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1. Introduction

A. Chemical Properties of Dioxygen 1~*

Dioxygen (O,) serves two essential functions in
aerobic life. It is both a terminal electron acceptor
and a biosynthetic reagent. It is this latter role for
dioxygen that will be the focus of this review: the
incorporation of one or both of the oxygen atoms of
dioxygen into organic substrates by heme enzymes.
These dioxygen-utilizing reactions involve the cleav-
age of the oxygen—oxygen bond and are very ener-
getically favorable, i.e., exothermic. Despite this
strong thermodynamic driving force, the chemical
reactivity of dioxygen with organic molecules at
ambient temperatures is intrinsically low. If this
were not the case, dioxygen would spontaneously
oxidize organic compounds and would therefore be
harmful or even fatal rather than useful for living
things. The low Kinetic reactivity of dioxygen is due
to its triplet ground state; i.e., it is a diradical having
two unpaired electrons. The molecular orbital energy
level configuration of triplet dioxygen is (1s0)?(1s0*)?-
(250)%(250*)?(2p0)?(2p7)*(2p7x*) (2py*).t The two
oxygen atoms share six electrons in their 2p orbitals
and the two unpaired electrons reside in the two
degenerate antibonding 2pnx* and 2pmzy*orbitals,
leaving O, with a formal bond order of two. The
lowest orbital available to accept an electron is an
antibonding orbital.

Although dioxygen has a triplet ground state,
essentially all stable organic compounds are singlets;
i.e., all of their electrons are paired. Direct reactions
between triplet and singlet molecules to yield a
singlet product is a spin-forbidden process because
chemical combination reaction rates are much faster
than spin inversion rates. Such reactions can pro-
ceed via the spin-allowed, but highly energy-requir-
ing formation of an unstable triplet intermediate,
followed by slow spin inversion to form a singlet
product. Thus, only easily oxidizable singlet organic
molecules are able to react with triplet dioxygen by
first forming resonance-stabilized (one-electron oxi-
dized) radicals. Reduced flavins (RH;), for example,
are thought to react with triplet dioxygen via initial
formation of a caged radical pair (a triplet complex),
followed by spin inversion to singlet products (eq 1).*

XH, + O, — [XH' + HO, 1 — XH-0,H (1)

Although singlet oxygen is more readily reactive
(free of spin restrictions) than triplet dioxygen, a
considerable amount of energy is required for the spin
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inversion from the triplet state to the singlet state.
Of the two singlet states of O,, the lower energy one
has both electrons in one of the antibonding =*
orbitals and is 22.5 kcal/mol above the triplet state.
Triplet O, can be converted to the singlet state with
light in the presence of a photosensitizer.

In contrast to the inherent difficulty of triplet
dioxygen reacting with singlet organic molecules, it
will react readily with organic radicals (R, i.e.,
doublets (eq 2). Another way to overcome the high

R*+ 0, — RO, )

kinetic barrier inherent to the reactions of triplet O,



Heme-Containing Oxygenases

Eric D. Coulter was born in Belfast, Northern Ireland, in 1969. He obtained
his B.Sc. in biological chemistry from the University of Ulster at Coleraine,
Northern Ireland, in 1991. He is currently finishing his Ph.D. thesis
research under the direction of Professor John Dawson in the Department
of Chemistry & Biochemistry at the University of South Carolina. His
research interests include the mechanism of action of cytochrome P450,
heme-protein reconstitution, and the application of magnetic circular
dichroism and electron paramagnetic resonance spectroscopy to study
heme systems. He will be pursuing postdoctoral studies in the laboratory
of Professor David Ballou in the Department of Biological Chemistry at
the University of Michigan.

John H. Dawson was born in Englewood, NJ, in 1950 and attended
Columbia University where he majored in chemistry and received an A.B.
degree in 1972. In 1976, he received his Ph.D. degree in chemistry with
a minor in biochemistry from Stanford University where he worked with
Professors Carl Djerassi and Bruce Hudson. He was next a National
Institutes of Health Postdoctoral Fellow with Professor Harry Gray in the
Chemistry Department at the California Institute of Technology. In 1978,
he joined the Chemistry and Biochemistry Department at the University
of South Carolina with a joint appointment in the School of Medicine. He
was promoted to Professor and named Carolina Distinguished Professor
in 1986. Earlier this year, he returned to CalTech on sabbatical as a
Visiting Associate in the Beckman Institute with Professor Gray. His
research interests focus on the structure and function of oxygen and
peroxide activating heme iron enzymes and on the application of
spectroscopic methods, especially magnetic circular dichroism, to probe
their coordination structure.

is to utilize a transition metal ion such as iron or
copper as the cofactor in enzymes that carry out
biological oxidations. Transition metals in the ap-
propriate oxidation states are able to react directly
with triplet O, to form dioxygen adducts that can
participate in reaction pathways leading either to the
incorporation of oxygen atoms into organic substrates
or to the oxidation of the organic substrates.

Because of the key role played by dioxygen and its
reduced forms in biological oxidation processes, the
four stepwise one-electron reductions of dioxygen to
water are illustrated in Figure 1. The standard redox
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Figure 1. Free energy changes and standard reduction
potentials (pH 7.0, 298 °C) for reduction of ground-state
dioxygen (320,) to various oxygen species. The standard
state used here is unit pressure (i.e., [O;] = 0.25 mM)
rather than unit activity ([O;] = 1 M).1d Adapted from ref
la.

potential at pH 7.0 and 298 K (E*, V) and free energy
change (AG®, kcal/mol) for each electron addition
step are also indicated.

B. Discovery and Classification of Oxygenases

Prior to 1955, it was thought that the sole role of
dioxygen in biological systems was as an electron
acceptor in dioxygen-utilizing oxidase or dehydroge-
nase reactions. It was in that year that Mason® and
Hayaishi® independently demonstrated by 20, label-
ing that one or both oxygen atoms of dioxygen can
be directly incorporated into organic molecules fol-
lowing enzymatic oxidation of 3,4-dimethylphenol by
phenolase and catechol by pyrocatechase, respec-
tively. The enzymes that incorporate oxygen atoms
from dioxygen in such reactions were designated as
“oxygenases” by Hayaishi.” It is now known that
oxygenases are extensively distributed in nature
throughout the plant, animal, and microorganism
kingdoms.

The oxygenases can be further classified into two
categories, monooxygenases and dioxygenases, de-
pending on whether one or both oxygen atoms from
dioxygen are incorporated into substrate (eqs 3 and
4),” where XH and AH; represent substrate and an

MoNooXygenase:
XH + *0, + AH, — X(*O)H + H,*O + A (3)

dioxygenase: XH + *0, — X(*O,)H  (4)

electron donor, respectively. Monooxygenases re-
quire two electrons to reduce the second oxygen atom
of dioxygen to water. Thus, monooxygenases are
sometimes called “mixed-function oxidases” or “mixed-
function oxygenases” since they function as both
oxygenase and oxidase. The two electrons can come
from a reducing agent like NADH (external mo-
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COO" COO’

Figure 2. Structure of protoheme IX (iron protoporphyrin
IX, heme b).

nooxygenase) or from the substrate itself (internal
monooxygenase). Similarly, dioxygenases are sub-
categorized into intermolecular and intramolecular
classifications depending on whether the two oxygen
atoms are incorporated into separate substrates or
into a single molecule. Clearly, the terms mono- and
dioxygenase relate only to the stoichiometry of the
oxygen incorporation reaction and not to the mech-
anism of dioxygen activation.?®

C. Structure and Reactivity of Heme Iron-Bound
Dioxygen 8

The most common heme prosthetic group is proto-
heme IX (iron protoporphyrin IX, heme b) (Figure 2).
It is the prosthetic group found in all of the heme
enzymes to be discussed in this review. The role of
the heme group in these oxygenases varies from case
to case depending on the nature of the heme proximal
ligand, the heme environment, and the substrate.
Many of the heme-containing oxygenases go through
a ferrous—dioxygen complex as a key intermediate
in their catalytic reaction cycles. Consequently, the
electronic structure of this species will be considered
here in some detail.

The ferrous high-spin state (d®, S = 2) state of
heme iron can reversibly form a complex with triplet
O, yielding a low-spin complex that is generally
described as either Fe?"O, or Fe3*O,*~ or a resonance
hybrid of these two forms (Fe*"O, < Fe3"0O,"") (see
Figure 4 in ref 8a and Figure 2 in ref 8b for their
qualitative molecular orbital schemes). For the
Fe?tO, structure, & bond formation is possible by
back donation from a ferrous ion orbital (e.g., dy,) to
the empty 7o,* orbital. The Fe?*O, complex is a
singlet. Transfer of one electron from iron to the
bound dioxygen yields the ferric—superoxide struc-
ture, Fe3tOy*~. An unpaired electron on the super-
oxide resides in its antibonding = orbital (o,*), while
a second unpaired electron is in a nonbonding iron
orbital (d.). In either resonance structure, ferrous
dioxygen or ferric superoxide, the complex is dia-
magnetic; there are no unpaired electrons in the
former case and the two unpaired electrons are
considered to be spin-coupled in the latter. The
actual electronic structure may involve partial elec-
tron transfer from iron to bound dioxygen, i.e.,
Fe(2+6)+025’.

In the case of cytochrome P450 and secondary
amine monooxygenase, the ferric superoxide struc-
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ture may be the best description since the enzyme
heme-bound dioxygen is ultimately reduced by two
electrons to the level of peroxide, O,2~. Coordination
of dioxygen to ferrous heme and subsequent one-
electron transfer from iron to oxygen can be thought
of as the first reduction of dioxygen in this process.
For indoleamine and tryptophan dioxygenases, how-
ever, the ferrous dioxygen structure may be a more
accurate description of their reactivity. Further
reduction of the heme-bound dioxygen is not part of
their reaction cycles. However, the complex formed
between ferrous heme iron and triplet O, must be a
singlet for reasons previously described. The bound
dioxygen is not singlet O, but can react by an ionic
mechanism to give products that are similar to those
that would be produced by the reaction of singlet
0,12

Il. Cytochrome P450 (P450)

A. Background 2

Shortly after the discovery of oxygenases by Mason
and Hayaishi, Garfinkel?®> and Klingenberg?® inde-
pendently described the presence of a CO-binding
pigment in liver microsomes which exhibited an
unusual absorption band maximum near 450 nm in
the ferrous—CO minus ferrous difference absorption
spectrum. Six years later, Omura and Sato?’ identi-
fied this unusual pigment as a heme protein contain-
ing protoheme IX (Figure 2) and assigned it the name
“cytochrome P450” despite the absence of knowledge
about its function. The unusual spectral properties
of P450 were first attributed by Mason?® to the
coordination of a sulfhydryl sulfur atom to the heme
iron of the enzyme. A particularly important break-
through occurred in 1963 when Estabrook and co-
workers demonstrated a catalytic role for the pigment
in the C-21 hydroxylation of 17-hydroxyprogesterone
by adrenal cortex microsomes.?® This was accom-
plished through measurement of a photochemical
action spectrum generated by monitoring the reversal
of CO inhibition of the enzyme activity by light as a
function of wavelength. The observed maximum
reversal of CO inhibition at 450 nm connected the
enzymatic activity with the absorbance of the P450
pigment. Liver microsomal P450 is now known to
exist in multiple forms and to play important roles
in the hydroxylation of endogenous, physiological
substrates as well as a tremendous range of drugs
and other chemicals foreign to organisms (termed
“xenobiotics”). In fact, exposure to certain xenobiotics
leads to induction of particular P450 proteins. Fur-
thermore, over 450 different P450 enzymes are now
known to exist. They have been found in virtually
every mammalian tissue and organ as well as in
plants, bacteria, yeast, insects, and so on. A nomen-
clature system has been developed to relate each
P450 sequence based on their structural homology.%°
These P450 enzymes catalyze diverse types of reac-
tions as illustrated in Figure 3.

With the exception of microbial P450s, the majority
of P450 enzymes are membrane-bound, being associ-
ated with either the inner mitochondrial or the
endoplasmic reticulum (microsomal) membranes. In
fact, the majority of the physiological substrates such
as steroids and fatty acids as well as xenobiotic
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(a) Hydrocarbon hydroxylation

—/CH — —C—OH
(b) Alkene epoxidation / Alkyne oxygenation
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N N/ N\ o
/C C\—P/C—C\
R H-,0 (o]
(i) R—C=C—H —| C=C=0 |—» RHZC—C/i
H OH

(c) Arene epoxidation, aromatic hydroxylation, NIH shift

X O x OH
J— g1
R R R

X
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R
(d) N-Dealkylation

R-u—Me — [R—”—CH;OH}——> R-NH, + HCHO
(e) S-Dealkylation

R-S-Me — [R-S—CH,0H)—> R-SH + HCHO
(f) O-Dealkylation

R—0-Me — [R-O-CH,0H]— R-OH + HCHO
(g) N-Hydroxylation

—C—NH, ——— —C-NHOH
/ 2 /

(h) N-Oxidation
\ \
N — N+-0O
/
(i) S-Oxidation o
R-S-Me ——> R-é—Me
+

(i) Oxidative deamination

i Y
R- C Me— | R—C—Me —>R—C —Me + NH3
OH

(k) Oxidative dehalogenation

F‘RZ '?2 Flzz
R1—C—X — R.‘—(P—X E— R1"C=0 + HX
H OH

() Alcohol and Aldehyde oxidations

R e
R-C-OH— [R-C-OH| —» R—C=0 + H,0
H OH
0 H oH

R—C, —> R—C,
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(m) Dehydrogenation
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OO o™
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(n) Dehydrations
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OOH d
(o) Reductive dehalogenation
R Ra
2 - |
| +e .
R-C—X Ri—C- + X
R3 R3

(p) N-Oxide reduction

%Nio‘——*'ze_ (+2H) >N (+H,0)

(q) Epoxide reduction
o2 (e w

(r) Reductive B-scission of alkyl peroxides

R +2¢7, +2H" T '
X-C-00H ——= X—C=0 + RH+ H0
IR.
(s) NO reduction
NO 28 2H N0 4 Hy0

(t) Isomerizations

Prostaglandin 1, (PGly)
Prostaglandin H, (PGHZ)—<
Thromboxane A; (TxAjz)

(u) Oxidative C-C bond cleavage
HO OH + 02

(i) + 2e
;__$R.

R H

}<o +2e +2H
< r HO

R“( >——R

}R+ >—R

(i)

Figure 3. Schematic summary of the diverse P450-catalyzed reactions discussed in this review. See text (especially section

11K) for references (for reactions I - u).

molecules that react with P450 are highly hydropho-
bic as well. Oxygenation of membrane-trapped xe-
nobiotics by nonconstitutive liver microsomal P450s
to yield partially water soluble derivatives for excre-
tion from the body has been called “membrane
detoxification”. In contrast to these highly beneficial
roles, P450 has a “bad” side in its ability to convert
certain otherwise unreactive xenobiotics to highly
reactive, electrophilic metabolites which alkylate
DNA, thereby accounting for their carcinogenicity.3!

