficient
porphyrin ligands!313° should be used and, if pos-
sible, the proximal ligand should be made electron-
withdrawing. These properties are precisely the
opposite of the electronic properties possessed by the
prosthetic group of cytochrome P450: the natural
protoporphyrin-1X is a very good electron reservoir,
and the proximal cysteinate ligand is a good electron
donor as well. Both factors work against an electro-
philic behavior of iron-peroxo intermediates in cyto-
chrome P450s; instead they would argue for a nu-
cleophilic iron-peroxo intermediate.

Non-heme metal-peroxo complexes that are able to
react with electron-rich olefins (di- or trisubstituted
aliphatic olefins) have electron-withdrawing ligands
in their coordination sphere. In the case of iron
polypyridine complexes, many oxygenation reactions
that have been originally claimed as being due to an
iron-peroxo reactive intermediate are now reconsid-
ered as being due to high-valent iron-oxo species
(using oxygen-labeled studies).?40141

6.2. Characterization and Reactivity of
High-Valent Metal-oxo Porphyrin Complexes

The first high-valent iron-oxo porphyrin complex
has been isolated by Groves et al. by oxidation at low
temperature of Fe(TMP)CI with meta-chloroperben-
zoic acid.’? The resulting “green” compound is an
iron(1V)-oxo complex with a radical-cation on the
porphyrin ring resembling compound | of heme-
peroxidases (see refs 74, 75, and 80 for review articles
on the preparation and characterization of high-
valent iron-oxo porphyrin complexes). Many other
compound | models have been obtained with various
substituted metalloporphyrins. However, in all these
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model systems, the exchange between the spin S =
1 of the oxo-ferryl group with the spin S' = 1/2 of the
porphyrin radical-cation was found to be ferromag-
netic in contrast to the weak ferromagnetic or anti-
ferromagnetic coupling usually observed with Cpd |
derivatives. 143144

Up to now, a genuine iron(V)-oxo porphyrin com-
plex has not been identified. This might be related
to the fact that most of the pentacoordinated high-
valent iron-oxo complexes isolated up to now have
no proximal anionic ligand as in cytochrome P450 or
a neutral one as in horseradish peroxidase which has
a proximal histidine. The P450 models with a proxi-
mal sulfur-containing ligand appear to be more
reactive than the corresponding models without this
cysteine analogue. They might be the only suitable
P450 models which in the future should allow the
isolation of a true perferryl complex.145146 Oxygen-
containing proximal ligands reduce the oxygenase
activity of synthetic metalloporphyrins compared to
the corresponding complexes with nitrogen-contain-
ing axial ligands.*4’

Synthetic manganese porphyrins have also been
extensively used as P450 models, and both Mn(I1V)-
oxo and Mn(V)-oxo porphyrin complexes have been
characterized recently (see ref 148 for an early
attempt). A (Por)Mn(1V)=0 complex has been char-
acterized by X-ray absorption spectroscopy.’*® The
Mn—0 bond distance is 1.69 A, and the complex has
an S = 3/2 spin state corresponding to a high-spin
d® configuration.

More recently, it has been possible to characterize
by stopped-flow spectrophotometry a manganese(V)-
oxo porphyrin complex generated with hypochlorite
or monopersulfate.’® This (TMPyP)(X)Mn(V) =0
exhibits a Soret band at 443 nm between that of
(TMPyP)Mn(1V) =0 (428 nm) and Mn(l11)(TMPyP)
(462 nm). The half-lifetime of this Mn(V)-oxo is 25
ms at room temperature at pH 7.4. When the methyl
groups of the pyridinium substituents of the porphy-
rin are in ortho positions instead of para, then the
manganese(V)-oxo porphyrin complex has a longer
lifetime (a few minutes) so that the acquisition of a
diamagnetic proton NMR spectrum is possible.!5?
This fact supports a low-spin d? electronic structure
for the ground state of this manganese(V)-oxo com-
plex. As proposed recently based on DFT calcula-
tions,52153 in addition to the singlet Mn(V)=0 state,
one should consider also higher spin states with Mn-
(IV)=0 coupled to a porphyrin radical-cation situa-
tion. The state ordering depends on the porphyrin
substituents and the proximal ligand.

6.3. Oxo—Hydroxo Tautomerism with
Water-Soluble Metalloporphyrins

When not characterized by structural studies, high-
valent metal-oxo porphyrin complexes can be studied
via product analyses and labeling experiments. Such
O-labeling experiments related to the oxygenation
reactions mediated by these high-valent metal-oxo
complexes will be reviewed in the present section.
Most of the studies on P450 models have been
performed with hydrophobic metalloporphyrins and
an organic oxidant (PhlO) or water-soluble oxidants
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Figure 17. The oxo—hydroxo tautomerism mediates that
the oxygen incorporated into the oxidation product consists
of 50% from the primary oxidant and 50% from water. X
= hydroxo ligand. Reprinted with permission from ref 7.
Copyright 2000 Springer-Verlag Heidelberg.

(NaOClI, KHSOs, H,0,, etc.).”#77 With these cata-
lysts operating in organic solvents, the oxygen atom
incorporated during the oxygenation reaction (hy-
droxylation or epoxidation) originates from the oxi-
dant.”#1541% But when these metalloporphyrin-
catalyzed oxygenations are performed in aqueous
solvents, such metal-oxo species are able to transfer
an oxygen atom coming either from the oxygen source
or from bulk water.'%6-161 Because the intermolecular
exchange of metal-oxo with bulk water is slow, an
intramolecular exchange of labeled oxygen atoms via
the so-called oxo—hydroxo tautomerism has been
proposed.’®156.159 This mechanism involves a rapid
shift of two electrons and one proton from a hydroxo
ligand (electron-rich ligand formed by deprotonation
of an aqua ligand) to the trans oxo species (electron-
poor ligand) leading to the transformation of the
hydroxo ligand into an electrophilic oxo entity on the
opposite side of the initial oxo (see Figure 17 for a
representation of this tautomeric equilibrium).

The rate of this equilibrium depends on the ex-
perimental conditions (pH, temperature, composition
of the medium, nature of the axial ligands, etc.).
Based on the observed label distribution in oxidation
products modulated by this oxo—hydroxo tautomer-
ism, it is possible to unambiguously distinguish
between oxygenation reactions occurring (i) via an
O-transfer from a high-valent metal-oxo complex or
(i) via an autoxidation mechanism in metallopor-
phyrin-catalyzed oxygenations carried out in the
presence of H,®0 (see ref 157 for a review on this
controversial debate). The main consequence of the
oxo—hydroxo tautomerism is the incorporation within
the substrate of an oxygen atom coming from either
the oxidant or from bulk water, respectively in the
ratio 1:1 (Figure 17). Other recent reports support
the concept of oxo—hydroxo tautomerism, not only
with metalloporphyrinst.158-164 byt also with non-
heme oxygenation catalysts.40

An example of oxo—hydroxo tautomerism has also
been identified in the oxidation of deoxyribose C—H
bonds of DNA by Mn(TMPyP)/KHSOs.1%5 Hydroxy-
lation at carbon-1' of deoxyribose gives 5-methylene-
2-furanone (5-MF) in several steps, as final sugar
residue. In the presence of labeled H,®0, 50% of
oxygen incorporated in 5-MF comes from the primary
oxidant (*60 from KHSOs) and 50% from the solvent
(*80 from H,*0), supporting a metal-oxo-mediated
DNA cleavage with an oxo—hydroxo tautomerism to
explain the 180-incorporation in the oxidation product
of DNA sugar.

The oxo—hydroxo tautomerism emphasizes in fact
the role of the axial ligand trans to a high-valent
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metal-oxo porphyrin species. This in turn suggests
that the proximal cysteinato ligand in cytochrome
P450 enzymes plays a key role as an electron shuttle
during the oxidation of the iron center.” This electron-
releasing property of the thiolate ligand has gained
theoretical support from recent DFT calculations.®®

The current mechanistic proposals for the different
reactions catalyzed by cytochromes P450 will be
discussed in the following sections.