Initial efforts to release the membrane-bound
P450s from the membrane by detergent solubilization
led to loss of monooxygenase activity as well as a shift
of the characteristic 450-nm absorption peak to 420
nm in the difference absorption spectrum. The
inactive form of P450 was thus termed “cytochrome
P-420” by Omura and Sato.?” Subsequently, success-
ful solubilization and purification of the active forms
of the P450 proteins and the associated electron
transport components were achieved for the mito-

chondrial and liver microsomal P450 monooxygena-
ses, initially by Estabrook and Coon and their
respective co-workers.?%32 A soluble, camphor-induc-
ible, bacterial P450 monooxygenase (P450-CAM)
system was discovered in Pseudomonas putida by
Gunsalus and co-workers.®® Being soluble, it was
quickly possible to purify this P450 in large quantity.
As a result, many important mechanistic and spec-
troscopic investigations of P450 as well as the first
successful X-ray crystallographic analysis have been
carried out with P450-CAM, 1934

B. Electron Transport Systems 153

In catalyzing monooxygenation reactions, P450 is
able to utilize either NADH or NADPH as the
electron donor (eq 5). However, the two electrons
RH + O, + NAD(P)H + H" —

ROH + H,O + NAD(P)" (5)
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(a) Mitochondrial and Bacterial Systems

[NAD(P)H]-»- [iFAD] flavoprotein}—{ iron-sulfur protein|—={ P450]

Putidaredoxin

NADH Putidaredoxin (Bacterial)

reductase

NADPH Adrenodoxin (Mitochondrial)

reductase

Adrenodoxin

(b) Microsomal and Bacillus megaterium (P450-BM3) Systems

NADPH—’[[ FAD —3 FMN] ﬂavoproteﬂ e

NADPH-cytochrome P450
reductase

[o]
N
l X NH
\ /k
rl\l N (0]
R
Flavin moiety of FAD and FMN

Figure 4. Electron donors and transport pathways for the
mitochondrial and bacterial (a) and for the microsomal and
Bacillis megaterium (b) cytochrome P450 systems. The
structures of the flavin moiety of FAD and FMN (bottom,
left) and of the Fe,S,Cys, cluster (bottom, right) are also
shown.

S, _
Cys—S S—Cys
NS
Fe Fe
/ NN
FeS,Cys,
(Iron-sulfur cluster)

Cys—S S—Cys

derived from NAD(P)H must be transferred to P450
via electron transport protein(s). There are two types
of electron transport protein systems (Figure 4), those
involving flavin and iron—sulfur prosthetic groups
and those that require only flavins.2® Most bacterial
P450s as well as mitochondrial P450 systems employ
the former system in which electrons flow from NAD-
(P)H to an FAD-containing protein to an iron—sulfur
protein to P450. In contrast, the microsomal P450
system utilizes a single flavoprotein, NADPH-cyto-
chrome P450 reductase, which contains both FAD
and FMN, to transport electrons from NADPH to
P450. In some microsomal P450 reactions, the
NADH-cytochrome bs reductase/cytochrome bs elec-
tron transport system may participate in delivering
electrons.’® Finally, a very unusual bacterial P450
from Bacillis megaterium, P450-BM3,%® has been
studied that utilizes the microsomal-type electron
transport system (i.e., both FAD and FMN without
the iron—sulfur component). Even more unusual, the
protein is “self-sufficient” in that it has both the
electron carrier component and the monooxygenase
heme iron unit present in one large single subunit
protein.2®35 Nitric oxide synthase (see section 11K.5),
a complex enzyme that contains both flavin and a
P450-type heme center, is also self-sufficient.

C. Molecular Structure of P450

Poulos, Kraut, and co-workers reported the first
X-ray crystal structure of a P450 enzyme, the soluble
bacterial P450-CAM.%*¢ Consisting of 414 amino acid
residues (M, ~45 000), the protein has a triangular
shape with the heme plane nearly parallel to the
plane of the triangle. The heme prosthetic group is
deeply embedded in the hydrophobic interior with no
significant exposure of the heme to the protein
surface. The identity of the proximal heme iron
ligand as a cysteine had been established based on
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P450-CAM

Figure 5. Schematic representation of the crystal struc-
tures of camphor-bound ferric cytochrome P450-CAM (left)
and of the heme domain of substrate-free ferric cytochrome
P450-BM3. Helices are indicated by cylinders and g
structure by shaded ribbons. Taken from ref 19 based on
data presented in refs 34a and 36.

P450BM-3

earlier spectroscopic work.® The crystal structure
demonstrated that the specific cysteine that is bound
to the heme iron is Cys-357. Four P450 crystal
structures have now been published including those
for the heme domain of P450-BM3,3%6 P450-TERP,3"
and P450-eryF,38 the latter two being bacterial P450s
that hydroxylate o-terpineol and erythronolides,
respectively. The overall structures of camphor-
bound ferric P450-CAM and of the heme-containing
domain of ferric P450-BM3 are shown in Figure 5.
Comparisons of the structures of these four P450s
have been extensively discussed by Poulos!® and by
Peterson,?® as well as the relationship between the
structures of these soluble bacterial P450s and those
of membrane-bound eukaryotic P450s, in the latter
review.

The binding of camphor to ferric P450-CAM is
accompanied with the displacement of five to six
water molecules that fill the camphor pocket prior
to substrate binding. Except for Tyr-96, which forms
a hydrogen bond to the C-2 carbonyl group of
camphor, the camphor-binding pocket is lined with
nonpolar amino acid residues. Positioning of the
substrate is conferred through hydrophobic interac-
tions such as that between its C-8 and C-9 methyl
groups and the isopropyl side chain of Val-295.

Comparison of the amino acid sequences of P450-
CAM and of many mammalian P450 proteins has
revealed two regions of sequence similarity. One
region is that containing the Cys proximal ligand. A
second region of sequence conservation is that cor-
responding to Thr-252 of P450-CAM, which is located
on helix | and can directly contact the dioxygen
molecule in the P450—0, complex.

D. Reaction Cycle of P450

1. Reaction Cycle and Intermediates

The monooxygenation reaction catalyzed by P.
putida P450-CAM?®833 in the hydroxylation of (1R)-
camphor is given in eq 6.

The P450 reaction cycle involves four well-charac-
terized and isolable states®'® (1—4 in Figure 6). The
resting form of the enzyme is a six-coordinate low-
spin ferric state, 1, with water (or hydroxide) as the
exchangeable distal ligand trans to the proximal
cysteinate. Substrate addition generates the five-
coordinate high-spin ferric state, 2, which has a
vacant coordination site that will ultimately be
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Figure 6. Catalytic cycle of cytochrome P450 including
postulated structures of putative intermediates. RH rep-
resents the substrate and R(O)H the product. The diatomic
porphyrin macrocycle is abbreviated as a parallelogram
with nitrogens at the corners. States 6a, 6b, and 7 are
hypothetical intermediates whose structures have not been
established. Structures 1, 2, and 7 are neutral (the dot and
the positive charge on 7 indicated the radical state and
electron deficiency of the s-electron system of the porphyrin
ring), while the overall charge on structures 3, 4a, 4b, 5,
and 6b is —1 and on intermediate 6a is —2. Two artificial
ways of turning over the enzyme are indicated: path A
involves the addition of various single oxygen atom donors
to state 2 to generate 7 and path B is for the addition of
H,0, to 2 to form 6b. Two modes of uncoupling electron
and oxygen transfer, C and D, are also shown.
8 y o
o 10 P450-CAM
2 64+ NADH + 2H" + 0, ———»

oH *+ NAD" + H,0  (6)

H

available for dioxygen binding. Conversion of the
ferric iron from low to high spin results in a signifi-
cant increase in the redox potential (E°") of the
enzyme heme (—330 to —173 mV vs NHE). Thus
substrate binding facilitates electron transfer from
reduced putidaredoxin (E°'= —196 mV) to the ferric
P450 heme to generate the five-coordinate high-spin
deoxyferrous state, 3. Dioxygen then binds to the
ferrous enzyme heme iron to form the oxyferrous
complex, whose valence structure can be presented
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either as the ferrous—0O,, 4a, or as the ferric—
superoxide, 4b, complex as described above. CO
addition to 3 yields the ferrous—CO inhibitor adduct,
5, with its characteristic absorbance peak near 450
nm.

P450 states 1—-5 have all been isolated in stable
form and have been extensively studied with UV—
visible absorption, electron paramagnetic resonance
(EPR), magnetic circular dichroism (MCD), resonance
Raman, proton nuclear magnetic resonance, Moss-
bauer, and extended X-ray absorption fine structure
(EXAFS) spectroscopies.® X-ray crystal structural
analysis of P450-CAM states 1, 2, and 5 have further
established the structures of these P450 species.1%34
It was the spectroscopic studies on these P450
intermediates and of parallel model porphyrin com-
plexes that convincingly established the presence of
the cysteinate axial ligand in the heme iron coordina-
tion structures of P450 states 1—5 (see refs 9a and
9b and references cited therein). Axial coordination
by cysteinate accounts for the unusual spectroscopic
properties of ferrous—CO P450 and its other deriva-
tives.%36

Addition of the second electron to 4, the-rate
limiting step in the cycle,® is proposed to yield a
ferric peroxide adduct, 6a, which can be protonated
to give a hydroperoxide complex, 6b. A second
protonation of that same oxygen then leads to het-
erolytic O—0O bond cleavage releasing water and
generating the proposed oxo—ferryl (O=Fe!) por-
phyrin radical intermediate, 7, which is equivalent
to the high-valent iron—oxo intermediate of peroxi-
dase enzymes called compound I. The mechanism
of formation and properties of this reactive P450
species will be discussed further below. Intermediate
7, sometimes represented as (FeO)3', is the most
likely candidate for the “reactive oxygen” form of
P450 that hydroxylates unactivated hydrocarbon
substrates. The P450 reaction cycle is completed
when 7 transfers an oxygen atom to the substrate,
presumably by an oxygen rebound mechanism, to
give the alcohol product and to regenerate 1.

2. Short Circuit or Peroxide Shunt

Numerous oxygen atom donors can replace the two
electrons (NADH or NADPH) and O, which are
required for the normal catalytic cycle and react
directly with 2 via a “short circuit” or “peroxide
shunt”1221.32 path (labeled A) to generate oxygenated
products likely through 7. These oxygen atom donors
include alkyl peroxides, peracids, sodium chlorite,
sodium periodate, and iodosobenzene (also called
iodosylbenzene). Interestingly, these same “artificial”
oxygen donors are able to convert ferric peroxidase
heme enzymes to compound 1.7 Some P450 enzymes
are able to turn over using H,O, as the source of the
oxygen atom,?! presumably via short-circuit path B.
H,O,, of course, is the natural substrate for peroxi-
dase enzymes.

3. Uncoupling of Electron Transfer to Oxygen Transfer

With (1R)-camphor, the P450 cycle occurs with
nearly 100% coupling*®#! of electron transfer (2 — 3
and 4b — 6a) to oxygen transfer (7 — 1). One mode
of uncoupling electron transfer from oxygen transfer
is via autoxidation of oxyferrous P450.1® This pro-
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duces superoxide (O,*") which disproportionates non-
enzymatically to H,O, and O, in aqueous media. This
type of uncoupling is considered to be of little
significance because one-electron reduction of oxy-
ferrous P450 is usually much faster than autoxida-
tion. Two additional uncoupling pathways have been
described.'®4%41 Protonation of 6b on the unproto-
nated oxygen releases H,0O, generating 2 and no
oxygenated product (path C, 6b — 2, two-electron
uncoupling). Note that NADPH and O, are con-
sumed in a 1:1 ratio for this uncoupling reaction.
Alternatively, two-electron reduction and diprotona-
tion of the oxo group in 7 yields a second H,O (path
D, 7 — 2, the four-electron “oxidase” reaction),
regenerates 2, and again produces no oxygenated
product (7 — 2, four electron “oxidase” uncoupling).
This uncoupling reaction differs from the one de-
scribed above in that O, and NADPH are consumed
in a 1:2 ratio. It has been observed for microsomal
P450 with perfluoro-n-hexane*? and for P450-CAM
with deuterated norcamphor*® and with (1R)-5,5-
difluorocamphor.**

Poulos has discussed the most likely causes of these
latter two uncoupling reactions based on examination
of the crystal structures of complexes of P450-CAM
with various camphor analogs and of site-directed
mutants of P450-CAM with modified substrate bind-
ing sites.** High substrate mobility in the active site
and the presence of excess water near the heme iron
have been suggested as possible explanations. Al-
though water is the ultimate source of the protons
that are required for the normal catalytic reaction,
the presence of excess water in the active site could
promote the various uncoupling reactions. In related
work, Sligar and co-workers have thoroughly dem-
onstrated that steric factors on the distal side of the
heme strongly influence the coupling of oxygen and
electron transfer in P450-CAM and the partitioning
between two-electron and four-electron uncoupling.!®

E. Cleavage of the O —O Bond of Heme
Iron-Bound Peroxide

A distinguishing feature of monooxygenases is their
ability to reductively cleave the O—O bond of dioxy-
gen to generate a “reactive oxygen” species (“oxenoid
reagent”) capable of oxygen atom insertion into
hydrocarbon substrates. In the P450 reaction cycle
(Figure 6), this is accomplished by one-electron
reduction of the P450—0, complex, 4, to form a ferric
peroxide complex (Fe3*0,?~, 6a) followed by proto-
nation of the outer oxygen atom twice, first to give
6b and then to induce heterolytic O—0 bond cleavage
to generate 7. The alternative of homolytic O—0
bond cleavage has frequently been discussed and is
generally not thought to be involved in the normal
monooxygenation process.!?

1. “Push—Pull" Mechanism for Peroxidases

Heme-containing peroxidases also carry out het-
erolytic O—0 bond cleavage, although they start from
the ferric state and bind hydrogen peroxide to form
the high-valent iron—oxo intermediate known as
compound I. For cytochrome c peroxidase, a general
“push—pull” mechanism (Figure 7) for this process
has been proposed by Poulos based on the X-ray
crystal structure of the enzyme.3* The “push” is
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Figure 7. Schematic view of the “push—pull” mechanisms
for O—0O bond cleavage of an iron-bound peroxide in
thiolate-ligated (left) and histidine-ligated (right) systems
such as P450 and horseradish peroxidase, respectively.
Adapted from refs 9b, 44, 49, and 52a (left) and 9b and
34b (right).

provided by the proximal histidine ligand whose
electron donor capabilities are enhanced via hydrogen
bonding to a neighboring carboxylate group, thereby
increasing its imidazolate character relative to the
corresponding non-hydrogen-bonded proximal histi-
dine in hemoglobin or myoglobin. This may also help
to stabilize higher oxidation states of the heme iron
during catalysis. At the same time, the distal histi-
dine accepts a proton from the oxygen atom of
hydrogen peroxide that binds to the heme iron and
transfers it to the other oxygen to generate a good
leaving group. The distal histidine works in concert
with an appropriately positioned cationic residue
(protonated arginine) to facilitate heterolytic O—0O
bond cleavage of the iron-bound peroxide, with the
latter stabilizing developing negative charge on the
outer oxygen during bond cleavage. The combination
of the distal histidine and arginine provide the “pull”
effect (Figure 7).

2. “Push” Effects of Proximal Thiolate Ligand for P450

P450 lacks the distal machinery present in the
peroxidases and has a proximal ligand different from
typical peroxidases. Twenty years ago, in fact, Daw-
son proposed that the P450 proximal thiolate ligand
serves as a strong internal electron donor to facilitate
O—0 bond cleavage to generate 7.4 Three lines of
evidence for the “big push” (strong electron-releasing
character) of the proximal cysteinate have been
reported. First, bound distal thiolate ligands show
enhanced basicity trans to the endogenous cysteinate
of P450-CAM relative to parallel myoglobin adducts.*®
Second, significant differences have been reported for
the affinities of anionic ligands to ferric P450 and
myoglobin, with anionic ligands having much lower
affinity for ferric P450, presumably due to the
electron- releasing character of the proximal thiolate
ligand.#¢  More recently, Dawson and co-workers
have observed shifts in the X-ray absorption energies
for thiolate-ligated heme iron derivatives relative to
those lacking a thiolate ligand to provide a direct
measure of the strong electron-releasing nature of
thiolate axial ligand.*’ Experimental support for the
postulated “push” effect of the axial thiolate coordi-
nation to the ferric heme, which favors the heterolytic
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O—0 bond cleavage of the heme-ligated peroxides,
has been provided using an axial His — Cys mutant
myoglobin“® or a thiolate-ligated iron porphyrin
model system.*®® Once the O—O bond is heterolyti-
cally cleaved, the electron-releasing axial thiolate
ligand helps to stabilize the high-valent nature of 7.

3. Proton Delivery by Distal Side Groups in P450

The “big push” of the cysteinate proximal ligand
cannot, by itself, accomplish the cleavage of the O—0O
bond; there must also be a source of protons to enable
the outer oxygen of the bound peroxide in state 6a
to leave as water. Sligar has proposed a distal charge
relay involving two distal side amino acids, Thr-252
and Asp-251 in P450-CAM, to carry out the proton
donation.** Thr-252 has been proposed to form a
hydrogen bond to the heme iron-bound dioxygen
moiety in 4 and 6a. According to Sligar’s proposal,
Thr-252 and Asp-251 form a proton relay network
that works in conjunction with two other charged
amino acids to reach the surface solvent to provide a
conduit for protons. Replacement of Thr-252 with
Ala leads to loss of hydroxylation activity (by ~95%)
by P450-CAM without significant changes in NADH
and O, consumption rates (i.e., with increased un-
coupling).®® Similarly, replacement of the corre-
sponding Thr-268 with Ala for P450-BM3 results in
a considerable decrease in substrate (laurate) hy-
droxylation (by ~85%) and increased uncoupling.5!
Ishimura and co-workers®? have proposed a refine-
ment of the role of Thr-252% based on their studies
with the “artificial” amino acids O-methylthreonine
and S-methylthreonine incorporated into P450-CAM
in place of Thr-252. They observeed 40% of normal
activity with O-methyl-Thr%* and lack of activity
with S-methyl-Thr%* and concluded that the oxygen
of Thr-252 positions a water molecule to deliver
protons to the iron-bound peroxide, rather than the
proton on the threonine hydroxyl group serving as a
direct proton donor. The ferrous-O, intermediate of
the Thr-252Ala mutant is considerably more autoxi-
dizable (by a factor of ~100) than wild-type P450-
CAM.50:520 Interestingly, the Thr-252Ser mutant
retains an efficient hydroxylation activity and a rate
that are comparable to those of the wild-type
enzyme.5%254 These results suggest that the Thr-252
residue stabilizes the ferrous P450—0; intermediate
through hydrogen bond formation between its hy-
droxyl group and the distal oxygen of the bound O,
(Figure 7). Poulos has proposed that protons are
delivered during catalysis via a solvent access chan-
nel or from an internal solvent pool, i.e., protein-
bound water.1%34 On the other hand, substitution of
Asp-251 with Asn“® or Ala> drastically diminishes
NADH and O, consumption rates (by ~95%) by
lowering the reduction rate of the oxy—ferrous P450
intermediate, suggesting an important role of the Asp
residue in the electron transfer reaction.

F. Nature of the P450 Reactive Oxygen
Intermediate

1. Oxo—Ferryl Porphyrin 7t-Cation Radical Species as an
Electrophilic Oxygen Transfer (“Oxenoid”) Reagent

The electrophilic nature of the P450 active oxygen
intermediate is well-known.®1316.1821 \With aliphatic
hydrocarbon substrates, for example, when all the
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substrate carbon atoms have equal access to the
active site heme iron, reaction occurs preferentially
at the more electron rich tertiary C—H bonds followed
by secondary and then primary sites.’® Monosubsti-
tuted aromatic compounds are mainly hydroxylated
at the ortho and para positions as expected for an
electrophilic aromatic substitution reaction. These
reaction patterns support the strongly electrophilic
nature of the P450 active oxygen species. An o0xo—
ferryl (O=Fe'V) porphyrin z-cation radical such as
intermediate 7 in Figure 6 (formally equivalent to
an oxygen atom bound to ferric iron) might well be
expected to transfer oxygen (eq 7) via an electrophilic

o=Fe"(P"") + RH— Fe"'(P) + ROH  (7)

(oxenoid) mechanism. Strong support for this idea
has come from the functional P450 model systems
developed by Groves and co-workers.’%55 They have
reported numerous examples of oxygen transfer to
alkanes and alkenes from suitable oxygen donors
such as iodosobenzene catalyzed by various ferric
porphyrins. Of particular importance, they have
been able to isolate and to spectroscopically and
chemically characterize a green oxo—ferryl porphyrin
m-cation radical species.’®%> Further, they have
shown that this complex is capable of oxygen transfer
reactions. These results strongly support the ability
of oxo—ferryl porphyrin s-cation radicals to carry out
oxygen atom transfer to the organic substrates (eq
7).

2. Search for the P450 Reactive Oxygen Intermediate

Little is known about intermediates beyond oxy-
P450 in the O,-dependent cycle. In 1976, Coon,
Ballou, and co-workers®® used rapid kinetics to detect
two intermediates upon mixing of photoreduced rab-
bit liver microsomal P450-2B4 with O, in the absence
of NADPH and P450 reductase; no further informa-
tion has been forthcoming concerning the identity of
these intermediates. In a later study of cumene
hydroperoxide-supported toluene hydroxylation by
P450-2B4, Blake and Coon®’ detected two reversibly
formed spectral intermediates termed C and D. The
species C is involved in the hydroxylation while
species D is a compound ll-type, dead-end complex.
However, spectral properties of both C and D are
dependent on the peroxides used. Kobayashi and co-
workers have spectrophotometrically examined the
one-electron reduction product of the ferrous—0O;
complex of 2,4-diacetyldeuteroheme-reconstituted
P450-CAM at 25 °C by pulse radiolysis and found
that a compound Il (oxo—ferryl) rather than com-
pound | (oxo—ferryl porphyrin cation radical)-like
species is formed.58 In a separate study, Kobayashi
and co-workers examined the addition of superoxide
anion to ferrous P450-CAM.%8® They observed an
intermediate that spectrally resembles oxyferrous
P450-CAM and decays to the native ferric state. A
small amount of hydroxylated camphor was formed
in the process. Davydov et al. have presented
preliminary evidence for an EPR-detectable inter-
mediate upon X-ray irradiation of oxyferrous P450-
CAM at 77 K in the presence of camphor.5% Tajima
et al.%® have reported that reaction of n- or tert-butyl
hydroperoxide with P450-2C11 vyields a ferric low-
spin species (77 K) having EPR g values (2.29, 2.24,
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1.96) which are very similar to those of a thiolate—
ferric heme—alkyl peroxide complex (2.285, 2.198,
1.959). None of these results are supportive of the
postulated compound I-type intermediate of P450. On
the other hand, evidence in support of an oxo—ferryl
porphyrin z-cation radical (compound I-like) inter-
mediate in the short-circuit pathway has been pre-
sented recently by Ishimura.’® Following earlier
work by Wagner and Dunford,®! rapid-scan stopped-
flow absorption spectroscopy was used to study the
interaction of camphor-free ferric P450 with an
artificial oxygen donor, m-chloroperbenzoate.®° They
reported preliminary evidence for the appearance of
a species with an absorption spectrum that closely
resembles that of chloroperoxidase compound I: a
thiolate-ligated oxo—ferryl porphyrin z-cation radi-
cal .62

3. Analogy to Chloroperoxidase Compound |

Chloroperoxidase is an unusual heme enzyme
isolated from the marine fungus Cardariomyces
fumago by Hager and co-workers®® that functions as
a peroxidase, a catalase, or halogenation catalyst.
Extensive spectroscopic similarities to P450 support
the conclusion that chloroperoxidase also has a
cysteinate proximal ligand.® That conclusion has
recently been confirmed with X-ray crystallography
by Poulos and co-workers.® Chloroperoxidase forms
a spectroscopically detectable and isolable compound
I intermediate. Is this chloroperoxidase derivative
a good model for the P450 active oxygen intermedi-
ate? In general, peroxidase compound | intermedi-
ates function as oxidants rather than as oxygen atom
donors. Substrate oxidation occurs at the heme edge,
and the iron-bound oxo group is shielded from the
substrate to prevent oxo transfer.®® In the case of
P450, the substrate is bound in close proximity to the
deeply buried heme and oxo transfer is the dominant
reaction. With chloroperoxidase, both peroxide-de-
pendent oxidations and oxo transfer with alkenes,
sulfides, and alkylamines (“peroxygenations”) occur.5®
Thus, chloroperoxidase compound | seems to be a
good reactivity model for the P450 reactive oxygen
intermediate. The major factor that differentiates
the functions of these two thiolate-ligated heme
proteins appears to be the difference in their active
site protein structure, which controls substrate ac-
cessibility to the iron—oxo group or to the heme
edge.55

On the other hand, evidence against the involve-
ment of a thiolate-ligated oxo—ferryl porphyrin z-cat-
ion radical intermediate in the P450 reaction cycle
also exists. White compared the oxidative reactivity
of several P450 enzymes with that of peroxidase
enzymes and concluded that if both enzyme mecha-
nisms involve an oxo—ferryl intermediate, then these
species are somehow very different in both their mode
of formation and reactivity.®® Characterization of the
active oxygen intermediate in the P450 reaction cycle
remains one of the most challenging areas of P450
research.

4. Postulated Candidates for the P450 Reactive Oxygen
Intermediate

While it is often presumed that the P450 “reactive
oxygen” intermediate is a peroxidase compound I-
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Figure 8. Three different resonance structures proposed
for the putative P450 active oxygen intermediate.
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Figure 9. Schematic illustration of the concerted and
nonconcerted (radical) mechanisms for hydrocarbon hy-
droxylation by P450. [FeO]** and [Fe]®" represent the
active oxygen P450 species (state 7) and resting ferric P450
(state 1), respectively.

type species with a thiolate ligand, 7, there are at
least two other reasonable resonance formulations for
such a complex (Figure 8). Calculations by Loew and
co-workers®” have suggested that the P450 active
oxygen species is an oxygen-based radical, 7a. The
most generally accepted mechanism for hydrocarbon
oxygenation by the P450 active oxygen species, the
oxygen rebound (see section I1G), is initiated by
hydrogen atom abstraction; that reactivity is consis-
tent with at least some radical character on the oxo
oxygen. A resonance structure having an iron-bound
sulfur radical, 7b, has also been proposed.3242 This
structure is based on the premise that the sulfur
ligand is easier to oxidize than the porphyrin mac-
rocycle. Until the P450 active oxygen intermediate
is actually observed, the discussion about its elec-
tronic structure is really more speculation than
substance.

G. Mechanism of Alkane Hydroxylation

The mechanism of P450-catalyzed hydroxylation of
unactivated hydrocarbons (Figure 3a) was initially
proposed to follow a concerted insertion pathway
(Figure 9, top) based on the frequent retention of
stereochemistry and very small apparent kinetic
isotope effects (ku/kp < 2).58 In the late 1970s,
however, more sophisticated investigations of these
same two mechanistic parameters, stereochemistry
and isotope effects, provided new information that
led to the opposite conclusion: the mechanism is a
two-step abstraction and recombination process (Fig-
ure 9, bottom). Very recently, a new set of experi-
ments has drawn the radical mechanism into ques-
tion. The evidence in favor of the radical mechanism
and the recent results challenging that conclusion
will now be presented.

1. Isotope Effects

The hydroxylation of hydrocarbons by monooxyge-
nase enzymes is a reaction in which a C—H bond is
broken and an oxygen atom is inserted to produce
an alcohol, C—O—H. If the breakage of the C—H
bond is the rate-limiting step in the reaction, replace-
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ment of the hydrogen with deuterium can lead to a
change in the rate. This change is referred to as the
kinetic isotope effect. The magnitude of the isotope
effect provides information about the mechanism by
which the C—H bond is broken provided that C—H
bond breakage is rate limiting.

Early studies of the kinetic isotope effect for P450-
catalyzed hydroxylations gave relatively low values
(kn/kp < 2) that were cited as evidence for a concerted
“oxene” insertion mechanism.®® In 1977, however,
Hjelmeland et al.”® demonstrated for the first time
that the isotope effect for benzylic hydroxylation was
much larger (ku/kp > 11) than had ever been reported
previously. This result was followed quickly by a
similar study of aliphatic hydroxylation by Groves
et al. in which an isotope effect of comparable
magnitude was reported.” The difference between
the earlier investigations and those of Hjelmeland™
and of Groves’™ was that the latter studies deter-
mined the isotope effect in an intramolecular manner.
The earlier, intermolecular isotope effects were de-
termined by simply measuring the rate of hydroxy-
lation of a particular substrate and then remeasuring
the rate when the site of hydroxylation was deuter-
ated. When C—H bond breakage is not rate limiting,
however, this method gives a low value. In those
cases, it is said that the isotope effect has been
masked. The intramolecular isotope effect method
involves examining a molecule with two symmetri-
cally related C—H sites, one of which is proton-
bearing and the other deuterated. In such a mol-
ecule, the only step that will be sensitive to
deuteration will be the step in which the C—H bond
is broken. The fact that such a large isotope effect
was observed by Hjelmeland™ and by Groves’ was
cited as evidence in favor of a mechanism involving
complete breakage of the C—H bond during catalysis.
Lack of carbocation rearrangements (see below) and
the extremely low acidity of typical aliphatic C—H
bonds argued against mechanisms involving carboca-
tions and carbanions, respectively. This suggested
a two step radical mechanism involving (i) abstrac-
tion of a hydrogen atom at the C—H site of reaction
to generate a carbon radical and hydroxy radical
bound to the heme iron and (ii) recombination of the
two radicals to give the alcohol.

Recently, Dawson and co-workers*' have directly
observed a large intermolecular isotope effect (ku/kp
> 11) for substrate C—H activation using a derivative
of camphor, the physiological substrate for P450-
CAM, in which the normal site of hydroxylation is
blocked with fluorines.** They had previously shown
that this substrate, 5,5-difluorocamphor, reacts al-
most exclusively at C-9 to form the primary alcohol
at a substantially diminished rate.”? The ratio of the
independently measured rates of hydroxylation of
that substrate and its 9,9,9-d; analog was in excess
of 11. The observation of such a large isotope effect
in an intermolecular study suggests that the rate-
limiting step for hydroxylation of that substrate by
P450-CAM has switched from electron to oxygen
transfer.#

2. Stereochemical Scrambling

In 1978, Groves et al. observed that hydroxylation
of (exo,exo,exo,exo0-2,3,5,6-d4 norbornane (Figure 10A)
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by purified liver microsomal P450 (P450-2B4) led to
considerable stereochemical scrambling.5%®"* The
monohydroxylated exo and endo alcohols, a, @', b, and
b’, were formed (Figure 10A). The detection of an
endo alcohol with only three deuterium atoms (b) and
an exo alcohol with all four deuterium atoms (a')
showed that the reaction did not proceed with reten-
tion of stereochemistry. Stereochemical scrambling
was also reported by Sligar and co-workers” for the
hydroxylations of (5-exo- or (5-endo-d;)camphor by
P450-CAM (Figure 10B). They found that P450-
CAM could remove either 5-endo or 5-exo hydrogen
(deuterium) from camphor, but hydroxylation oc-
curred only at the 5-exo position. It was subsequently
demonstrated by Groves and Sabramanian’® using
purified rabbit liver microsomal P450-2B4 that the
allylic rearrangement of double bonds was induced
upon hydroxylation of (3,3,6,6-ds)cyclohexene (Figure
10C, c vs d). White and co-workers’ have also shown
that substantial (up to 40%) stereochemical inversion
(crossover) occurred in the P450-catalyzed hydroxy-
lation of the S and R enantiomers of (1-d;)phenyl-
ethane (ethylbenzene) (Figure 10D).