7. Mechanistic Proposals for Different Reactions
Catalyzed by Cytochromes P450

The mechanistic proposals that will be presented
below reflect the views of molecular chemists on
cytochrome P450 enzymes, and they are not a simple
compilation of literature data. The key role of cyto-
chrome P450 enzymes in drug metabolism will not
be discussed extensively in the present review (see
refs 1—9 for books or reviews concerning that field),
but a selection of P450-catalyzed reactions will be
presented in detail in order to achieve a “molecular
view” of the mechanisms of the catalytic cycles of
these unique monooxygenases that are able to per-
form such different reactions (oxygenations, dealky-
lations, aromatic oxidations, dehalogenations, etc.),
essential for the development of life.

7.1. Hydroxylation of an sp® C-H Bond
(Hydroxylase Activity of P450 Enzymes)

The insertion of an oxygen atom within the C—H
of a saturated carbon atom is one of the most difficult
reactions to achieve with a catalyst at room temper-
ature. This is all the more difficult when the oxidant
is molecular oxygen since customarily hydrogen
peroxide or water is generated as a waste byproduct.

Two main mechanisms have been proposed and
discussed depending on the nature of the substrate
and on the enzyme itself: a cage-controlled radical
mechanism (the “oxygen rebound” mechanism, see
ref 74) or a concerted mechanism without formation
of a radical intermediate based on the use of ultrafast
“radical clocks” (see refs 112, 166, and 167 for reports
on this aspect). Both possible reaction pathways are
depicted in Figure 18. A third mechanism, called two-
state reactivity (TSR)* was suggested by theory and
will be discussed later.

Hydroxylation reactions catalyzed by P450s are not
always stereospecific. The loss of stereochemistry has
been shown with a tetradeuterated norbornane de-
rivative and with many other substrates; the same
type of stereochemical scrambling was observed when
a synthetic Cpd | was used, thus showing that the
iron-oxo species is the source of this loss of stereo-
chemistry.>168 The partial loss of stereochemistry is
easily explained by the oxygen rebound mechanism,
if one assumes that the rate of the formation of the
carbon—oxygen bond is very close to the rate of
skeletal rearrangement (e.g., inversion) of the inter-
mediate radical generated after abstraction of a
H-atom by the high-valent iron-oxo species (see
Figure 19).

The abstraction of a hydrogen atom by the active
species of P450 is consistent with the high intrinsic
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Figure 18. Two possible reaction pathways in hydroxy-
lation reactions catalyzed by P450 enzymes: a concerted
mechanism and a cage controlled radical pathway (the
oxygen rebound mechanism). Reprinted with permission
from ref 7. Copyright 2000 Springer-Verlag Heidelberg.
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Figure 19. A mechanism for the possible loss of stereo-
chemical configuration during hydroxylation reactions
involving an oxygen rebound mechanism. Reprinted with
permission from ref 7. Copyright 2000 Springer-Verlag
Heidelberg.

isotope effects observed in hydroxylation reactions
catalyzed by these heme-monooxygenases.16%170 The
kn/kp values range from 5 to 12, depending on the
substrates and the isoform of P450. In addition, the
value of the intrinsic isotope effect for the hydroxy-
lation process could be masked by the other enzy-
matic steps, reversible substrate binding, product
release, and so forth. In fact, the kinetic isotope effect
(KIE) values determined with P450 and t-BuO-* (a
pure H-atom abstractor) in a series of different
substrates are very similar, suggesting that both
reagents have a H-atom transfer step in common.7®
However, if relative rates of product formation are
masked by other steps in the enzymatic cycle, then
linear free-energy relationship data obtained in
intermolecular isotope effect studies must be inter-
preted with caution to avoid an overinterpretation
of the nature of the oxygenating species in cyto-
chromes P450. Clearly, to avoid the masking of
relative rates in KIE studies, intramolecular KIE
evaluations should be preferred and masking is
significantly reduced when the used substrates con-
tain hydrogen and deuterium bonded to the same
carbon atom.'* The kinetic isotope effect on the
product distribution has been recently used to ten-
tatively demonstrate that two different electrophilic
oxidants (an electrophilic iron-hydroperoxo, E', and
an iron-oxo, F) are involved in P450-catalyzed hy-
droxylations (Figure 20).12 However, even significant
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differences in product isotope effect data can be
differently interpreted as shown by a recent theoreti-
cal treatment.'”

At the outset, it is important to emphasize that the
involvement of species other than Cpd | has to be
considered very carefully, in view of the fact that all
the preceding species carry negative charge, which
makes them good nucleophiles and good bases but not
electrophiles (see Figure 20). Discussions concerning
published schemes with confusing charge distribution
on oxygenating P450 intermediates have already
been mentioned in the literature.” The iron(ll)-
peroxo species E, in Figure 20, has two negative
charges and is probably the “supernucleophile” in
P450 catalytic cycles (see above for the mechanism
of aldehyde deformylation). When the first proton is
added to the terminal oxygen atom of the peroxo
species, the so-obtained iron(l111)-hydroperoxo species
E' has still one negative charge (see Figure 20). The
second proton delivery by the threonine to the hy-
droperoxo ligand gives two neutral molecules, the
iron(V)-oxo F and a water molecule. The nature and
the reactivity of iron-peroxo species are certainly
highly modulated by the nature of the coordination
sphere of the iron (for a study concerning the behav-
ior of non-heme iron-peroxo complexes, see the recent
work of Que et al.).1™*

Kinetic data on the hydroxylation reaction cata-
lyzed by P450s have been obtained by using several
different radical clocks, of trans-1-alkyl-2-arylcyclo-
propane, to probe the rate of the oxygen atom
transfer step in the rebound mechanism (Figure
19).112 Formation of a radical with these probes would
lead to opening of the cyclopropane ring and the
formation of both unrearranged and rearranged
alcohol products. Newcomb et al. observed that the
amount of rearranged product depended on the
substrate, such that for the poorer electron donor,
that is, for p-CF3;CsH, as the aryl group, one observes
significant rearrangement, while when the alkyl
group is iso-propyl the amount of rearrangement is
virtually nil.}'2 Using the percentage of rearrange-
ment for the various probes, Newcomb et al. derived
lifetimes as short as 70—100 fs. One might argue that
inside the protein pocket the rate of radical rear-
rangement is slowed, and therefore these lifetimes
are underestimated. This however requires proof,
since several quite bulky substrates were found to
tumble freely, or virtually so, within the pocket.7>176
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Theoretical arguments?® and DFT calculations,
carried out on a variety of substrates,’0~72130.173 have
offered a reasonable rationale for these controversial
findings of the ultrashort radical lifetimes. B3LYP
calculations were used to model the mechanism of
methane hydroxylation,3%177-17° gllylic hydroxylation
of propene,’® and recently also of trans-1-methyl-2-
phenylcyclopropane,*”® which is one of Newcomb's
probes. In all these cases, the lowest energy mecha-
nism was found to involve a hydrogen abstraction like
TS (TSas), as shown schematically in Figure 21.
However, the calculations reveal that the mechanism
involves two reaction profiles, one high-spin (HS) and
the other low-spin (LS), which result from the two
virtually degenerate ground states of Cpd I. The
reaction pathway has three phases: (i) a C—H
abstraction phase that leads to an alkyl radical
coordinated to the iron-hydroxo complex by a weak
OH---C hydrogen bond, labeled as #2Cy; (ii) an alkyl
(or OH) rotation phase whereby the alkyl group
achieves a favorable orientation for rebound; and (iii)
a rebound phase that leads to C—0O bond making and
the ferric—alcohol complexes, #?P. The two profiles
remain close in energy throughout the first two
phases and then bifurcate. Whereas the HS state
exhibits a significant barrier and a genuine TS for
rebound, in the LS state, once the right orientation
of the alkyl group is achieved, the LS rebound
proceeds in a virtually barrier-free fashion to the
alcohol. As such, alkane hydroxylation proceeds by
TSR,0772120 in which the HS mechanism is truly
stepwise with a finite lifetime for the radical inter-
mediate, whereas the LS mechanism is effectively
concerted with an ultrashort lifetime for the radical
intermediate. Subsequent studies of ethane and
camphor  hydroxylation by the Yoshizawa
grouptt”181-183 grrived at basically the same conclu-
sion, that the mechanism is typified by TSR. The
differences between the results of Shaik et
al. 1301731777180 gand Yoshizawa et al.l17.181-183 \ere
rationalized recently’ "2 and shown to arise owing
to technical problems and the choice of the mercap-
tide ligand,1'":181183 which is a powerful electron
donor and is too far from the representation of
cysteine in the protein environment. The most recent
study of camphor hydroxylation, which was done at
a higher quality,'’ converged to the picture reported
by Shaik et al.130.173.177-180 gnd shows a stepwise HS
process with a barrier of more than 3 kcal/mol for
C—0 bond formation by rebound of the camphoryl
radical vis-a-vis an effectively concerted LS process
for which this barrier is 0.7 kcal mol~! and is the
rotational barrier for reaching the rebound position.