3. Mechanistic Implications Favoring the Oxygen Rebound
Mechanism

The large intra- and intermolecular isotope effect
and stereochemical scrambling observed for hydro-
carbon hydroxylation by various P450 isozymes
strongly support a two-step mechanism involving
complete breakage of the C—H bond to give a discrete
intermediate with a finite lifetime. Such an inter-
mediate can in principle be either a carbon radical
or carbocation, both of which are planar at the carbon
center and can thus recombine with a hydroxyl
radical or anion, respectively, on either side of the
plane. These two mechanisms can be distinguished
by the relatively large intrinsic deuterium isotope
effects (kn/kp = 10—14) observed,’®"%76 which are
most consistent with a hydrogen atom abstraction (to
generate a carbon radical), followed by hydroxyl
radical recombination (“oxygen rebound”) to form the
hydroxylated hydrocarbons (Figure 9, bottom).5%.77
This radical mechanism is also supported by the
absence of skeleton-rearranged alcohol products which
were expected to be generated from a carbocation
intermediate when certain substrates such as nor-
carane (bicyclo[4.1.0]heptane)’® and methylcyclopro-
pane (vide infra) were employed for P450-catalyzed
hydroxylation. Stereospecific hydrocarbon hydroxy-
lations by P450 can be attributed to the rigid and
stereospecific binding of the substrates to the par-
ticular enzyme active sites. This is especially true
for bacterial and constitutive mammalian P450s, the
latter of which hydroxylate specific endogenous sub-
strates (e.g., sterols). With xenobiotic-inducible and
metabolizing microsomal P450s, on the other hand,
a relatively wide substrate specificity is observed,
implying a loose contact with the substrates at their
active sites.

4. Radical Clocks

The proposed carbon radical intermediate in the
P450 cycle would not be expected to have a long
enough lifetime to be directly observed. However, as
initially reported by Ortiz de Montellano and co-
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workers, its existence and lifetime can be estimated
using “radical clock”’8~80 substrates that have highly
strained carbocyclic structures such as methycyclo-
propane and bicyclo[2.1.0]pentane (1,2-methylenecy-
clopentane) (Figure 11).”® A carbon radical localized
adjacent to the cyclopropane ring of such substrates
rearranges to another ring-opened carbon radical at
a known rate (k.78 Hence, the rate of oxygen
rebound (kon) can be estimated by examining the
ratio of unrearranged/rearranged hydroxylated prod-
ucts. Methylcyclopropane (and the other simple
cyclopropanes initially examined)®! yielded only un-
rearranged alcohol, suggesting that the carbon radi-
cal rearrangement rate (k, = ~108 s™) is relatively
slow as compared with the oxygen rebound rate (kop).
Alternatively, the carbon radical of bicyclo[2.1.0]-
pentane has a sufficiently fast rearrangement rate
(2.1 x 10° s71)7879 to compete with the hydroxyl
radical recombination rate (kon); this substrate gave
a mixture of the unrearranged and rearranged alco-
hol products in a ratio of 1:6.5—7.7879 Thus, the kon

value for this substrate was calculated to be 1.4 x
1010 571_78,81

[FeO** (FeOI** [FeO*"
N N N N N——N
\FM N \FM \FM
6 OH OH

bicyclo[2.1.0]pentane
Kon

o

unrearranged

Kk =21x10%s"

kow =1.4x 100"

Jril

rearranged

Figure 11. Use of bicyclo[2.1.0]pentane as a radical clock
for P450-2B1-catalyzed hydrocarbon hydroxylation to es-
timate the rate of the radical rebound reaction between
the substrate carbon radical and the enzyme iron-bound
hydroxyl radical. The rate of the hydroxyl radical transfer
reaction (k) is calculated from the ratio of the rearranged
to unrearranged alcohol products and the known rate of
the rearrangement reaction (k;). Adapted from ref 78.

Recently, however, some researchers have reported
results using faster radical clock substrates that
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Figure 12. (Top) Plot of the ratio of rearranged (R) to
unrearranged (U) alcohol products [log (R/U)] vs log k;
(kr is the rate of ring opening of a given radical) for the
P450-2B4-catalyzed hydroxylation of substrates 8—13.
(Bottom) Table showing the unrearranged (U*) and rear-
ranged (R°) radicals formed during the P450-catalyzed
reaction with substrates 8—13 along with the rate of ring
opening (k;), the [UOH]/[ROH] ratio, and the estimated
oxygen rebound rate (“kon”) for each substrate. Taken from
refs 81 and 83 (copyrights 1993 and 1994, respectively,
American Chemical Society).

challenge the radical mechanism of P450-catalyzed
hydroxylations of hydrocarbons. Atkinson and In-
gold® found that the four cyclopropane derivatives
shown in Figure 12 (9—12) also gave a mixture of
the unrearranged and rearranged alcohol products
in various ratios upon hydroxylations catalyzed by
the rabbit liver microsomes and by purified P450-
2B4 (Figure 12). The k, values for these substrates
range from fast (10° s™%) (9 and 10) to ultrafast (10!
s (11 and 12) values. Of particular note, the
calculated ko values for these fast-clock substrates
varied from 10 (9 and 10) to 102 s (11 and 12),
which are 1—2 orders of magnitude higher than the
value determined for bicyclo[2.1.0]pentane (8). The
kon values for the latter two ultrafast substrates (11
and 12) are unreasonably high. The possibility that
steric effects at the enzyme active site might slow
the radical clocks for 11 and 12 and yield overesti-
mated kon values was considered. However, results
with two systems argue against that suggestion. (i)
Both enantiomers [(1S,2S) and (1R,2R)] of 11, which
are expected to interact differently with the enzyme
active site, gave similar product distributions as well
as apparent kon values.®2 Furthermore, (ii) the new
constrained substrate 13, which would be less likely
to be subject to steric effects, also gave an incredibly
high apparent koy value of ~1.3 x 103 s71.8 This
value was essentially equal to the rate constant for
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decomposition of a transition state. The plot of the
ratio of rearranged (R) to unrearranged (U) alcohol
products [log(R/U)] vs log k; (Figure 12, top) clearly
reveals a lack of correlation between these param-
eters. A linear correlation would be expected from a
radical “oxygen rebound” mechanism because higher
k. values would produce more rearranged alcohol
products. Actually, much less rearranged product
was found for 13 than expected while the opposite is
true for 8.

5. lonic Mechanism Involving a Carbocation Intermediate

To explain these puzzling findings, Newcomb,
Hollenberg, and their co-workers have suggested an
ionic mechanism.®® Unfortunately, the previously
employed radical clock substrates (e.g.; 8—13) do not
distinguish between radical and carbocation inter-
mediates because both would give the same rear-
rangement products.?* To overcome this problem,
Newcomb and co-workers have introduced an ul-
trafast radical clock substrate, (trans,trans-2-tert-
butoxy-3-phenylcyclopropyl)methane (14 in Figure
13), as a hypersensitive probe which can distinguish
between radical and carbocation intermediates on the
basis of the identity of the rearranged products.384
Hydroxylation of this hypersensitive probe by rat
liver microsomes and by the purified microsomal
P450-2B1 reconstituted system gave the unrear-
ranged alcohol 16 with two rearranged minor prod-
ucts, 18 and 22, in a molar ratio of 22:1:2.5.84 These
latter two products were derived from 14 by ring
opening toward the phenyl substituent (via a carbon
radical, 15 — 17) and toward the tert-butoxy sub-
stituent (via a carbocation, 20 — 21), respectively.
In addition, substantial amounts of aromatic ring-
hydroxylated products (23) were also produced. These
results led Newcomb to conclude that both radical
and carbocation mechanisms were involved in the
rearrangements. Variable partitioning between the
radical and carbocation mechanisms would explain
the wide range of kon values described above (e.g.,
Figure 12). They also suggested that the relatively
low kon values (<10 s71) determined in some cases
might have resulted from greater involvement of the
carbocation mechanism.

Since many of the radical clock substrates exam-
ined previously yielded exclusively unrearranged
alcohol products, obligatory carbocation formation
can be excluded; it is known that the cyclopropyl-
carbinyl cation exists only in resonance with its ring-
opened homoallyl cation (e.g., 20 < 21) rather than
as a discrete compound.?48 Thus, the following two
mechanisms for the carbocation formation have been
suggested: (i) A radical intermediate, 15, formed by
hydrogen atom abstraction (14 — 15) is further
oxidized to a carbocation (15 — 20) in competition
with the oxygen rebound reaction (15 — 16). Alter-
natively, (ii) P450 catalyzes the formation of a pro-
tonated alcohol by OH* (not OH as indicated in ref
84) insertion into the methyl C—H bond (14 — 19),
followed by competition between deprotonation to
form the unrearranged alcohol (19 — 16) and loss of
water to give the carbocation (19 — 20). This OH*
insertion mechanism is analogous to the theoretical
proposal of Bach et al.8¢ for P450-catalyzed hydroxy-
lations. The latter process, however, requires het-
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2-tert-butoxy- 3-phenylcyclopropyl)methane (14) with cytochrome P450-2B4. Adapted from ref 84.

erolytic O—O bond cleavage of the P450 ferric per-
oxide (Fe''-OOH) state to generate OH* and ferric—
oxo Fe!'"O?™ [(FeO)*] species.?* This is opposite to the
generally accepted mechanism of heterolytic O—O
bond cleavage to generate compound I [Fe!'' + oxygen
atom = (FeO)3*] and water (OH~ + H™).

Newcomb and co-workers then re-evaluated the
oxygen radical rebound rate constant as well as its
mechanism. Using the ratio of the radical-derived
rearranged product, 18, to the sum of unrearranged
alcohol, 16, plus cation-derived rearranged product,
22, which is 1:(22 + 2.5) = 1:24.5, they calculated an
oxygen rebound rate constant (kon) (15 + *OH — 16)
of 1.5 x 10 s.71.87 This value is very similar to that
previously determined for the constrained radical
clock substrate 13 in Figure 12. From this value,
they determined the lifetime of the radical to be ~70
fs.87

The extremely short lifetime (<100 fs) of the radical
intermediates derived from these substrates has led
these researchers to propose the mechanistic se-
guence depicted in Figure 14, in which the progress
of bond cleavage and formation are schematically
described in terms of nuclear motion and energy
changes. It was suggested that since the oxygen
rebound process occurs at a rate (~10'2 s~1) compa-
rable to that of a single Fe—O bond vibration, there
is no activation energy, and therefore no intermedi-
ate, in that process. This is apparently contradictory
to the observation that a portion (~5%) of the radical
underwent rearrangement. However, these research-
ers postulated this to be a theoretically feasible
situation, where one can consider that zero activation
energy process (collapse to unrearranged product)

H—R H—-R H *R H R H R
\ \ / \/
I i i °
! mn
FeIV Fe Fe Fe Fe
70 fs

energy

Figure 14. Sequence of nuclear motions in the cytochrome
P450- catalyzed hydroxylation of alkanes proposed by
Newcomb et al. The P450 reactive oxygen intermediate (7)
is arbitrarily shown as an Fe'V—oxyl radical (7a). Taken
from ref 84 (copyright 1995, American Chemical Society).
and a small activation energy process (rearrange-
ment) compete. Such a reaction process inevitably
requires that the hydroxylation reaction is a con-
certed insertion as opposed to the sequential process
of oxygen rebound reaction. Despite the concerted
nature of the hydroxylation reaction, the short but
finite lifetime of the radical indicates that nuclear
motion is nonsynchronous; i.e., abstraction of the
hydrogen atom from carbon must precede the forma-
tion of the C—0O bond. Newcomb and co-workers®*
then concluded that a lifetime of less than 100 fs is
too short for hydrogen atom abstraction to occur with
a linear or near-linear C—H---O—Fe arrangement as
is generally accepted for the nonconcerted oxygen
rebound mechanism, but instead a “side-on” approach
of the oxygen atom to the C—H bond would be
required so that the oxygen atom is within bonding
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distance to carbon at the moment of hydrogen atom
abstraction.

6. Remaining Mechanistic Uncertainties

Although the carbocation mechanism proposed by
Newcomb et al.8 (also by Bach et al.?%) rationalizes
the above-mentioned inconsistencies with the radical
mechanism, the following critical questions remain
unanswered. First, is the carbocation mechanism in
competition with the radical mechanism in all P450
hydroxylation reactions? If so, why do certain radical
clock substrates (e.g., norcarane’” and methylcyclo-
propane) not give skeletal-rearranged products as
would be expected from a carbocation intermediate?
Second, the evidence of stereochemical scrambling
(Figure 10), which was used to exclude the concerted
oxygen insertion mechanism, is contradictory to the
“concerted nonsynchronous” mechanism proposed by
Newcomb et al. How can these two incompatible
mechanisms be reconciled? Third, the “ultrafast”
radical clocks (k; = ~4 x 10 s71), 11 in Figure 12,
were previously shown by several researchers includ-
ing Ingold and Newcomb to exhibit a large primary
deuterium kinetic isotope effect of ~8 for the methyl
group hydroxylation.8? This large isotope effect, as
well as the values in excess of 11 described above,
seem to be inconsistent with the oxygen side-on
mechanism (Figure 14), which gives relatively small
primary isotope effect.

Establishment of a definitive mechanism for P450-
catalyzed hydroxylation of hydrocarbons, using radi-
cal clock probes in particular, requires further stud-
ies. For example, the identification of the source of
the oxygen atom, either O, (radical mechanism) or
H,O (carbocation mechanism), incorporated in the
rearranged alcohol products for such radical clock
substrates as those (e.g., 8—13 in Figure 12) that
would give identical products by the two mechanisms,
should provide useful information which should be
able to quantitatively demonstrate whether a cation
intermediate is indeed involved.

H. Mechanism of Alkene Epoxidation 11162

The insertion of an oxygen atom into the carbon—
carbon s bond of an olefin by cytochrome P450 yields
epoxide products (Figure 3b.i), most often with reten-
tion of stereochemistry; e.g., epoxidation of a cis olefin
gives a cis epoxide.888% Although this observation is
consistent with a concerted oxygen atom transfer
mechanism (Figure 9, top), it is now generally agreed
that the mechanism of olefin epoxidation by P450 is
a stepwise process initiated by formation of a charge
transfer complex (Figure 15).1%219091 From the charge
transfer complex, a variety of paths ensue leading
to epoxide formation, heme alkylation, or group
transfer to a carbonyl-containing product. In general,
the charge transfer complex undergoes electron trans-
fer to an olefin cation radical. This can proceed to
epoxide via either radical or cationic paths with
branch points to the other products (Figure 15).1121
The observations that heme alkylation occurs with
terminal olefins and that some olefins undergo sub-
stituent migration appear to be the result of a
reaction pathway involving radical and/or cationic
intermediates as seen in Figure 15.
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Figure 15. Schematic illustration of the mechanism of
P450-catalyzed epoxidation of olefins. See text for descrip-
tion.

1. Suicide Inactivation by Terminal Olefins and
Substituent Migration

Reaction of P450 with terminal olefins such as
ethylene, propene, and 1-octene, for example, yields
the expected epoxide product as well as heme modi-
fication (Figure 15) resulting in inactivation (destruc-
tion) of the P450 enzyme during catalysis.®® The
modified heme group has been isolated as the metal-
free, green, N-alkylated porphyrin. Thus, terminal
olefins are suicide substrates (or mechanism-based
inhibitors) of P450.°% For some olefin substrates,
substituent migration (group shift) to the adjacent
carbon occurs (e.g., trichloroethene — trichloro-
acetaldehyde)®?% along with epoxide formation. It
has been shown that the epoxide products, when
incubated in the P450 monooxygenase system, do not
cause such N-alkylation of the heme group or group
migration.®* Thus, epoxide formation is not an
intermediate step for these reactions. The N-alky-
lation of the heme prosthetic group suggests the
formation of a carbon radical or cation intermediate
generated via a pathway that is either independent
of or in competition with epoxide formation. The
group migration strongly argues for the formation of
cationic intermediates. Attempts to prove the forma-
tion of radical or cationic intermediates by employing
specially designed radical clock-type substrates (see
the previous section) have been unsuccessful. For
example, trans-1-phenyl-2-vinylcyclopropane® has
been used as a substrate for rat liver microsomal
P450-2B1 by Ortiz de Montellano and co-workers,
and olefins having the trans-2,trans-3-diphenyl-
cyclopropyl substituent® as substrate for an iron—
porphyrin/m-chloroperbenzoic acid system by Bruice
and /Castellino. Only the ring-unrearranged epoxide
products were found as the catalytic oxidation prod-
ucts for both cases.