By referring to Figure 21, it is possible to rational-
ize the clock data of Newcomb in a simple manner.
The apparent lifetimes are based on the assumption
that there is a single state that leads to the reaction,
such that the radical lifetime can be quantitated from
the rate constant of free radical rearrangement and
the ratio of rearranged to unrearranged alcohol
product. However, in TSR, the rearranged (R) prod-
uct is formed only/mainly on the HS surface, while
the unrearranged (U) product is formed mainly on
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Figure 21. The DFT-based TSR mechanism of alkane hydroxylation (ref 131); HS corresponds to the quartet spin state,
and LS to the doublet spin state. Adapted from ref 71 with permission of Wiley-VCH.

the LS surface. Therefore, the ratio of rearranged to
unrearranged alcohol is associated with the relative
yields of the HS vis-a-vis the LS reactions and not
with the radical lifetime as such.”0.74130179 A simple
TSR scheme leads to the following expression for the
ratio of the real to the apparent lifetimes (eq 3):

Treal(TSR) Tap, = {[U/R](1 + Fryg I [UIR] —

Frusist =1 Fusus = [LS/HS] (3)

app

where the quantity Fpgs is the relative yield of the
LS to HS reactions. It is clear that the real lifetime
of the radicals on the HS surface is longer than the
apparent lifetime in proportion to the value of Fys).s,
the LS vis-a-vis HS yield. Since in the calculations
the LS bond activation barrier is lower than the
corresponding HS barrier, Fys) s is larger than unity;
in the case of allylic hydroxylation€ it reaches even
values of the order of 10 when the effect of the protein
electric field and hydrogen bonding are taken into
account. As such, the apparent radical lifetimes will
be unrealistically short compared with the real
lifetimes. Furthermore, analysis of the rebound pro-
cess itself’071131179 shows that the quantity [U/R]
should increase significantly as the alkane and its
derived radical become better electron donors. There-
fore, in such a series the [U/R] quantity gradually
increases, such that some critical donor-ability of the
radical is reached when the HS rebound barrier
altogether vanishes, the [U/R] quantity converges to
infinity, and the apparent lifetime becomes strictly
meaningless. This trend fits perfectly the series of
probe substrates (trans-1-alkyl-2-phenylcyclopro-
pane) used by Newcomb et al.*'? where the amount
of rearranged product, which is significant for alkyl
= methyl, becomes virtually zero for alkyl = iso-
propyl.

Using another probe substrate, trans,trans-2-meth-
oxy-3-phenyl-methylcyclopropane, Newcomb et al. 112184
found two minor products that were obtained besides
the unrearranged alcohol: a benzylic alcohol result-
ing from the homolytic cleavage of the C1—C3 bond

(expected rearranged product with a radical clock)
and an aldehyde presumably resulting from a cation
generated on the methyl group attached at C1 via
the protonated alcohol produced after O-insertion
within the substrate (see Figure 22). To explain this
latter product, the authors!'218 invoked the Fe'''—
OOH species as a “second oxidant that generates the
cationic intermediate by the direct insertion of HO™"
into the C—H bond”.

Figures 22 and 23 delineate an alternative hypo-
thesis®~188 for the origins of the cation, the precursor
of the observed aldehyde product. Upon hydrogen
abstraction, the high-valent iron-oxo is converted to
an iron(l1V)-hydroxo intermediate (the same oxidation
level as compound 11 in a peroxidase). The electron
affinity of this species is quite high,”>% and therefore
the iron(IV)-hydroxo complex might abstract one
electron from easily oxidizable radicals, before the
rebound step of the hydroxylation reaction (see
Figure 23). The resulting species will most likely be
an intimate ion-pair in which the carbocation is
coordinated to the iron(l11)-hydroxo anion. Such ion-
pairs are supported by theory™ (see later also the
discussion of benzene hydroxylation). Within the
protein environment, some of these ion-pairs may
dissociate to produce diffusive cations.

This step is reminiscent of the intramolecular
electron transfer that was observed by Meunier et
al.185-187 during the alkylation of heme by antima-
larial artemisinin derivatives. In that case, the
electron transfer took place between a radical on one
Ca pyrrolic position of the protoporphyrin-1X and the
central iron(l1l) (the radical and the metal center
being separated by two bonds). In a P450 hydroxy-
lation, the C-centered radical of the substrate can be
generated at a similar distance from the iron(1V), a
stronger oxidant than iron(l11). To our knowledge, no
study has been considered to identify the origin of
the oxygen atom in products derived from the rear-
rangement of the intermediate cation: it could be the
Fe'"—OH itself or a water molecule (O-labeling
studies will provide an answer).
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rearranged product

Recently, the oxidation of the radical clock norcar-
ane has been revisited by two independent groups,
Groves—Ortiz de Montellano on one hand and New-
comb—Coon—Hollenberg—Lippard on the other hand,
with different cytochrome P450s and one methane
monooxygenase (see Figure 24).168189

With the two bacterial P450s (P450.,m and
P450gm-3), the rat CYP2B1 and the human CYP2EL,
the apparent lifetimes of the 2-norcaranyl radical
generated by H-atom abstraction were 52, 44, 16, and
35 ps, respectively, supporting an oxygen rebound
mechanism (product distributions obtained with
P450.,m are indicated in Figure 24).188 With four
rabbit enzymes, CYP2B4, CYPA2B4, CYPA2EL, and
CYPA2E1-Thr303Ala, and two sMMO enzymes from
Methylcoccus capsulatus (Bath) or from Methylosinus
trichosporium (OB3b), Newcomb et al. found in all

different cases similar distribution products with the
ratio of 4-cyclohepten-1-ol (arising from a cation
intermediate) ranging from 0.1 to 0.6% for the four
P450s and being 2.6 and 1.2% for Mc. capsulatus and
Ms. trichosporium, respectively. The ratio of the
radical rearranged products was found to range from
0.4 to 3.3% within the different six enzymes. How-
ever, for some reason, the case of norcarane was
considered by Newcomb et al. as being a particular
case and they proposed that the observed radical
pathway should not be generalized to other P450
enzymes or other non-heme monooxygenases.8 Once
again, if we consider that the cationic rearranged
product is a byproduct produced by the one-electron
oxidation of the initial radical by an Fe'V—OH gener-
ated by H-atom abstraction from the substrate, then
there is no need to invoke a second oxidant that
effects an OH™ insertion into the C—H bond of the
substrate. Furthermore, since the Fe'V—OH moiety
of MMO is a better electron acceptor than the same
moiety in P450, the former enzyme (MMO) is ex-
pected to give less radical rearrangment products and
more cations.” The slight increase of both radical and
cation rearranged products, which was observed with
the threonine mutant CYPA2E1-T303A, may simply
reflect a delicate balance of the competing processes
that generate and consume the original radical. Thus,
the absence of the threonine reduces the rate of
formation of the iron-oxo species and thereby affects
the rate of radical production. It may similarly affect
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Figure 25. Formation of a carcinogenic metabolite by human P450-mediated 2'-hydroxylation of nicotine.

also the rates for the C—0O bond formation and the
generation of cation by electron transfer. Finally, it
should be mentioned that most of the mechanistic
conclusions, regarding these reports on the oxidation
of norcarane, are dependent on the measurements
(and the accuracy of these measurements) of low
levels of diagnostic products.

To end this section on the hydroxylation mecha-
nisms, we add two interesting reactions. Thus, the
transformation of ethanol to acetic acid by a recom-
binant human cytochrome P450 is the result of two
consecutive hydroxylation reactions: the first one
leads to acetaldehyde, and the second one converts
the intermediate aldehyde to the acid without dis-
sociation of acetaldehyde from the active site of the
enzyme.’®® A recent study on the metabolism of
nicotine with the human cytochrome P450,56 and

liver microsomes has provided a new metabolic
pathway (a 2'-hydroxylation besides the known 5'-
hydroxylation) leading to a potent lung carcinogenic
precursor (Figure 25).1%!

The hydroxylation at 2' directly generates an
aminoketone, by opening of the oxidized pyrrolidine
ring, which can be nitrosylated to produce the
tobacco-specific lung carcinogen 4-(methylnitrosoam-
ino)-1-(3-pyridyl)-1-butanone.

7.2. Epoxidation of Olefins

Olefins are easily epoxidized by cytochrome P450
enzymes and usually occur with retention of stereo-
chemistry in the cis-olefin, strongly suggesting a
concerted mechanism.! However, the P450-catalyzed
epoxidations of some olefins produce side products
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Figure 26. A mechanism for porphyrin N-alkylation
during the epooxidation of terminal olefins.

besides the corresponding epoxides, indicating that
the oxidation of olefins is not always a fully concerted
process. This is the case of terminal olefins that
produce the inhibition of cytochrome P450 by forma-
tion of an irreversible porphyrin N-alkylation product
(the “green pigment” of rat liver is intoxicated with
high levels of terminal olefins). The new carbon—
nitrogen bond is formed with the terminal carbon
atom C; of the olefin, and the internal one C; is
bearing an oxygen atom derived from molecular
oxygen.'®2 The proposed mechanism is depicted in
Figure 26. Here, to show more clearly the electro

Cl Cl

Cl

Cys

Meunier et al.

reorganization, we described the iron-oxo species by
focusing only on the two triplet coupled electrons of
the FeO moiety.

Since Cpd | has a triplet FeO moiety, with one
electron each on Fe and O, the radical character of
the oxyl entity initiates the formation of an interme-
diate with a radical on C; of the terminal olefin. The
so-formed intermediate will subsequently undergo
competition between C;—0O bond formation (to yield
an epoxide) and C;—N bond formation with one of
the nitrogen atoms of the porphyrin ring (the corre-
sponding Fe—N bond being broken at the same time
by homolysis). Then the N-adduct complex can be
easy demetalated leading to an N-alkylporphyrin
with an alcohol function at C..

The trichloroacetaldehyde formation, observed along
with the epoxide formation, in P450 oxidations of
trichloroethylene®1% can be explained by the forma-
tion of an intermediate cation produced by the one-
electron oxidation of the C-radical generated by a
nonconcerted addition of Fe(l1V)-oxyl onto the less-
substituted carbon atom (Figure 27). Again, this
intermediate formation of a cation involves an in-
tramolecular one-electron transfer between a C-
radical and an Fe(lV) ion separated by only three
bonds.

Recently, Vaz and Coon proposed the role of the
ferric hydroperoxide as a second oxidant in olefin
epoxidations catalyzed by the Thr303Ala mutant of
cytochrome P450,g; where the proton-delivery threo-
nine has been replaced by an alanine residue (in such
mutant, the protons come directly from bulk water
and not via a cascade involving a threonine and an
aspartate residue).®! This mutant enhanced the ep-
oxidation of three different olefins (styrene, cyclo-
hexene, and trans-2-butene) along with a decreased
allylic oxidation of cyclohexene and trans-2-butene.

CI migration Cys

Figure 27. Formation of an aldehyde in the oxidation of trichloroethylene by cytochrome P450.
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Dawson and Sligar have also reported that the
Thr252Ala mutant of cytochrome P450.,m, a mutant
unable to hydroxylate camphor, was able to epoxidize
5,6-dihydrocamphor and 5-methylenylcamphor at a
rate which was 15—20% of the rate of the wild-type
enzyme with the same olefins.1%

These data have been interpreted as evidence of
the electrophilic properties of the Fe''"-OOH™ inter-
mediate. However, many chemists have difficulties
in accepting that a hydroperoxide species is able to
behave both as a nucleophile in aldehyde deformy-
lation and as an electrophile in epoxidation. Such
electrophilic behavior is observed for organic peracids
which are able to perform epoxidation of Baeyer—
Villiger reactions.'% However, peracids are certainly
highly electrophilic species, while Fe!''-OOH™ is not.
In fact, the observed differences in product formation
between the wild and mutant enzymes might be
attributed to an enhanced proton delivery by bulk
water as observed in the Asp-251 mutant of P450.4m
(see ref 103) and also by a modified shape of the
mutant active site that will facilitate the approach
of the olefin with respect to the iron-oxo species.
Polarity and hydrogen-bonding effects on the C=C/
C—H oxidation ratio by Cpd | have been demon-
strated by recent DFT studies!® and may well add
to these trends, without a need to invoke participa-
tion of Fe'''-OOH.

Theory lends support to the idea that the Fe'''—
OOH species E' is an extremely sluggish epoxidizing
agent compared with Cpd I. Thus, by contrast to the
very large barriers for ethene epoxidation by
Fe!""OOH,6.1% the barriers for ethene and propene
epoxidation by Cpd | are very small, <14 kcal/
mol 180197 However, theory shows also that epoxida-
tion by Cpd I is nonsynchronous and is a two-state
reaction,®1% much like the C—H hydroxylation
mechanism. By reference to Figure 26, the initial C=
C bond activation produces the carbon radical inter-
mediate complex, Fe'VO—CRHCH_, in two spin states,
doublet and quartet.'8%1%7 The doublet-state complex
collapses to the ferric epoxide complex without a
barrier, while the quartet-state complex has a small
but finite barrier for ring closure. This quartet-state
intermediate will have a sufficient lifetime to lose
some stereochemistry, since its ring closure barrier
is of the order of the C—C rotational barrier.
Theory®89197 further shows that there exists another
quartet-state intermediate; this is the (Por")Fe''O—
CRHCHy* radical complex that has a significant
barrier for ring closure (~7—10 kcal/mol) and hence
a long lifetime. It is this last quartet-state species
that is responsible for the porphyrin alkylation
products®® as well as for the aldehyde side product;
the latter is produced by conversion of (Por*)Fe'"O—
CRHCH_" to the corresponding quartet-state cation,
PorFe'"O—CRHCH,".1% Despite this conclusive pic-
ture that accounts for most of the facts based on two
states of Cpd I, theory still has an important role, to
probe the feasibility of either a proton-assisted
epoxidation by Fe''""'-OOH or by its protonated form,
by the ferric hydrogen peroxide complex.
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Figure 28. The NIH shift via an arene oxide in benzene
oxidation catalyzed by cytochrome P450.