2. Radical Cation Formation

Ostovic and Bruice®® have suggested that the
radical cation formation upon one-electron oxidation
of the olefin ot bond by P450 (electron transfer) is an
unlikely pathway because the oxidation potential
(Ey12) of the hypervalent P450 species may not be
sufficiently high. On the other hand, Macdonald,
Guengerich, and co-workers®” have estimated the Ey,
value for P450 [(FeO)3*/(FeO)?t] to be ~1.85 V [vs
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respectively. Adapted from ref 16.

saturated calomel electrode (SCE)] based on their
systematic studies of P450-2B1-catalyzed oxidation
(N-demethylation) of substituted N,N-dimethyl-
anilines (vide infra). Since this E,;, value for P450
is comparable to the Ey/, values of most of the olefins
used (1.6—2.5 V vs SCE), the feasibility of the olefin
free radical cation formation in enzymatic oxidations
has not been ruled out by these researchers.!

3. Proton Exchange

An intriguing finding by Groves and co-workers®
is that the P450-catalyzed epoxidation of 1-propene
and 1-butene (but not 1-pentene and 1-octene) is
accompanied by a significant exchange (85—100%) of
a specific proton (or deuterium label) that is trans to
an alkyl group (R), with a deuterium or a proton
derived from D,0O or H,O, respectively. Curiously,
such proton exchange has been observed only when
the enzymatic reaction is supported by NADPH/
NADPH-cytochrome P450 reductase but not by the
artificial oxygen donor iodosobenzene, nor in nonen-
zymatic metalloporphyrin model systems. To ratio-
nalize the results, these researchers have proposed
a mechanism in which an oxametallacycle intermedi-
ate is formed in equilibrium with an iron—carbene
adduct (Figure 16). The latter is generated by
enzyme base-catalyzed stereospecific reversible re-
moval of a proton from the former. However, because
the proton exchange is limited to lower terminal
olefins, the significance of the oxametallocyle forma-
tion in general olefin epoxidation mechanism is
unclear.

4. Epoxidation by Metalloporphyrin Models

Model studies employing metallo(Fe, Mn, Cr)-
porphyrins have suggested the initial rate-limiting
formation of a charge transfer (or ;t) complex between
an olefin and a hypervalent oxo—metalloporphyrin
(Figure 15).%° A recent paper reports that such a
charge transfer complex has been detected with NMR
spectroscopy.®® The charge transfer complex can
subsequently react in several ways such as to a
radical cation by electron transfer, to an Fe—O-
attached radical species (radical o complex) by radi-
caloid addition to the & bond, or possibly, to a Fe—
O-attached cation species (cation o complex) by
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P450-catalyzed oxygenation of alkynes. See text for de-
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electrophilic addition to the &x bond. Either of these
two o complexes will, through competing pathways,
lead to the formation of an epoxide, N-alkylated heme
group, or a group-shifted carbonyl compound (from
the cation o complex).

5. Reactions of Alkynes

Alkynes are also oxidized by P450 (Figure 3b.ii) in
complex pathways as outlined in Figure 17. The
oxidation of terminal alkynes leads to either the
formation of carboxylic acid, enzyme protein modifi-
cation, or heme N-alkylation. Thus, terminal alkynes
serve as suicide substrates for P450 as do terminal
olefins as described above. These observations, in
conjugation with deuterium labeling studies, have led
to the postulation of a mechanism of terminal alkyne
oxidation by P450 as schematically shown in Figure
17.%

|. Mechanism of Arene Epoxidation, Aromatic
Hydroxylation, and the “NIH Shift”

The hydroxylation of aromatic compounds by P450
has long been considered to occur via an arene oxide
(an epoxide) formation® (Figure 3.c). Subsequent
nonenzymatic opening of the epoxide ring yields the
hydroxylated product. During the course of this
process, the migration of substituents (H, ?H, 3H, Cl,
Br, etc.) occurs from the site of hydroxylation to the
adjacent carbon. This process is known as the “NIH
shift”.1% The postulated mechanism accounting for
the NIH shift is schematically shown in Figure 18,
where the epoxide ring opening proceeds through the
formation of a zwitterion intermediate, followed by
the group migration concomitant with the ketone
formation. Subsequent enolization gives the hy-
droxylated arene products, which consist of one with
the substituent ortho to the hydroxyl group and
another with the original substituent lost.

An argument for the formation of a z-cation radical
by direct electron transfer from polycyclic aromatic
hydrocarbons to the hypervalent P450 species has
been suggested by Cavalieri and co-workers.101-103
The involvement of a single-electron transfer step in
arene hydroxylations has also been suggested from
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the observation of a linear correlation between the
rates (K.at) of meta hydroxylation of monohalogen-
substituted benzene by P450-2B1, and the " values
(which correlate with the E;, values for benzene) of
the substituents.’®* However, a concerted oxygen
atom insertion mechanism cannot be ruled out for
some cases.?! Alternative mechanisms (not shown
here) have also been suggested which do not involve
the epoxide intermediate but rather proceed by direct
hydroxylation of the aromatic moiety.1% Although
the mechanism(s) of aromatic hydroxylations has
(have) not been established unambiguously, Guenger-
ich and Macdonald have proposed a unified common
reaction scheme involving a radical o complex or
cation o complex that may be applicable to epoxida-
tion of both olefins and arenes.*!

J. Dealkylation and Oxygenation of
Heteroatom-Containing Substrates

1. Oxygen Source

Substrates that contain a heteroatom (X = NR, S,
and O) that is alkylated (RXCHR') have been shown
to undergo dealkylation upon oxidation by P450 to
yield a dealkylated heteroatom-containing compound
and an aldehyde (RXH, R'"CHO) (Figure 3d—f). Since
the oxygen atom in R'CHO exchanges rapidly with
solvent water (through the aldehyde—gem diol equi-
librium), the origin of the aldehyde oxygen atom and
the mechanism of these dealkylation reactions have
been the subject of some speculation. For alkyl-
amines, the oxygen atom has been established to
come from dioxygen in two ways: (i) by rapid in situ
reduction of the aldehyde to alcohol to prevent oxygen
exchange!®109 or, more definitively, (ii) by using
N-methylcarbazole as a substrate, to yield a stable
oxygenated product N-(hydroxymethyl)carbazole.*'011
The source of the oxygen atom incorporated into the
product for P450-catalyzed reactions utilizing perox-
ides (ROOH) or peracids [RC(O)OOH] in place of
NADPH and O,, is the respective oxygen donor.1?

2. One-Electron Transfer Mechanism

Guengerich and Macdonald have proposed an
electron transfer/deprotonation mechanism for P450-
catalyzed N-dealkylation of alkylamines as fol-

lows!t113 (Figure 19, X = NR: 24 — 25 — 26 — 28):
initial one-electron oxidation of the amine nitrogen
gives an aminium cation radical, 25, which is fol-
lowed by rapid deprotonation of the hydrogen on the
adjacent carbon (i.e., a-hydrogen) and internal elec-
tron transfer to yield an a-carbon-centered neutral
radical, 26. Subsequent oxygen rebound to this
carbon radical gives the carbinolamine, 28, which
nonenzymatically decomposes to the final products,
the dealkylated amine and aldehyde. In this path-
way, the formation of the a-carbon radical does not
involve direct hydrogen atom abstraction. An alter-
native mechanism involving direct hydrogen atom
abstraction will be discussed below. In the absence
of a-hydrogens, alkylamine substrates give N-hy-
droxylated (NOH) (Figure 3g) or N-oxygenated (NTO")
(Figure 3h) products upon oxygenation by P450. For
example, p-naphthylamine is oxidized to 2-(hy-
droxyamino)naphthalene and quinidine (a tertiary
amine) to quinidine N-oxides.''3'* It should be
pointed out that, even for those alkylamines which
predominantly undergo N-dealkylations, small
amounts of N-oxygenation products are also detected
by sensitive assays.!'®

Peroxidases also catalyze the dealkylation of alkyl-
amines to yield the same products as obtained with
P450, but via disproportionation of the amine cation
radical to form an imine cation (RNH™=CHR’) fol-
lowed by hydration (Figure 19: 24 — 25 — 27 —
28).113 In this case, the oxygen atom incorporated
into the products is derived from medium water
rather than peroxides or peracids.

In the case of sulfur-containing substrates, sulfox-
ides (29, X = S) are the predominant products even
when o-hydrogens are available, e.g., dimethyl sul-
fide — dimethyl sulfoxide (Figure 3i). This is due to
the relatively stable nature of the sulfur cation
radical, 25, as compared with the nitrogen radicals.
Consistent with this mechanism (24 — 25 — 29),
Watanabe et al.'*® found that the rates of sulfoxide
formation (log k) for a series of para-substituted
thioanisoles were correlated with the one-electron
oxidation potentials of these thioanisoles (1.26—1.85
V vs SCE) as well as the o values of the substitu-
ents. Phosphorus compounds are even more readily
oxidized to phosphine oxide than sulfides to sulfox-
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ides; phosphorus compounds have even lower oxida-
tion potentials than sulfur compounds.

On the other hand, oxygen atom-containing sub-
strates cannot be oxidized by P450 via the one-
electron transfer mechanism due to the more elec-
tronegative nature of oxygen, which requires much
higher ionization energies than nitrogen and sulfur
atoms. The oxygenation of oxygen-containing sub-
strates is therefore initiated by direct hydrogen
abstraction from the a-carbon, followed by oxygen
rebound (Figure 19, X = O: 24 — 26 — 28).11.21

3. Isotope Effects and Their Mechanistic Implications

The N-demethylation of N,N-dimethylaniline by
P450 exhibits low Kinetic deuterium isotope effects
in the range of 1—2.117 This has been interpreted as
being most consistent with the initial one-electron
transfer mechanism as described above. On the
other hand, the large Kkinetic deuterium isotope
effects observed for O-dealkylation of 7-ethoxy-
coumarin (ky/kp = 13-14) lend support to the direct
hydrogen abstraction mechanism.’*

Although kinetic deuterium isotope effects can be
used as informative mechanistic probes for P450-
catalyzed hydroxylations of various substrates, it has
been pointed out that isotope effects must be subject
to careful interpretation. Recent studies by Dinno-
cenzo and co-workers!8-120 have indicated that the
hydrogen atom abstraction (24 — 26 — 28) vs an
electron transfer/deprotonation mechanism (24 — 25
— 26 — 28) for dealkylation of amines cannot be
distinguished by the magnitude of kinetic deuterium
isotope effects alone. Examples of model alkylamine
hydrogen atom abstraction reactions with low isotope
effects and model alkylamine cation radical depro-
tonation reactions with high isotope effects have been
presented.}®-120 As an example of the former case,
Griller and Scaiano reported an isotope effect of only
1.4 for hydrogen atom abstraction from trimethyl-
amine (do and dg) by the tert-butoxy radical.*?* In

an example of the latter case, proton transfer from
the tertiary amine cation radical of N,N-di(4-anisi-
dinyl)-N-methylamine (the estimated pK, = 10 for
the cation radical in acetonitrile) to the base quinu-
clidine gives a relatively large kinetic isotope effect
of 7.7.222 These findings are at odds with the
premise’? that the hydrogen atom abstraction mech-
anism should yield only high isotope effects (greater
than 7) and that the electron transfer/deprotonation
mechanism should exhibit only low isotope effects
(less than 4). In fact, the relatively high isotope effect
observed by Dinnocenzo and co-workers'%122 for
deprotonation of amine cation radicals may help
explain the unexpectedly high isotope effects (8.7—
10) observed for the oxidative N-dealkylation of N,N-
dimethylaniline catalyzed by peroxidases (as well as
hemoglobin and myoglobin). The iron-bound oxygen
atoms in the hypervalent intermediates (compounds
I and I1) of horseradish peroxidase have been shown
to be inaccessible for direct hydrogen abstraction
from the alkylamine substrate.’* In this case, sub-
strate oxidations proceed through electron transfer
at the heme edge.

Unlike peroxidases, the P450 enzymes lack basic
residues in their active sites to serve as proton
acceptors.’® Yet, P450-catalyzed N-dealkylations
exhibit low kinetic isotope effects. This has been
interpreted by Guengerich and Macdonald'*® to be
due to an initial one-electron oxidation of the amine
nitrogen followed by rapid deprotonation of the
o-methyl group of the postulated aminium radical
intermediate. Further, these authors have proposed
that the P450 [Fe'V=0]?* species itself (equivalent
to the deprotonated form of compound Il of peroxi-
dases) may play a role of a specific base to facilitate
proton transfer 8113

4. Amine Cation Radical Formation

Although formation of nitrogen or sulfur cation
radicals cannot readily be detected for N- and S-
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Figure 20. (Top) Reaction of P450 with cyclopropylamines leading to enzyme inactivation. See text for description. (Bottom)
Reaction of P450 with 1,4-dihydropyridines leading to aromatization and enzyme inactivation. See text for description.

containing substrates, the electron transfer/deproto-
nation mechanism was supported by the following
experimental results*?! (Figure 20): (i) Cyclopropyl-
amines give ring-opened products and also cause
irreversible enzyme inactivation. (ii) 4-Alkyl-1,4-
dihydropyridines produce an alkyl radical which
alkylates the heme group and leads to enzyme
inactivation.

As for cyclopropylamine, N-(1-methyl)cyclopropyl-
N-benzylamine (Figure 20, top) and its desmethyl
derivative, N-benzylcyclopropylamine (not shown),
have exhibited comparably effective enzyme inactiva-
tion as well as heme group loss. Since the formation
of a cyclopropyl iminium cation (>C=N7*HR) is only
possible for the desmethyl derivative N-benzylcyclo-
propylamine, the iminium cation has been ruled out
as the major cause of the enzyme inactivation.23124
These results have been rationalized by proposing
that the cyclopropylamines undergo one-electron
oxidation to the radical cation, followed by rapid ring
opening to give S-iminium methylene radical, which
will alkylate either the protein or the heme group
(Figure 20, top). Similarly, N-cyclobutylamine is not
only a mechanism-based inhibitor of P450 but also
gives ring-rearranged oxidation products. Thus, the
same mechanism, i.e., iminium cation radical forma-
tion, can be applied to this amine as proposed for
cyclopropylamines. This mechanism is also sup-
ported by the demonstration that the rates of enzy-
matic inactivation correlate well with the E; of a
series of N- and halogen-containing cyclopropyl com-
pounds.1?3

The aromatization of 1,4-dihydropyridines is one
of the P450-catalyzed dehydrogenation reactions
(Figure 3m). P450-catalyzed oxidation of 4-alkyl-1,4-
dihydropyridines gives two aromatic metabolites,
4-alkyl group-retaining (i.e., 4-hydrogen removed)
and dealkylated pyridines, in addition to the N-
alkylated heme group (Figure 20, bottom). The alkyl
group released was also spin-trapped, showing that

the 4-alkyl group is eliminated as a free radical.'?®
When the 4-substituent is an aryl (e.g., phenyl)
group, its extrusion does not occur.’?® Instead,
4-arylpyridine derivatives are formed. The deute-
rium isotope effects for the removal of the 4-hydrogen
for dihydropyridine aromatization are generally
small,’?” arguing against the initial hydroxylation at
the 4-position.

5. Effective Oxidation—Reduction Potential of the P450
Reactive Oxygen Species

To estimate the effective oxidation—reduction po-
tential [E1z@pp)] Of the postulated hypervalent P450
species, Macdonald, Guengerich, and co-workers®’
have examined the rates (kca) of rat liver P450-2B1-
catalyzed N-demethylation for a series of para (and
one meta)-substituted N,N-dimethylanilines in the
system supported by O,/NADPH/NADPH-P450-re-
ductase or by iodosobenzene. These substituted N,N-
dimethylanilines had different Ey» values ranging
from 0.74 to 1.27 V (vs SCE). From a good correlation
between the log(K.a) and the substrate E;;; values and
its theoretical analysis, these researchers have con-
cluded that the Eij@pp) for P450-2B1 is in the range
of 1.7-2.0 V (vs SCE), i.e., ~1.85 V. This E;;, value
is significantly higher than the value measured for
model iron porphyrins (Ey, = 1.0—1.8 V, vs SCE)1?8129
and that of compounds I/11 of horseradish peroxidase
(Ex2 = ~0.75 V, vs SCE).'1®® To account for the
abnormally high E;;, for P450 as compared with those
for other systems, it has been suggested that the
E1/2app) for P450 is the sum of the intrinsic oxidation—
reduction potential, Ex/ny), for the postulated hyper-
valent active center of P450 ([FeO]*") and a Coulom-
bic factor [E()] that is a function of the electrostatic
factors such as the charges of the enzyme oxidant and
substrate.®” P450 is distinct from horseradish per-
oxidase in that the former has the electron-releasing
cysteine thiolate axial ligand in contrast to histidine
imidazole axial ligation for the latter. In addition,
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the active site of P450 monooxygenases consists of
mostly nonpolar amino acid residues as compared
with the presence of positively charged group(s) for
peroxidases. Thus, it has been suggested that the
unique chemical reactivity (and the relatively high
E./, value) of P450 may be attributed, at least in part,
to the electronic effects of the negatively charged
thiolate axial ligand.%’

6. Direct Hydrogen Atom Abstraction Mechanism

All the data and their interpretations (including
the estimation of the apparent Ey; values for P450)
for the P450-catalyzed amine oxidations described
above are rationalized on the basis of the postulated
mechanism, which involves the initial one-electron
oxidation of the amine nitrogen, followed by rapid
removal of a proton from the a-methyl group, when
available.'*3 This mechanism has, however, re-
cently been challenged by Dinnocenzo and co-work-
ers, who have put forward an alternative mechanism
by which amine oxidations proceed by initial direct
hydrogen atom abstraction from the a-methyl
group.'8-120 These researchers have proposed a new
method for distinguishing between these two mech-
anisms of N-dealkylation which involves comparison
of the isotope effect profile for a series of para-
substituted (methyl, cyano, chloro, nitro) N,N-di-
methylanilines with mechanistically defined model
reactions.!'® Results obtained from reactions cata-
lyzed by a series of six different P450s were found to
match the hydrogen atom abstraction profile rather
than the electron transfer/deprotonation profile in
that the trend shows a linear correlation of isotope
effect magnitude with electron-withdrawing ability
of the para substituent. The electron transfer/
deprotonation model reaction exhibits a bell-shaped
profile with no clear correlation between the isotope
effect magnitude and electronic properties of the para
substituent.tt®

It is possible that the P450-catalyzed N-dealkyla-
tion reactions of alkylamines may involve the two
mechanisms and that incidence of either mechanism
in an N-dealkylation reaction might be influenced by
fine-tuning of the redox potential of the amine and/
or the lability of an a-hydrogen atom by the amine
substituents. Obviously, more work will be necessary
to determine whether only one of the two mecha-
nisms can exclusively rationalize all the data ob-
tained from P450-catalyzed amine oxidations.

K. Other Types of P450-Catalyzed Reactions

The wide range of reactions catalyzed by cyto-
chrome P450 has been listed in Figure 3. The
mechanism of oxygen incorporation into alkanes,
alkenes, arenes, alkylamines, thioethers, and ethers,
the subsequent dealkylation reactions in the latter
three cases, and N-hydroxylation, N-oxidation, and
S-oxidation (Figure 3, reactions a—i) has already been
discussed. Several of the other reaction types listed
in the figure, oxidative deamination, oxidative deha-
logenation, and alcohol/aldehyde oxidations,31:132
(Figure 3, reactions j—I) are basically oxygen transfer
reactions like those already presented. In some cases
(reactions j, k, and Li), as with the dealkylation
reactions, the initial hydroxylated product is unstable
and nonenzymically undergoes breakdown (loss of
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ammonia, HX, or water, respectively) to give the final
product.

1. Dehydrogenation and Dehydration Reactions

The role of P450 in dehydrogenation and dehydra-
tion (Figure 3, reactions m and n) has recently been
discussed by Mansuy?* and will not be discussed
further here. The dehydration of aldoximes (Figure
3n.i) and of other substrates is not a commonly
reported P450 reaction. The enzyme allene oxide
synthase, which catalyzes the dehydration of lipid
hydroperoxides to form allene oxides (Figure 3n.ii),
has been isolated from numerous sources and is the
best characterized example of P450-catalyzed dehy-
dration.'33

2. P450-Catalyzed Reductions

Four of the P450-catalyzed reactions listed in
Figure 3 (reactions o—r) involve the reductive conver-
sion of organic substrate. These include unusual
reactions such as the reductive § scission of alkyl
peroxides,'3* N-oxide reduction,*3> and epoxide reduc-
tion.'3¢  Although not included in Figure 3, an azore-
ductase activity of P450 has also been reported.t3’
These reactions involve the ferrous form of the
enzyme (Fe?*, 3 in Figure 6) as the reactive spe-
cies!?13134 rather than the common “reactive oxygen
species” ([FeO]**, 7 in Figure 6). In vivo, these
reactions would occur only under anaerobic or semi-
anaerobic conditions. Since P450 is serving as an
electron carrier in these reactions, it is functioning
as a real “cytochrome”.

Shoun and co-workers have recently isolated a very
interesting P450 enzyme from the fungus Fusarium
oxysporum?3® and designated it cytochrome P450-
NOR, where NOR stands for NO reductase. P450-
NOR catalyzes the anaerobic reduction of NO to N,O
(Figure 3, reaction s). Unlike all other P450 en-
zymes, this one involves direct reaction between
NADH and P450 without requiring electron carrier
proteins, although only in the presence of NO. It also
has a turnover number in excess of 500/s that is
considerably higher than any other known P450
enzyme. The enzyme is not inhibited by CO, sug-
gesting that free deoxyferrous P450 is not involved
in the reaction pathway. The ferrous—NO complex
has also been shown not to be an intermediate in the
reaction cycle.’®¢ It has been proposed that the
ferric—NO adduct reacts directly with NADH, serving
in its usual role as a hydride donor. The enzyme has
recently been crystallized.3°

3. P450 as an Isomerase

Hecker and Ullrich have identified two unusual
P450 enzymes, prostacyclin (PGIl;) synthase and
thromboxane (TXA;) synthase (Figure 3t),1° in which
the ferric heme iron is proposed to homolytically
cleave the endoperoxide O—O bond of PGH, (see
Figure 36, section V). The two enzymes differ in the
direction of opening of the peroxide en route to the
isomerized products. Both enzymes give rise to Soret
absorption peaks close to 450 nm in the ferrous—CO
state as expected for P450 enzymes. However, both
function entirely in the ferric and higher oxidation
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Figure 21. Proposed deformylation mechanisms for P450-aromatase (A) and P450-14DM (B). See text for description.

states and are not inhibited by CO. The catalytic
cycles of these two P450 enzymes have recently been
discussed in considerable detail by Mansuy?* and will
not be discussed further here.

4. P450-Catalyzed Lyase (C-C Bond Cleavage)
Reactions

Cytochrome P450 enzymes play key roles in the
biosynthesis of hydroxysteroids as part of the path-
ways for production of bile acids and steroid hor-
mones. In contrast to the relatively nonspecific P450
enzymes involved in the metabolism of xenobiotics,
the steroid hydroxylating P450s are very regio- and
stereospecific. These hydroxylation reactions pre-
sumably proceed via the same mechanism of oxygen
transfer described above in section I1G. An intrigu-
ing feature of several steroid-metabolizing P450s,
however, is that they carry out consecutive hydroxy-
lations ending in a lyase (C—C bond cleavage) step
(Figure 3u). Four examples of P450 enzymes cata-
lyzing such lyase reactions are described below.

(i) Cholesterol Side-Chain Cleavage P450 (P450-
SCC). P450-SCC catalyzes the sequential hydroxy-
lation of the vicinal 20 and 22 carbons of choles-
terol.141142  After formation of the 20(R),22(R)-diol,
another cycle of oxidation takes place in which a third
molecule of dioxygen (and NADPH) is consumed and
the C—Cy; bond is cleaved.'*?> Ortiz de Montellano
has recently discussed the two proposed mechanisms
of C—C bond cleavage.?*

(ii) Cholesterol 17a-Hydroxylase/17,20-Lyase. The
reaction catalyzed by this P450 starts with a-hy-
droxylation at C-17. Next, in the lyase step, the 17-
keto derivative is formed by oxidative removal of the
17-acetyl substituent. Both steps require NADPH
and O,. Possible mechanisms for the deacetylation
step have been discussed by Ortiz de Montellano.?!
One feature of the proposed mechanism that will be
seen again in the next two P450-lyase reactions is
the suggested role of the ferric—peroxide P450 adduct
(Figure 6, 6a) as the “reactive oxygen” species in the
lyase step rather than the oxo—ferryl state, 7. The
oxidative deacetylation step has recently been studied
in detail by Swinney and Mak!*® and by Akhtar and
co-workers.* The latter researchers have shown by
°H and 80, isotope labeling that the ferryl—oxo
porphyrin cation species (7) is not involved in the
reaction.44

(iii) P450-aromatase. The biosynthesis of the sex
hormone estrone from androstenedione (see Figure

21A) (and of g-estradiol from testosterone) is carried
out by aromatase by oxidative removal of the C-19
methyl group attached to carbon 10. The name
“aromatase” comes from the fact that the oxidative
removal of the C-19 methyl group to give the C-1,
C-10 olefin is accompanied by enolization of the C-3
ketone to yield an aromatic steroid A ring. The
aromatase reactions proceed via three stages whereby
the methyl group is hydroxylated twice to give an
aldehyde (formyl) group. Finally, in the lyase step,
the formyl group is oxidatively removed as formic
acid concomitant with the formation of the C-1, C-10
double bonds. Each of the three steps requires
NADPH and O,. The first two hydroxylations pro-
ceed in the normal manner of P450-catalyzed alkane
and alcohol hydroxylations (Figure 3, reactions a and
Li).

The most widely accepted mechanism for the
oxidative deformylation step for aromatase was ini-
tially proposed by Akhtar!4® and is illustrated in
Figure 21A. It involves initial nucleophilic attack by
the P450 ferric—peroxide intermediate (Figure 6, 6a)
on the carbonyl carbon of the formyl group at C-19
to generate a heme iron-bound peroxyhemiacetal-like
intermediate. It is known that the 1-8-hydrogen is
stereospecifically removed in the formation of the C-1,
C-10 double bond.'*¢ A concerted cyclic rearrange-
ment of the peroxyhemiacetal intermediate is shown
in Figure 21A to give the olefin product, formic acid,
and the ferric resting state of P450. The peroxy-
hemiacetal intermediate could also break down by
nonconcerted rearrangement or sequential §-scission
(radical) mechanisms. This type of oxidative de-
formylation concomitant with introduction of a double
bond has been shown to occur by several researchers.
Cole and Robinson®*” have demonstrated that a 2,4-
dien-3-ol analog of the 19-aldehyde intermediate
(Figure 21A) nonenzymatically reacts with H,0O, to
produce the corresponding estrogen derivative. Vaz,
Coon, and Roberts'#®14° have shown that liver mi-
crosomal P450-2B4 catalyzes oxidative deformylation
of cyclohexanecarboxaldehyde to cyclohexene and
formic acid as well as of several branched aldehyde
compounds (such as isobutylaldehyde and trimethy-
lacetaldehyde) to the corresponding olefin products
and formic acid. The same group*®® has also shown
that P450-2B4 will convert 3-oxodecalin-4-ene-10-
carboxaldehyde, a bicyclic analog (having the ring
AB) of 19-oxoandrostenedione (see Figure 21A), to an
aromatic analog of estrone, thus mimicing the oxida-
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tive deformylation reaction of aromatase. The P450-
2B4-catalyzed reactions can be supported by dioxygen
and NADPH or by hydrogen peroxide but not by
other peroxide shunt oxygen donors,148-150

Although these results seem to argue persuasively
for the key involvement of P450 state 6a in the
deformylation step, alternative mechanisms in which
the postulated ferryl—oxo porphyrin cation species
of P450 7 does participate in this step have been
proposed earlier by Korzekwa and co-workers®! and
more recently by Ahmed and Davis.’®? In an iron—
porphyrin model study, however, Watanabe et al.153
have reported that the ferryl—oxo porphyrin cation
species exclusively oxidize aldehyde compounds to
carboxylic acids (Figure 3, reaction l.ii), rather than
to deformylated compounds. Furthermore, Valentine
and co-workers®>* have recently shown that the ferric
porphyrin—peroxide species can directly epoxidize
electron-poor olefins having a carbonyl group such
as cyclohexenone. Clearly, additional experimental
work will be needed to further resolve the mechanism
of oxidative deformylation by aromatase.

(iv) P450-14a-demethylase. The reaction sequence
for the 14a-demethylase is similar to that for aro-
matase as far as the first two hydroxylation steps to
yield the 14a-formyl steroid derivative.>5~1%7 The
proposed deformylation mechanism (Figure 21B)
starts in the same way as with aromatase, via attack
of the ferric—peroxide P450 intermediate to give a
peroxyhemiacetal-type intermediate. The mecha-
nism differs in how this intermediate breaks down
to give the olefin product. In this case, it is thought
to proceed via a Baeyer—Villiger rearrangement to
the 14a-formyloxy derivative, an intermediate re-
cently isolated by Fischer et al.1>8 Deprotonation of
the 15a-proton by an appropriately positioned base
(shown as the Fe'"'-OH group in Figure 21B) leads
to elimination of the 14a-formyloxy group to give
formic acid and the olefin product. Isolation of the
l4a-formyloxy steroid derivative is the strongest
piece of evidence in favor of the Baeyer—Villiger
rearrangement mechanism. However, the same type
of rearrangement has been shown by Akhtar and co-
workers!44145 not to be involved in aromatase-
catalyzed reactions; the 19-formyloxy derivative of
androstenedione, the Baeyer—Villiger rearrangement
intermediate, is not converted to the expected aro-
matized product by microsomal human placental
aromatase, but the 19-5-hydroxy derivative is formed
instead. Thus, it remains to be clarified whether the
two similar types of P450-catalyzed deformylation
reactions carried out by aromatase and the 14a-
demethylase proceed by two different mechanisms,
and if so, what factors are the causes of the differ-
ence.