7.3. Aromatic Oxidation

Benzene is one of the most stable molecules toward
oxidation. The homolytic cleavage of a benzene C—H
bond is not easy, the bond dissociation energy being
111 kcal/mol, which is well above the values for
aliphatic alkanes (90—101 kcal/mol) and even meth-
ane (105 kcal/mol).?% In addition, benzene has a very
high redox potential, making the formation of a
radical-cation difficult by a one-electron oxidation
process (recall, benzene and toluene are not oxidized
by peroxidases). Consequently, the P450-mediated
oxidation of benzene to phenol cannot result from a
H-atom abstraction, like in aliphatic hydroxylation
reactions, or from an initial one-electron oxidation
(this latter mode of action has been evidenced though
in the P450 oxidation of polymethoxylated benzene
derivatives).20t

The first mechanistic proposal of benzene hydroxy-
lation was made by Jerina and co-workers at the
National Institutes of Health (NIH) in 1969. As
shown in Figure 28, the mechanism involves initial
formation of an arene oxide that subsequently rear-
ranges to a phenol derivative via the so-called “NIH”
shift that leads to retention of the original H(D) of
the activated C—H(D) bond.?2 The breakdown of the
arene oxide via a cation has been generally accepted
to explain the migration of the deuterium atom to
the adjacent position and hence its eventual retention
in the product.

Small isotope effects have been observed in the
oxidation of different deuterated chlorobenzenes (rang-
ing from 0.95 to 1.27), suggesting again that these
aromatic oxidations are not due to a H-atom abstrac-
tion.2® This NIH shift has been considered as the
signature of an arene oxide intermediate, but an
alternative mechanism involving the nonconcerted
addition of an iron(IV)-oxyl species to the aromatic
ring is also consistent with such migration of the
label (Figure 29).5>2%4 The cationic intermediate may
be generated either independently or via an electron
transfer from the radical intermediate shown in
Figure 29. Such a cation at the meso position will
induce the deuterium shift without formation of an
arene oxide. The same mechanism has also been
proposed by Trager et al. for the retention of deute-
rium observed in the P450-mediated hydroxylation
of deuterated warfarin derivatives (warfarin is a
widely used anticoagulant drug).2°®

Theory supports a mechanism similar to that in
Figure 29, where the phenol and ketone products are
formed independently of the arene-oxide.?°6:207 Two
different DFT studies of arene hydroxylation have
been published recently, by de Visser and Shaik?°®
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Figure 29. An alternative mechanism that accounts for the NIH shift without arene oxide formation.

and by Harvey et al.?%” Both studies show that the
bond activation proceeds via a doublet-state mecha-
nism. Two different mechanisms emerged from the
calculations, based on spin density and charge den-
sity criteria;?®® one mechanism results in a radical
o-complex?%® (as in Figure 29), and the other in the
corresponding cationic o-complex (as in Figure
29).206.207 Although theory does not rule out that the
cation complex is generated from the radical complex
via an internal electron transfer, as in Figure 29, the
calculations?®® show that the radical and cationic
intermediates are generated by their own indepen-
dent pathways. The electrophilic path, leading to the
cationic complex, is lower in energy and is further
preferred over the radical mechanism by polarity and
the NH---S hydrogen-bonding effect.2® Thus, both
DFT calculations predict that the major pathway for
arene hydroxylation will be the electrophilic path-
way.206:207

The so-formed intermediates subsequently bifur-
cate either to the ferric benzene-oxide complex by
ring closure or to phenol and ketone by proton
migration.2%6:207 According to the study by de Visser
and Shaik,?%¢ the ketone and phenol are formed via
initial proton transfer from the ipso carbon of the
benzene moiety to one of the nitrogens of the por-
phyrin, and the latter intermediate reshuttles the
proton either to the oxo group to give phenol or to
the ortho carbon to give the ketone. This process has
extremely small barriers (<1 kcal/mol).2% The study
of Harvey et al.?” implied, though did not state
specifically, that the ketone and phenol were formed
only by direct proton migration from the cationic
intermediate. In correspondence, Harvey made it
clear that they also identified the proton-shuttle
mechanisms and found their barriers to be smaller
than those for the direct rearrangements. Be that as
it may, theory suggests that there is an enzymatic
pathway that leads to all the products of arene
hydroxylation. The oxidative metabolism of polyaro-
matics has been extensively studied due to its direct
correlation with the formation of epoxide-diol deriva-
tives that are the origin of DNA-alkylating species.
The mechanism of formation of the oxidation prod-
ucts is similar to that described in Figure 29, whereas
a recent report suggests that 3- or 6-fluorobenzo[a]-
pyrene is metabolized by P450 enzymes via an initial
electron transfer generating a radical-cation on the
polyaromatic substrate that collapses onto the iron-
oxo, compound 1, of the P450, the latter surprisingly
acting as a nucleophile able to displace the fluorine
atom.?% In our opinion, there is no reason to consider
that the iron(l1V)-oxo of a cytochrome P450 is a
nucleophile. The elimination of fluoride in the oxida-
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Figure 30. Formation of N-oxides by cytochrome P450
enzymes.

tive metabolism of 3-fluorobenzo[a]pyrene might be
due to the nucleophilic attack of a water molecule
on the radical-cation at the C3 position. While this
mechanistic proposal has still to be checked with
labeling experiments, it has already been observed
in the demethoxylation reaction of a polyaromatic
substrate catalyzed by a peroxidase.?®®

All the experiments on the oxidative biotransfor-
mation of aromatics are of real importance for
understanding the potential risk of aromatic metabo-
lites generated by the different monooxygenases
involved in detoxification processes (or drug metabo-
lism). However, the results of these studies, including
animal studies, should be handled with care to avoid
extrapolations to human risk without direct consid-
erations of the capacity of the human biotransfor-
mation processes. For example, the oxidation of 1,2-
dichlorobenzene by P450 generates reactive hepato-
toxic epoxides which are poorly eliminated in rat by
a nonenzymatic GSH addition, whereas the elimina-
tion of these electrophilic metabolites in human is
more efficiently performed by a glutathione-S-trans-
ferase.?'% Consequently, as clearly mentioned by the
authors of this work, the “human risk after exposure
to 1,2-dichlorobenzene will be overestimated when risk
assessment is solely based on toxicity studies con-
ducted in rat”.

7.4. Heteroatom Oxidations (Nitrogen and Sulfur)

Cytochrome P450s are able to add an oxygen atom
to nitrogen, sulfur, phosphorus, and iodine atoms,
generating the corresponding oxides.'?1212 These
oxygen-transfer reactions can be considered as being
due to the electrophilic compound I (PortFe'VO)
species with two events of one-electron transfer, as
suggested by the lack of a Hammett relation-
ship.?13214 Figure 30 suggests a mechanistic alterna-
tive that bypasses the unreasonable heteroatom
dication.

The abstraction of one electron by the iron(1V)-oxyl
species will generate a radical-cation of the nitrogen
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Figure 31. The two possible mechanisms in N-dealkylation of tertiary amines catalyzed by cytochrome P450 enzymes:
H-atom abstraction (HAT) versus single electron transfer (SET).

facing a negatively charged oxygen atom linked to
Fe(1V); a concomitant homolysis of the iron—oxygen
bond with the coupling of the unpaired electron of
the nitrogen with one electron of the O—Fe bond
produces the N-oxide derivative. Alternatively, the
process may involve a concerted oxygen transfer from
the high-valent metal-oxo species to the heteroatom.
The oxidative metabolism of amine derivatives is not
limited to the oxidation of the nitrogen atom. N-
Dealkylations are also observed, and the mechanism
of these reactions can be related to heteroatom
oxidation or hydroxylation depending on the struc-
ture of the substrates and the nature of cytochrome
P450s involved.