5. Nitric Oxide Synthesis

Nitric oxide synthase'®~162 has been found to be a
thiolate-ligated heme-containing monooxygenase, like
P450. The molecular structure of nitric oxide syn-
thase is similar to that of P450-BM3 (vide supra) in
that both enzymes are self-sufficient oxygenases
having the heme and flavin (FAD and FMN) domains
within one fused large molecule. However, the
absence of amino acid sequence homology between
heme domains of the two enzymes places nitric oxide
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synthase outside of a P450 family. It catalyzes the
NADPH-dependent formation of NO and citrulline
from L-arginine via a two-step process in which an
atom of oxygen is incorporated from O, in each step.
N-Hydroxy-L-arginine is an intermediate in the reac-
tion. The enzyme is discussed in great detail by
Marletta elsewhere in this volume.163

6. P450-Catalyzed Production of Carcinogens and
Tissue-Damaging Metabolites

The majority of metabolites formed from xeno-
biotics and from endogenous P450 substrates (Figure
3) are physiologically essential or beneficial. How-
ever, a few P450 enzymes that are inducible by
chemicals such as aromatic hydrocarbons, phenobar-
bital, isosasfranole, and ethanol convert otherwise
unreactive xenobiotics to highly reactive, electrophilic
metabolites which readily react with nucleophilic
biological macromolecules such as DNA bases and
lipoproteins.3%164 This process has been shown to
result in carcinogenesis or liver necrosis. The most
notorious example is the activation of benzo[a]pyrene
(the precarcinogen) by P450 to the diol epoxide (the
carcinogen) followed by formation of an adduct with
the guanine residue of DNA. 165166 Similarly, epoxi-
dized aflatoxin B;'®” and anthrathenes,'®> and N-
hydroxylated 2-(acetylamino)fluorene (upon further
enzymic conversion to a strongly electrophilic sulfate
ester),166167 also form an adduct with the DNA
guanine residue. Other types of metabolic activation
of substrates also occur; N-nitrosoalkylamines and
polyhalogenated compounds (e.g., halothane) undergo
respectively oxidative and reductive metabolism by
P450 to generate alkyl radicals.**#?> Valproic acid!®®
and acetaminophen’”164 are dehydrogenated by P450
(Figure 3m.ii) to form a terminal olefin (A*-valproic
acid) and a quinone imine (N-acetyl-p-benzoquinone
imine), respectively. These metabolites subsequently
cause liver necrosis by forming a covalent bond to
lipoproteins.

lll. Secondary Amine Monooxygenase (SAMO)

A. Background

Secondary amine monooxygenase, a soluble NAD-
PH-dependent heme-containing oxygenase, was first
identified by Large and co-workers'’°~172 in extracts
of Pseudomonas aminovorans. The enzyme has been
shown to consist of three polypeptides with an overall
03202 structure.'” In addition to iron protoporphy-
rin IX, the enzyme contains FMN and Fe,S; pros-
thetic groups which are presumed to participate in
the delivery of electrons from NADPH to the heme
iron center in the course of catalysis.'”®

Secondary amine monooxygenase catalyzes the
oxidative dealkylation of secondary amines to alde-
hydes and primary amines with dimethylamine as
its best substrate (eq 8). This reaction occurs early

(CH,),NH + NADPH + O, + H" —
CH3;NH, + NADP" 4+ HCHO + H,O (8)
in the metabolism of amines when P. aminovorans

is grown on trimethylamine as its sole carbon source'”?
(Figure 22). The fact that the enzyme is inhibited
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Figure 22. Metabolism of amines by Pseudomonas ami-
novorans.

by carbon monoxide!” suggests that it is the heme
and not the FMN that is the oxygen-activating
prosthetic group. Catalysis of such oxidative dealky-
lations by P450s have been well established.'”™
However, in 1975, Brook and Large!™ discovered that
ferrous—CO secondary amine monooxygenase exhib-
its spectral properties similar to analogous prepara-
tions of myoglobin and distinct from the P450s. The
interest in secondary amine monooxygenase thus
stems from the unique relationship between its
structure and function: It is a non-thiolate ligated
heme enzyme that catalyzes a monooxygenation
reaction. Structural and mechanistic studies of
secondary amine monooxygenase have only begun to
help clarify the requirements for oxygen activation
by P450 type and non-thiolate type heme iron cen-
ters.

B. Active Site Structure

1. The Ferric State

Detailed spectroscopic studies of secondary amine
monooxygenase including electronic absorption, MCD,
and EPR spectroscopy were published by Dawson and
co-workers in 1989.176 The electronic absorption
parameters of the ferric enzyme and ferric—ligand
adducts have been found to match those of myoglo-
bin'”” much more closely than those of P450-CAM.78
MCD spectroscopy, being a much more sensitive
probe of electronic structure,’’”® was also used to
characterize the ferric coordination sphere. MCD
spectra of ferric secondary amine monooxygenase at
neutral and alkaline pH (Figure 23A) closely parallel
those of similar preparations of myoglobin and are
distinct from P450-CAM.® The pH-dependent spec-
tral change incurred in myoglobin is due to the
conversion from high to low spin caused by deproto-
nation of the bound water molecule trans to the
proximal histidine.'® The similarities between the
MCD spectra of ferric myoglobin and secondary
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Figure 23. (A) Magnetic circular dichroism spectra of
ferric secondary amine monooxygenase at pH 6.8 (solid)
and myoglobin at pH 7.1 (dashed). (B) Magnetic circular
dichroism spectra of ferric secondary amine monooxygenase
at pH 9.0 (solid), myoglobin at pH 9.0 (dashed), and
substrate-bound secondary amine monooxygenase at pH
6.8 (dot—dash). Adapted from ref 176.

amine monooxygenase as a function of pH led to the
suggestion that the latter also contains a water (or
hydroxide) distal ligand trans to histidine. Interest-
ingly, the MCD spectrum of the dimethylamine
adduct of ferric secondary amine monooxygenase at
neutral pH (Figure 23B) matches the MCD spectrum
of alkaline ferric secondary amine monooxygenase
(Figure 23A), suggesting that dimethylamine itself
is acting as a base in the deprotonation event.”® The
mechanistic function (if any) of the deprotonation of
the bound water is not known.

Addition of exogenous ligands to heme proteins is
a common strategy used in the determination of the
identity of the proximal ligand donated by the
protein. MCD spectra of the cyanide (Figure 24A)
and azide (Figure 24B) adducts of secondary amine
monooxygenase'’® are overplotted with the corre-
sponding adducts of myoglobin'’® to highlight the
similarities of the electronic properties between the
heme coordination spheres of the two proteins. The
MCD spectra of the analogous adducts of ferric P450-
CAM are very different.® These results go beyond
the initial report of Brook and Large!’* in providing
specific evidence that the non-thiolate proximal
ligand in ferric secondary amine monooxygenase is
histidine.

EPR spectra of aquo—ferric secondary amine mo-
nooxygenase'’® are also indicative of a histidine-
ligated heme iron with predominately axial high-spin
g values (5.99, 2.04).17¢ Unlike myoglobin,& how-
ever, aguo—ferric secondary amine monooxygenase
exhibits a small percentage of low-spin character
with g values at 2.82, 2.29, and 1.64.17® The EPR
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Figure 24. (A) Magnetic circular dichroism spectra of the
ferric—cyanide adducts of secondary amine monooxygenase
at pH 6.8 (solid) and myoglobin at pH 7.1 (dashed). (B)
Magnetic circular dichroism spectra of the ferrric—azide
adducts of secondary amine monooxygenase at pH 6.8
(solid) and myoglobin at pH 7.1 (dashed). Adapted from
ref 176.

spectra of the ferric—azide adduct of secondary amine
monooxygenase'’® are distinct from P450-CAM“¢ and
are indicative of a completely low-spin histidine-
ligated heme iron such as myoglobin.'®? In addition,
rhombicity and tetragonality terms'82-184 calculated
from the g values of the azide adduct of secondary
amine monooxygenase!®® were found to be within 10%
of those determined for azide-ligated ferric myoglo-
bin.186.187 These spectroscopic studies provide con-
vincing evidence for the assignment of histidine as
the proximal ligand in ferric secondary amine mo-
nooxygenase.

2. The Ferrous State

Deoxyferrous secondary amine monooxygenase ex-
hibits electronic absorption'’® and MCD (Figure
25A)176 spectra that are distinct from those of both
myoglobin'”” and P450-CAM*® and are instead some-
what similar to those of cytochrome bs, a bis(histi-
dine)-ligated heme protein.18818 The MCD spectrum
of ferrous cytochrome bs (Figure 25A) is dominated
by an intense derivative-shaped feature centered at
555 nm which is indicative of a six-coordinate low-
spin state. This feature is present in the spectrum
of deoxyferrous secondary amine monooxygenase but
is much less intense (Figure 25A). Meanwhile, the
Soret region of the MCD spectrum of deoxyferrous
secondary amine monooxygenase resembles that of
deoxyferrous myoglobin (Figure 25A), again except
for intensity. These observations led to the proposal
that the heme iron of deoxyferrous secondary amine
monooxygenase is a mixture of five-coordinate high-
spin histidine-bound and six-coordinate low-spin bis-
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Figure 25. (A) Magnetic circular dichroism spectra of
deoxyferrous myoglobin at pH 7.1 (solid), cytochrome bs at
pH 7.0 (dashed), and a computer-generated model spectrum
consisting of 65% five-coordinate high-spin (deoxyferrous
myoglobin) and 35% six-coordinate low-spin (deoxyferrous
cytochrome bs) (dot—dash). (B), Magnetic circular dichroism
spectra of deoxyferrous secondary amine monooxygenase
(solid) and the model spectrum (dot—dash). Note the y-axis
scale change from (A). Adapted from refs 176 and 193.

(histidine)-ligated.17618 In support of this hypoth-
esis, a computer-generated MCD spectrum formed by
combining the spectrum of ferrous bs (65%) and
deoxyferrous myoglobin (35%) has been prepared and
closely matches the spectrum of deoxyferrous second-
ary amine monooxygenase (Figure 25B).

The partially bound sixth ligand is displaced upon
addition of O, or CO to form the O, or CO ferrous
adducts (a reaction that does not occur with bs).
These results suggest that there is a histidine residue
on the distal side of the heme which binds weakly to
the ferrous heme iron in the absence of oxygen or
other exogenous ligands. The mechanistic implica-
tions of the presence of a distal histidine will be
discussed in the next section. The absorption and
MCD spectra (not shown) of the oxyferrous and
ferrous—CO adducts of secondary amine monooxy-
genase are each similar to the corrresponding myo-
globin derivatives, as expected if both have proximal
histidine ligation.

C. Mechanism

As described in section 113, mechanisms of N-
dealkylations of alkylamines catalyzed by cytochrome
P450 are of particular interest. The secondary amine
monooxygenase system was a natural choice to
further examine oxidative N-dealkylation because of
its “bridging position” between the histidine-ligated
heme peroxidases and the thiolate-ligated P450s. A
kinetic deuterium isotope effect study of secondary
amine monooxygenase was published by Hawkins
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and Dawson in 1992.1% Because the net inter-
molecular and intramolecular isotope effects were
apparently masked by a high forward commitment
to catalysis, a common problem in isotope effect
studies, the isotope effect was determined through
an intrasubstituent isotope effect experiment in
which (1,1,1',1'-ds)dimethylamine was used as a
substrate to unmask the isotope effect. This experi-
ment yielded an isotope effect of 1.76, and the result
(on the basis of the premise that low isotope effects
(1—-3) rule out the hydrogen atom abstraction!®!) was
interpreted as an indication that the mechanism
proceeds through the electron transfer/deprotonation
mechanism (Figure 19: 24 — 25 — 26 — 28).
However, as described in section 11J, the validity of
ruling out N-dealkylation reaction pathways on the
basis of the magnitude of the isotope effect obtained
from only one deuterated and nondeuterated sub-
strate combination has been called into question.!?
Thus, it has not been unequivocally established for
secondary amine monooxygenase or the P450s that
only one mechanism can exclusively describe oxida-
tive N-dealkylkation reactions. It is unlikely, how-
ever, that the reaction catalyzed by secondary amine
monooxygenase occurs through the peroxidase elec-
tron transfer/deprotonation pathway where electron
transfer occurs at the edge of the heme and a suitable
proton acceptor is absent (Figure 19: 24 — 25 — 27
— 28). Such a reaction mechanism has been shown
to exhibit large isotope effects (8.72—10.1) without
masking for N-dealkylations of N-methyl-N-(trideu-
teriomethyl)aniline by hemoglobin, myoglobin, and
various histidine-ligated peroxidases.'®® The P450s
exhibit small isotope effects (1.61—3.05)!°! and also
do not follow the peroxidase electron transfer/depro-
tonation mechanism.'® Because it shows an isotope
effect of only 1.76,1%° secondary amine monooxyge-
nase appears to be distinct from the peroxidases in
this mechanistic respect even though it is histidine-
ligated. More work will be required to distinguish
which of the two remaining mechanistic pathways
(Figure 19: 24 — 25 — 26 — 28 or 24 — 26 — 28)
best describes the mechanism of N-dealkylation
catalyzed by secondary amine monooxygenase.

Though structural and mechanistic studies of
secondary amine monooxygenase to date have been
limited to only those studies described in this review,
they have enabled us to make predictions regarding
the overall catalytic mechanism. Secondary amine
monooxygenase has all the tools required for activa-
tion of molecular oxygen. The redox centers required
to bridge the electrochemical gap between NADPH
and the reduction of ferric to ferrous heme and
oxyferrous to ferric peroxide heme are present in the
enzyme. Furthermore, if the distal side of the heme
active site has a histidine, it could function in a
mechanism similar to that seen in the peroxidases,
where heterolytic cleavage to form compound | is
assisted by a distal histidine.'® This would compen-
sate for the lack of electron-releasing character or
“push” provided by a proximal thiolate ligand as seen
in P450.10

The stability of the oxyferrous adduct!’37¢ argues
against it playing a direct role in substrate oxygen-
ation. Consumption of 1 equiv of NADPH per
equivalent of substrate oxidized'”® indicates that two
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electrons are consumed in the reaction which to-
gether with the binding of O, would form a heme
ferric—peroxide adduct. The question now remaining
is whether the ferric—peroxide adduct or compound
I is the active oxygen catalytic species. The involve-
ment of ferric—peroxide as an active oxygen inter-
mediate has only recently been implicated in oxygen
insertion reactions catalyzed by P450 aromatase,#4145
nitric oxide synthase,'%® and heme oxygenase.'%? In
the P450 aromatase and nitric oxide synthase cases,
the distal oxygen of the ferric—peroxide adduct is
proposed to act as a nucleophile and attack electro-
philic sites on the substrate.144145163 This type of
mechanism can be ruled out for lack of such a
suitable electrophilic carbon in dimethylamine. In
the heme oxygenase-catalyzed conversion of heme to
a-hydroxyheme?®? (section 1V), the ferric—peroxide
adduct is the subject of electrophilic addition of the
terminal peroxide oxygen to the a-heme edge to form
o-hydroxyheme. If dimethylamine were to function
as a nucleophile and attack the distal oxygen, the
product would be N-hydroxydimethylamine. Break-
down of this relatively stable compound to yield
methylamine and formaldehyde is highly unlikely.
We can therefore conclude that a ferric—peroxide
intermediate is an unlikely candidate for the active
oxygen intermediate in the N-dealkylation of dim-
ethylamine. This leaves an oxo—ferryl porphyrin
cation radical, compound I-type, intermediate as the
most likely species responsible for the oxygen inser-
tion reaction. Preliminary studies indicate®® that a
complex resembling horseradish peroxidase com-
pound Il is formed upon addition of H,O, to ferric
secondary amine monooxygenase. Such an observa-
tion does not rule out the possibility of compound I
formation followed by rapid oxidation of a nearby
amino acid as in the case of cytochrome ¢ peroxidase
where the radical rests on a tryptophan residue.®*
Detection of such a protein radical in secondary
amine monooxygenase has yet to be attempted. It
should be noted that the spectroscopic similarities
between secondary amine monooxygenase and myo-
globin do not necessarily extend to the state of
ionization or hydrogen bonding of the proximal
histidine. We expect however, that there must be
some degree of ionization or hydrogen bonding to
assist in efficient cleavage of the O—O bond to form
compound I from the ferric—peroxide species. It is
hoped that future resonance Raman and EPR inves-
tigations will reveal the electron-donating properties
of the proximal histidine.