Cytochrome P450 enzymes catalyze the oxidation
of thiols to the corresponding sulfenic and sulfonic
derivatives and the oxidation of sulfides to sulfoxides;
some of these S-oxidations are generating electro-
philic species able to alkylate P450 proteins.?'*?!> The
oxygen atom of the sulfoxides originates from molec-
ular oxygen,?'® and the stereoselectivity of the sul-
foxidation of one particular substrate by liver cyto-
chromes P450 is different from that observed with
liver flavin-containing monooxygenases.?’’” As for
hydroxylation reactions, the possible role of an iron-
(111)-hydroperoxo as the active species in sulfoxida-
tions catalyzed by cytochrome P450 has also been
investigated.?® A recent theoretical study?!® shows
that in the case of sulfoxidation, the iron(l11)-hydro-
peroxo is again a sluggish oxidant, and the process
involves an oxygen abstraction from compound 1.

7.5. N- and O-Dealkylation Reactions

Two mechanisms have been observed in N-dealkyl-
ation reactions: (i) a formal hydroxylation of a C—H
bond on the carbon adjacent to the heteroatom (HAT,
H-atom transfer) and (ii) a one-electron oxidation of
the heteroatom itself (SET, single-electron transfer)
(Figure 31).

Both mechanisms have been debated by many
different authors, and recent review articles are
providing a rather exhaustive survey of these oxida-
tive dealkylation reactions.>>® The following presen-
tation is restricted to the recent developments on the
mechanism of N- and O-dealkylation reactions.

The HAT mechanism is supported by the identifi-
cation of carbinolamines in the N-dealkylation of
particular substrates and by the fact that their

oxygen atom originates from molecular oxygen (*2O-
labeling experiments).??° On the other hand, rela-
tively low kinetic isotope effects have been observed
in N-dealkylations (values ranging from 2.4 to
4.1)?21.222 compared to aliphatic hydroxylations or
O-dealkylations.??®> Consequently the SET mecha-
nism is supported by many authors.®> Nevertheless,
this is not conclusive since small isotope effects may
result from highly asymmetric transition states for
HAT.?2t A recent work by Hanzlik and co-workers
with N-cyclopropyl-N-methylaniline indicates that
the cyclopropyl ring is opened only when this sub-
strate is oxidized by horseradish (SET mechanism)
but not in oxidation mediated by phenobarbital-
induced rat liver microsomes (HAT mechanism).2?
A comparison between the oxidation of N-cyclopropyl-
N-alkyl-p-chloroanilines by rat liver microsomal P450
and [Fe(111)(Phen);]*, a one-electron oxidant, favored
the HAT mechanism.??> However, the SET mecha-
nism, as depicted in Figure 31, might also involve
the formation of a carbinolamine resulting from the
nucleophilic addition of the hydroxo ligand of an
Fe'""—OH onto the iminium intermediate within the
active site of the enzyme (this latter proposal would
account for all experimental evidence published by
different authors favoring the SET mechanism).
Preliminary DFT calculations indicate that a hydro-
gen atom transfer mechanism is at work, between
trimethylamine and a model compound | species of
P450.2%6 Thus, these proposals require more work,
and in our opinion, there should not be a clear-cut
either—or on the mechanism of the oxidative dealkyl-
ation of amines. Both mechanisms might be possible,
and small changes in the chemical and electronic
structures of substrates and/or differences in the
nature of P450 enzymes might be able to produce a
shift between the two mechanisms, hydroxylation
versus electron abstraction. In both cases, a carbino-
lamine might be a common intermediate.

O-Dealkylation reactions are definitively consid-
ered as resulting from a C—H bond hydroxylation on
the carbon atom adjacent to the ether oxygen
atom.>6227 |n O-dealkylation reactions of methyl
ethers, the methyl group departs as formaldehyde,
whereas horseradish peroxidase oxidizes methyl
ether functions by an electron-transfer mechanism
and the methoxy group is, in fact, released as
methanol 2%
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Figure 32. The oxidation sequence of L-arginine to L-citrulline and nitric oxide by NO-synthase.
At the end of this section on P450-catalyzed dealky- /Q\l‘u—592
lation reactions, we will only briefly touch on the H,N N—O

oxidation of L-arginine by nitric oxide synthases (NO-
synthase or NOS) since these heme-monooxygenases
are able to generate NO, an important signaling
molecule, which is involved in many different physi-
ological functions and in some pathologies. Abundant
studies on this class of P450 enzymes have created
a new rather independent research field within less
than a decade.??8723! Three isoforms of NOSs have
been isolated from various mammalian cells: neu-
ronal NOS, inducible NOS, and endothelial NOS, and
several of these proteins have been crystallized.?32-2%6

Electrons are funneled from NADPH via FAD and
FMN to the heme located at the N-terminal side of
the protein. The heme-flavin domain interactions are
regulated by calmodulin. NO-synthases catalyze the
following two steps to produce NO from L-arginine:
(i) a first quite specific hydroxylation of a N—H bond
of the guanidinum group (except homo-L-arginine,
other guanidinium-containing molecules are not oxi-
dized by NOS) leading to N®-hydroxy-L-arginine (this
step consumes two electrons and a dioxygen mol-
ecule) and then (ii) a second step producing NO and
L-citrulline (the step consumes only one electron and
one dioxygen) (Figure 32).

This second step is less specific than the first one,
and many different N-hydroxyguanidines are able to
produce NO when oxidized by NOS.237:238 Two struc-
tures of NNOS with different N-hydroxyguanidine
derivatives suggest how the ferric-superoxo interme-
diate could participate in the final liberation of NO
from the oxidized hydroxyguanidine.?®® This study
demonstrates the key role of the glutamic-592 residue
in orientating the N-hydroxyguanidine derivative
within the active site. The study further indicates
that the N—OH group is facing the carbonyl group
of a tryptophan (Trp-587) and pointing away from
the heme residue. Therefore, the attack of the Fe'''—
OO species on the hydroxyguanidine appears com-
plicated. Poulos and co-workers?3%240 have suggested
a mechanism, which is depicted in Figure 33 in a
simplified version.

The key step is the formation of a C—O bond
between the terminal oxygen atom of the ferric-
superoxo species (being formed after the dioxygen
addition onto the intermediate resulting from the
one-electron reduction of the resting ferric state of
the enzyme) and the central carbon atom of the
guanidine. Then the heterolytic cleavage of the

HyN.__N—OH - Trp-587 \
LN 0 H

/0 HN._  C-O bond formation 0/ H N\
0 R ’ R
- _L-areini 11
‘ I N-hydroxy-L-arginine Fe
Fe
0-0 bond cleavage
H,N —
HzNw4O ’ O
. H* H
+ 'N=O <+ >0
H N\ 0 H N\
R NO release ’ - R
L-citrulline Fe

Figure 33. A proposed mechanism for the addition of the
ferric(111)-superoxo species of NOS onto the N-hydroxyargi-
nine to generate nitric oxide and L-citrulline.

intermediate peroxide bond triggers the cleavage of
the C—N bond of the radical hydroxylamine, generat-
ing nitric oxide and L-citrulline (for other alterna-
tives, the reader may consult a recent review: Groves,
J. T.; Wang, C. C. Y. Curr. Opin. Chem. Biol. 2000,
4, 687).

7.6. Aldehyde Oxidations

Aldehydes are usually oxidized to carboxylic acids
by cytochrome P450s via the hydroxylation of the
aldehydic C—H bond, but a second reaction pathway
has been identified with some substrates. For ex-
ample, cyclohexene is formed during the oxidation
of cyclohexanecarboxaldehyde catalyzed by P450,g4,
a liver P450 induced by phenobarbital (Figure 34).241.242
This reaction was not observed when iodosylbenzene
was used as single oxygen atom source, indicating
clearly that the high-valent iron-oxo intermediate
was not involved in this reaction. The initial nucleo-
philic attack of the iron-peroxo entity on the carbonyl
function is probably followed by a concerted reaction
involving a six-electron process as in a Grob frag-
mentation (see Figure 34). The carbon atom of the
aldehyde function is eliminated as formic acid.

The same oxidative deformylation has been ob-
served with other aldehydes including citronellal.?*3
With some aldehydes, the deformylation reaction
causes inactivation of cytochrome P450 via the
formation of a heme-adduct at the y-position located
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Figure 35. Dehydrogenation of 3-methylindole to 3-methyleneindolenine by cytochrome P450.

between the two propionic substituents. The struc-
ture of the y-meso adduct generated during the
oxidation of 3-phenylpropionaldehyde has been es-
tablished by mass spectrometry and 2D-NMR data
(the oxidation has been performed with cytochrome
P450,g, in the presence of hydrogen peroxide).?** The
organic radical is generated by the homolytic cleav-
age of the intermediate peroxy-hemiacetal generated
by the nucleophilic attack of Fe"-OOH on the
carbonyl group of the aldehyde.?*®

7.7. Dehydrogenation Reactions

P450 enzymes can also catalyze the dehydrogena-
tion of some organic molecules instead of carrying out
the oxygenation of the substrate. In this manner,
P450 converts all the dioxygen into water and gener-
ates an olefin, thus exhibiting a mixed function as
an oxidase—dehydrogenase enzyme. In particular,
valproic acid is converted not only to 3- and 4-hy-
droxyvalproic acid but also to 2-n-propyl-2-E-pen-
tenoic acid.?*® A KIE study indicates that the product-
determining step of the dehydrogenation is the
H-atom abstraction at C4 and not at C5, suggesting
that the radical at C4 can be oxidized by Fe(1V)-oxo
to generate a cation at C4 that can eliminate a proton
from the methyl group to produce the terminal
olefin.246

The formation of the pulmonary toxic 3-methyl-
eneindolenine by the P450-mediated oxidation of
3-methylindole is an additional example of the for-
mation of a double bond after an initial H-atom

abstraction.?*” An intramolecular KIE of 5.5 supports
the H-atom abstraction on the methyl group as being
the rate-determining step (Figure 35).

Labeling studies with 80-water indicate that only
20% of the indole-3-carbinol is produced via an
oxygen rebound mechanism, 80% being obtained by
hydration of 3-methyleneindolenine, a strong elec-
trophile that is usually detoxified by glutathione.

More and more frequently, detailed studies on drug
metabolism revealed the formation of dehydrogena-
tion derivatives in parallel to classical reaction
pathways. Dehydrogenation products have been found
in the oxidative metabolism by human P450s of
ezlopitant (a novel nonpeptide antagonist of the
substance P receptor)?*® and capsaicin (a common
dietary constituent and a popular homeopathic treat-
ment for chronic pain).?4°

7.8. Aromatase Activity and Related Reactions

Among the different cytochrome P450 enzymes,
aromatase has a special place for two reasons: (i) this
enzyme is specific for the conversion of androgens to
estrogens (the aromatase is the product of a single
gene),? and (ii) this cytochrome is able to catalyze
three successive oxidative transformations of the
same substrate molecule before releasing the product
of the reaction outside the enzyme pocket (many
other P450 enzymes are also able to perform this
multicycle activity, but the mechanism of aromatase
has been particularly well-studied and the third step
is now one of the classical examples of the role of a
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nucleophilic iron-peroxo species in a P450 catalytic
CyC|e).l'5’6'136

The aromatization reaction of the A-ring of androst-
4-ene-3,17-dione to estrone is catalyzed by human
placental aromatase.?®1-2%4 This reaction involves
three consecutive oxidative steps: two hydroxylations
at the 19-methyl group and a final oxidative decar-
bonylation of the intermediate 19-aldehyde. All three
reactions are stereospecific. The first hydroxylation
at the 19-methyl group occurs with retention of
configuration of the methyl group, and the second
removes the 19-pro-R hydrogen atom yielding a gem-
diol that produces the 19-aldehyde derivative (Figure
36).

The final step is the nucleophilic attack of the iron-
peroxo intermediate Fe''-OO~ (or its protonated
form) generated during the third catalytic cycle. This
decarbonylation reaction involves the stereospecific
removal of the 15 and the 25 hydrogens to produce
the phenolic A-ring of estrone while the 19-methyl
group is eliminated as formic acid. As already men-
tioned in section 6.1, synthetic peroxo-metallopor-
phyrins are able to catalyze this decarbonylation
step.134135 The same mechanism with a nucleophilic
addition of the Fe(l11)-peroxo species onto a carbonyl
function is also involved in the final step of the
formation of 17a-hydroxyandrogen (androst-5-ene-
343,170-diol) from pregnenolone, the cleavage of the
C—C step generating an acetic acid molecule.?®®

Another interesting example of an unusual reactiv-
ity of a PPIX—Fe"'-OO0H intermediate is related to
the oxidation of heme to biliverdin by heme oxyge-
nase which is commonly ascribed to an electrophilic
behavior of the iron(l11)-peroxo species.?*525" Heme
oxygenase is a unique enzyme able to remove the
excess of free heme by oxidation of the a-meso
position of heme which is the prosthetic group and
the substrate of the enzyme. The formation of a-meso-
hydroheme might also be explained by the homolytic
cleavage of the O—0O bond of the Fe'"-OOH inter-
mediate, the generated hydroxyl radical being trapped
by the a-meso position. Then the resulting porphyrin
radical can be oxidized by the Fe(IV)-oxo leading to

the final product (such mechanism is reminiscent of
that of the meso-alkylation of PPIX by artemisinin
already mentioned).’®® Recent DFT calculations?%8
support an O—0O bond homolysis mechanism in the
heme oxygenase and demonstrate that the hydroxyl
radical HO" is trapped by the heme macrocycle, hence
leading to regioselective attack on the meso carbon
of the porphyrin.

7.9. Inhibition of Cytochrome P450 Enzymes

Inhibitors of cytochrome P450 enzymes can be
classified in three categories: (i) reversible inhibitors,
that is, molecules with high affinity for the active site
of the enzymes, but without formation of covalent
bonds with the prosthetic group or with the apopro-
tein; (ii) quasi-irreversible inhibitors, that is, mol-
ecules containing a heteroatom (for example, a ni-
trogen atom of an aromatic heterocycle) and able to
bind to the prosthetic group via a covalent iron—
heteroatom bond (the stability of the inhibitor—P450
adduct is related to the strength of the iron—hetero-
atom bond which is usually also dependent on the
oxidation state of the metal center); and (iii) irrevers-
ible inhibitors (suicide inhibitors) which are co-
valently linked to the protein itself after being
activated during one of the different steps of the
catalytic cycle of the enzyme. The present section is
focused only on some recent mechanistic aspects of
P450 inhibition by drugs or drug candidates (for a
general and exhaustive review on P450 inhibitors,
see ref 215).

The understanding of P450 inhibition at the mo-
lecular level is of particular importance in drug
development and drug therapy, since the pharmaco-
logical activity of a drug can be highly modulated by
its metabolism by native or drug-induced P450
enzymes. The overproduction of a toxic metabolite
from a drug by a P450 induced via the uptake of a
second drug can be at the origin of alarming toxico-
logical situations during multidrug therapies, in
particular with drugs having a narrow therapeutic
window. Fortunately, this is not the case when both
drugs have low affinities for the enzyme; then no



Reactions Catalyzed by Cytochrome P450 Enzymes

S
N

iron(IV)-oxyl
addition
s~
P450-Fe(IV)-O |
: dical A

H ra

I
|

Cl

intramolecular
electron-transfer

s 144
P450—Fe(III)—O7<j/
* proton elimination

H

1) addition of P450-Nu
2) hydrolysis of Fe(III)- P450-Fe(II[)-O \

S

Ho— |
4

\l
S
5-HO-tienilic acid

y_

12450-NS? & g -
or water >N L \
\ St

hydrolysis of Fe(IH)-O’

Chemical Reviews, 2004, Vol. 104, No. 9 3975

tienilic acid

OCH,COOH

oxydation

o 9
\ I%
$

P450-Nu f)j

(or HO) —
S
P450-Nu
(or HO) ——
H
proton Jelimination

P450-Nu
(or HO)

Figure 37. Inhibition of cytochrome P450 during the oxidative metabolization of tienilic acid, a diuretic drug.

interaction is observed at the low level of drug
normally seen in vivo. Similarly, the overexpression
of a particular P450 enzyme can lead to the fast
elimination of a drug, which thereby limits its
pharmacological activity. A significant drug—drug
interaction occurs when two or more drugs compete
for the same P450 enzyme and when the metabolic
pathway is a major elimination pathway. Among the
recent examples of drug—drug interactions, one
should take note of the inhibition of human liver
microsomal oxidation of nicotine by menthol, a clas-
sical flavoring ingredient of cigarettes.?®® These
ADME-toxicology factors correspond to 70% of the
failures observed in preclinical and clinical develop-
ment of drugs (ADME: absorption—distribution—
metabolism—excretion) and have recently favored the
growth of more efficient in silico based models of
metabolism and biodistribution.?5°

Around 70% of human liver P450 is represented
by CYP1A2, 2A6, 2B6, 2C, 2D6, 2E1, and 3A enzymes
(the subfamilies CYP3A and CYP2C are the most
abundant ones).?%! Despite a sequence similarity as
high as 80%, substrate specificity can be very high.
This is the case for CYP2C9, which is responsible for
the metabolization of diclofenac or tienilic acid, and
for CYP2C8 which is involved in the oxidation of
retinoic acid or benzo[a]pyrene.?®? Tienilic acid is a
diuretic drug acting as a specific inhibitor of human
cytochrome P450 2C9 after being oxidized by the
same isozyme.?63264 The high-performance liquid
chromatography/electrospray ionization mass spec-
trometry data indicate that CYP2C9 can be alkylated

one or two times by the electrophilic metabolite of
tienilic acid. Two different oxidation routes have been
proposed for product formation (5-hydroxytienilic
acid) and the irreversible cytochrome P450 inactiva-
tion: (i) an addition of the iron(1V)-oxyl species to
the C4—C5 bond (left side of Figure 37) or sulfoxi-
dation of the thiophene (right side). An intermediate
epoxide can be generated from the transient radical
A via the homolytic cleavage of the iron(l1V)—oxygen
bond.

This figure is a personal (by one of us, B.M.)
interpretation of the data reported by Trager et al.,?%
but these mechanistic proposals are fully compatible
with the reported experimental data. In addition, the
intramolecular electron transfer proposed after the
addition of the iron-oxyl entity will predict the
addition of a nucleophilic amino acid residue of
CYP2C9 at carbon C4 (the nucleophilic addition
being favored at C5 in the S-oxide route).

CYP3A4 is major cytochrome P450 isoform present
in human liver and is responsible for the oxidative
metabolism of over 60% of clinically relevant drugs
(acetaminophen, cyclosporin, lovastatin, erythromy-
cin, lidocaine, etc.). A study of the inhibition of this
particular P450 by a potential HIV protease inhibitor
(L-754,394, see Figure 38) indicates that a reactive
furanopyridine epoxide intermediate is responsible
for the covalent binding of the drug to the protein,
probably via the nucleophilic addition of Glu-307.26%

This later hypothesis is compatible with a computer-
generated structure of CYP3A4 containing the drug
candidate.
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Clopidogrel (SR25990C, Plavix) is a potent anti-
aggregant drug able to prevent thrombotic problems
(myocardial infarction and stroke).?56 The specific
pharmacological target of this drug is the ADP-
induced platelet activation process, and the activity
of clopidogrel is dependent on its biotransformation
to an active metabolite by cytochrome P450 to gener-
ate the drug-target adduct. The same active species,
a thiol-containing intermediate (see Figure 39), is
able to inhibit CYP,c9 and CYP14; via the formation
of a disulfide bridge with a cysteine residue of the
enzyme.?8?

The improved understanding of the mechanisms
of P450-catalyzed reactions accumulated over the

H _COOCH;

Meunier et al.

past decade is now generating the expected benefit
to all the studies concerning the inhibition of cyto-
chromes P450 by drugs and the delicate problem of
drug—drug interactions mediated by cytochromes
P450.

8. Example of a P450-Mediated Oxidation without
Strong Mechanistic Proposal (Orphan
Mechanism!)

The biosynthesis of pregnenolone involves the
degradation of the side chain of cholesterol by a
specific mitochondrial cytochrome P450¢.. The C20—
C22 bond of cholesterol is cleaved via three consecu-
tive oxidation steps.?522%8 The first two steps, that is,
the 22(R)- and 20(S)-hydroxylations, are easy to
understand, but the mechanism of the C—C bond
cleavage of the intermediate glycol (third step) is
obscure and is still a matter of debate with many
different speculative hypotheses.?6® Despite recent
efforts on the mechanism of C—C bond cleavage in
tertiary alcohol oxidations with biomimetic catalytic
systems,?79271 the cleavage of a C—C bond of a diol
by a cytochrome P450 is still a black box. We propose
two different hypotheses (see Figure 40) concerning
the mechanism of the C—C bond cleavage of the
diol: (i) a concerted reaction within a seven-mem-
bered ring transition state (Figure 40A) or (ii) the
formation of an intermediate iron-peroxide that will
be the driving force for the heterolytic cleavage of the
C—C bond (Figure 40B).
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Figure 39. Mechanism of inhibition of cytochrome P450 by clopidogrel, an antithrombotic drug.
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Figure 40. Two mechanistic proposals for the C—C bond cleavage of the side chain of cholesterol by cytochrome P450:
(A) via a concerted mechanism and (B) with an intermediate iron-peroxo.

Up to now, neither of these two mechanistic
proposals has been documented by suitable experi-
ments.

9. Remarks in Conclusion

More than 40 years after the discovery of cyto-
chrome P450 enzymes, the exact nature of the active
species (the putative high-valent iron-oxo intermedi-
ate) is still a matter of intensive debates. These
scientific debates are in fact highly fruitful: they
forced trialogues among enzymologists, structural
biologists, and chemists. Furthermore, they inspired
the use of chemical models to generate data that
could be compared with data obtained with the
enzymes. Site-directed mutagenesis studies in con-
junction with structural studies allowed different
hypotheses to be checked. Theoretical calculations
became available and enabled various hypotheses to
be tested and new solutions to be offered. All these
studies have enriched the knowledge on molecular
enzymology and the coordination chemistry of metal-
peroxo and high-valent metal-oxo species. This is
physical chemical biology at its best!

10. Abbreviations

ADME adsorption—disposition—metabolism—excre-
tion

ADP adenosine diphosphate

Cpd lor Il compound I or Il of a heme-peroxidase, an
iron(IV)-oxo radical-cation species or an
iron(lV)-oxo species, respectively (origi-
nally used only for peroxidases, but the
new trend is also to use compound | to
name the high-valent iron-oxo oxygenat-
ing species of cytochrome P-450)

DFT density functional theory

FAD flavin adenine dinucleotide

Fe"-OOH  precursor of Cpd |

FMN flavin mononucleotide

GSH y-L-glutamyl-L-cysteinyl-glycine (glutathione)

KIE kinetic isotope effect

sMMO soluble methane monooxygenase

NAD(P)H reduced form of nicotinamide adenine di-
nucleotide (phosphate)

NOS nitric oxide synthase

Por porphyrin

PPIX protoporphyrin-I1X

dioxy-P450  dioxygen complex of cytochrome P450—Fe!!

QM/MM hybrid quantum mechanical/molecular me-
chanical calculations

TMP the dianion of meso-tetramesitylporphyrin
ligand

TMPyP the dianion of meso-tetrakis(4-methylpyri-

diniumyl)porphyrin ligand
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