In summary, the following mechanism for the
oxidative demethylation of dimethylamine is pro-
posed based on the current understanding of the
structure of secondary amine monooxygenase and
requirements for oxygen activation (Figure 26). One-
electron reduction of the aquo—ferric resting state,
30, results in loss of H,O and is accompanied by
binding of the substrate. This state is partially six-
coordinate low spin, 31b, and partially five-coordi-
nate high spin, 31a. Addition of O, yields the stable
oxyferrous complex, 32. Addition of the second
electron forms the ferric—peroxide adduct, 33. Dipro-
tonation of the distal peroxide oxygen followed by
heterolytic cleavage of the O—O bond yields com-
pound I, the oxo—ferryl porphyrin cation radical, 34.
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Figure 26. Proposed reaction mechanism for the second-
ary amine monooxygenase catalyzed N-demethylation of
dimethylamine.

The two posssible pathways at this point are (i) one-
electron transfer from dimethylamine to compound
I to yield compound Il and a dimethylamine cation
radical, 35, which is then deprotonated to give an
iron-bound hydroxyl radical and dimethylamine radi-
cal, 36 (34 — 35 — 36) or (ii) hydrogen atom
abstraction by compound I, 34', to give the dimethyl-
amine radical and the iron-bound hydroxyl radical,
36 (34' — 36). At this point, radical rebound yields
the carbinolamine 37, which undergoes loss of form-
aldehyde to give methylamine and addition of H,O
regenerates the high-spin ferric—aquo resting state,
30. Again, this is the best working hypothesis for
the mechanism based on available information and
currrent knowledge of heme monooxygenase chem-
istry. Further study of this system will undoubtedly
lead to a more complete understanding of the re-
quirements for heme-catalyzed oxygen activation.

IV. Heme Oxygenase (HO)

A. Background

Heme oxygenase, first characterized by Schmid and
co-workers,1951% s a microsomal enzyme which
catalyzes the first key step in heme catabolism, the
oxidative degradation of heme (iron—protoporphyrin
1X) to biliverdin and carbon monoxide!®’~1%° (Figure
27). The overall reaction is quite complex and
involves two well-characterized intermediates: a-me-
sohydroxyheme and verdoheme (Figure 27). The
enzyme can be purified from several different organ
sources including liver,200.201 spleen,292.203 prain,204
and testis.??* Though it has two known isoforms,
referred to as HO-1 (33 kDa) and HO-2 (36 kDa),20420%6
it is generally assumed that they have similar active
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Figure 27. Probable reaction sequence of intermediates
in the heme oxygenase-catalyzed conversion of heme to
biliverdin. Adapted from ref 211 (copyright 1993, American
Chemical Society).

sites and share a similar mechanism of action. HO-1
is inducible and is highly expressed in the spleen and
liver. HO-2 is constitutive and found primarily in
the brain. Recent studies suggesting that the CO
liberated from heme by heme oxygenase may act as
a physiological messenger?°”2%8 have heightened in-
terest in the heme oxygenase system.

Heme oxygenase by itself contains no prosthetic
groups. Thus, unlike the other oxygen-activating
enzymes discussed in this review, it is not a heme
protein per se. It binds heme in a 1:1 ratio?*® and
constrains it to an environment suitable for a site-
specific, Oz-dependent heme self-oxidation. It is
therefore best described as a transient heme protein
and is the only system currently known to utilize
heme simultaneously as both a prosthetic group and
substrate.?°® For the purpose of this discussion, the
term “heme oxygenase” refers to the heme—heme
oxygenase complex unless otherwise specified.

Like the P450s and secondary amine monooxyge-
nase, heme oxygenase requires a flavin redox center
for electron transfer from NADPH via NADPH-
cytochrome P450 reductase.’®® Because of this rela-
tionship to P450, heme oxygenase was originally
thought to involve P450 as a terminal oxidase.!951%
However, Yoshida, Kikuchi, and co-workers200.203.209
have established that in terms of electronic absorp-
tion, heme oxygenase is spectrally distinct from P450
and similar to myoglobin and suggested that the
binding of heme could occur through a coordination
linkage with an amino acid residue as a ligand.'®®
As with secondary amine monooxygenase, the impli-
cations of a heme-containing enzyme having a non-
thiolate heme iron center while retaining the ability
to carry out oxygen insertion reactions is of obvious
interest. Studies of heme oxygenase have only
recently become greatly facilitated by overexpression
of truncated forms of the rat liver HO-1 isozyme
where the hydrophobic membrane-spanning domain
has been removed.?'%2'1 One of these truncated-



Heme-Containing Oxygenases

[{o)
—
o~

/UFe(II)—His

Raman Intensity

(_UMn(II)-H]s

200 300 400
Frequency (cm—l)
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phyrin IX—heme oxygenase complex (upper trace) and
Mn''-protoporphyrin IX—heme oxygenase complex (lower
trace) in the low-frequency region. (Reproduced with

permission from ref 214. Copyright 1993 American Chemi-
cal Society.)

overexpressed systems has been fused with NADPH-
dependent cytochrome P450 reductase to create a
catalytically self-sufficient single protein system,?!?
thereby improving the efficiency with which mecha-
nistic studies could be pursued.

B. Active Site Structure
1. Ligation States

The electronic absorption spectra of heme oxyge-
nase resemble those of myoglobin.200.203.209 Thijs was
a preliminary indication that histidine might serve
as a proximal ligand. His-25, which is present within
the highly conserved 24-amino acid domain in the rat
HO-1 isozyme, was thought to be a logical candi-
date,?%0213 and mutagenesis of this conserved residue
to alanine was found to abolish all enzymatic activ-
ity.?12213 Though this result provides strong support
for the hypothesis, additional spectroscopic studies
have been carried out to unequivocally establish the
identity of the axial ligands. Resonance Raman
spectroscopy has been particularly useful in this
regard. Independent studies by Ortiz de Montellano,
Loehr, and co-workers?!* and by Rousseau, Yoshida,
Ikeda-Saito, and co-workers?'® provided direct evi-
dence for histidine ligation to the heme iron of heme
oxygenase. The Raman stretching frequencies for the
porphyrin skeletal modes of deoxyferrous and ferric
heme oxygenase were found to be similar to those of
several five-coordinate high-spin deoxyferrous and
six-coordinate high-spin ferric histidine-ligated heme
proteins (data not shown). In addition, a Raman
band at 216—218 cm™! in the low-frequency reso-
nance Raman spectrum of deoxyferrous heme oxy-
genase was assigned to a Fe—His mode?42%5 (Figure
28). The low value of this mode (relative to other
histidine-ligated heme proteins) is attributed to the
lack of strong hydrogen bonding or ionization of the
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ligated histidine, which typically results in Fe—His
stretches in a range from 233 to 246 cm~1.216217 That
the same mode is found at 212 cm™ for Mn'-
protoporphyrin IX—heme oxygenase, (Figure 28)24
provides additional evidence for the assignment.
The EPR spectrum of ferric heme oxygenase (Fig-
ure 29) exhibits g values at approximately 6 and 2
in agreement with those of myoglobin and indicative
of a high-spin ferric complex.?4215 Upon raising the
pH, a new set of signals appears with g values at
2.67, 2.21, and 1.79 (Figure 29) which are represen-
tative of a histidine-ligated heme protein undergoing
a high- to low-spin conversion.?’®> This conversion is
thought to be due to deprotonation of a water
molecule bound in the sixth position?'421% and is also
seen in electronic absorption?14215218 (Figure 30) and
MCD spectra.?® The pK, calculated from a pH
titration is 7.6.2* The hyperfine structure seen in
the EPR spectra of ferrous—NO heme oxygenase
(Figure 31) gives additional evidence for the assign-
ment of histidine as the proximal ligand,?'42®> and
furthermore, the hyperfine coupling constant of 0.74
mT is similar to that observed for myoglobin rather
than that of the peroxidase ferrous—NO complexes.?'®
This provides support for neutral histidine ligation
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Figure 31. EPR spectrum of the ferrous heme—heme
oxygenase ®*NO complex measured at 30 K. Reproduced
with permission from ref 214 (copyright 1993, American
Chemical Society).

as opposed to ligation by an ionized or strongly
hydrogen-bonded histidine.?*> Additional resonance
Raman studies?® of ferric heme oxygenase have
corroborated the above conclusion that ferric heme
oxygenase is ligated by water at neutral pH and
hydroxide at alkaline pH. On a Fe—CO stretching
frequency vs C—O stretching frequency correlation
diagram, the ferrous—CO adduct of heme oxygenase
falls in the same range as myoglobins, hemoglobins,
and imidazole-ligated porphyrin derivatives and far
from the range including partially ionized, imidazole-
ligated heme proteins such as the peroxidases.??° The
MCD spectra of several derivatives of ferric and
ferrous heme oxygenase also match those of parallel
myoglobin complexes.?® Recent EXAFS?'® studies
indicate that the Fe to proximal histidine bond
distance is 2.08 A and the Fe to distal ligand bond
distance is 1.93 A, values that are very close to those
of myoglobin and different from those of typical
peroxidases.?'822l  These studies all provide very
convincing evidence that a neutral histidine serves
as the proximal ligand in heme oxygenase. Mutation
of His-25 to alanine in rat liver heme oxygenase??2223
not only brings about a loss of catalytic activity,?13.223
as discussed above, but also results in loss of the
Raman Fe—His stretching mode??? and the hyperfine
splitting in the ferrous—NO EPR spectrum.??®> When
exogenous imidazoles are added to the His-25Ala
mutant, they enter the heme proximal pocket, ligate
to the heme iron (as proven by the appearance of a
Fe—imidazole stretching mode in the resonance
Raman spectrum), and restore catalytic activity.??*
These studies have established unequivocally that
His-25 of heme oxygenase from rat liver serves as
the proximal ligand and proves the utility of com-
bining various spectroscopic methods with mutagen-
esis in the determination of axial coordination in
hemeproteins.

2. Active Site Environment

A proton NMR study of cyanoferric heme oxyge-
nase published by La Mar and co-workers in 1994225
drew some important conclusions regarding substrate
binding, heme electronic structure, and steric influ-
ences on a bound ligand. Binding of iron protopor-
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Figure 32. Structures of type IX (A) and type 111 (B) iron
porphyrins. Adapted from ref 225.

phyrin IX or iron deuteroporphyrin IX (Figure 32A)
to substrate-free heme oxygenase yields heteroge-
neous 'H NMR spectra. The analogous spectra
obtained from iron protoporphyrin Il or iron deu-
teroporphyrin 111 which have a 2-fold axis (Figure
32B) are much better resolved, indicating that iso-
meric binding of substrate iron porphyrin occurs in
two orientations with an approximate ratio of 1:1 and
that the orientational disorder occurs about the a,y-
meso axis. The best evidence for the heme orienta-
tional disorder was obtained in 2D *H NMR spectra
of iron protoporphyrin IX which showed that the
3-methyl group of one isomer experiences the same
environment as the 2-vinyl of the other isomer
(interaction with an aromatic residue). Once the
contributing resonances of the two isomers were
resolved using the cyanoferric iron protoporphyrin
IX—heme oxygenase complexes, the researchers were
able to re-examine the multiplicity of the peaks in
the high-spin ferric *H NMR spectra and conclude
that similar orientational disorder is present in the
non-cyanide-inhibited functional heme-bound heme
oxygenase as well. This result is not discouraging
from a mechanistic point of view because it indicates
that the a-meso carbon is held in the same position
in space relative to the protein environment in both
isomers, which is what one would expect on the basis
of the regioselectivity of the reaction for the a-meso
heme edge.

In the same study,??> an unusual pattern of spin
density on the heme periphery of cyanoferric heme
oxygenase has been elucidated using isotope labeling
and 2D NMR. The results indicate that spin density
is localized primarily to the pyrrole carbons adjacent
to the o,y axis. This is attributed to a direct
electronic effect of the protein on the heme as could
occur through a perturbation of the a-meso carbon
by a nearby anionic side chain. This was thought to
be a reasonable mechanism of perturbation because
the pattern attributed to the specific spin delocaliza-
tion is lost at acidic pH. The authors have suggested
that this type of perturbation would activate the
o-meso carbon for an electrophilic aromatic substitu-
tion reaction rather than make it an enhanced site
for nucleophilic attack.??®
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In addition, the pattern of dipolar shifts for cyano-
ferric heme oxygenase was shown to be different for
each of the two possible heme orientations. This is
indicative of steric influences on the orientation of
the bound cyanide ligand and suggests that, during
catalysis, the two different heme orientations might
have different reaction kinetics while sharing reac-
tion regiospecificity. It is thought??® that this dif-
ferential steric constraint imposed by noncoordinat-
ing active site residues on the bound ligand is
responsible for the wide variation in heme oxygenase
activity exhibited in reactions with various synthetic
iron porphyrins.?26

Evidence for a highly bent structure of coordinated
dioxygen in oxyferrous rat liver heme oxygenase was
presented by Rousseau and co-workers in 1995.2%7
Oxygen isotope shift resonance Raman experiments
revealed that the frequency of 565 cm™1 for the Fe—
O, stretch is the lowest of all oxyferrous neutral
histidine-ligated heme proteins.??” Furthermore, the
isotope shift pattern is independent of pH, temper-
ature, and D,0O exchange, thus confirming that the
low frequency is not due to protonation of the distal
oxygen. Calculation of a theoretical curve for the
correlation of the normalized isotope shift vs the
bending angle (determined from Raman and crystal-
lographic data of hemoglobin and myoglobin) enabled
the researchers to assign a Fe—O—0 bending angle
of 110°, an angle that could bring the distal oxygen
atom into van der Waals contact with a meso-edge
carbon. This small angle is expected to be the result
of strong steric interactions of bound O, with residues
in the distal pocket.??” This result is in agreement
with the results of the NMR study previously de-
scribed??® and is, again, encouraging from a mecha-
nistic standpoint in that the bound dioxygen appears
to be constrained to promote a regiospecific oxidation.

The role of His-132 at this time is the subject of
some controversy. Ortiz de Montellano, Loehr, and
co-workers have examined various mutants of His-
132 of heme oxygenase and proposed a role for His-
132 as the distal histidine.??® On the other hand,
Ikeda-Saito and co-workers suggested that similar
His-132 mutations have no effect on activity.??

C. Mechanism
1. Conversion of Heme to o.-Mesohydroxyheme

It has been established that reduction of heme
oxygenase by NADPH-dependent cytochrome P450
reductase results in a ferrous species that readily
binds O, or CO and that, like P450, a second
reduction is required for the formation of an active-
oxygen species which carries out the a-meso hy-
droxylation of bound heme to form o-mesohydroxy-
heme.? (Figure 27). Wilks and Ortiz de Montellano®*
were the first to attempt to identify the active heme—
oxygen intermediate responsible for this first oxida-
tion step. Model studies have indicated that metal-
loporphyrins will react with H,O, under certain
conditions to yield meso-hydroxylated products,? so
a similar strategy was used. It was found that H,O,
does support the formation of a-mesohydroxyheme
and, in the presence of O,, the additional step to
verdoheme.?!! This experiment suggested the pos-
sibility of involvement of an oxo—ferryl complex
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Figure 33. Two possible mechanisms of reaction of a
ferric—hydroperoxide active oxygen intermediate to yield
a-mesohydroxyheme. (A) nucleophilic attack of iron-bound
peroxide; (B) electrophilic aromatic substitution. Adapted
from ref 211.

generated by heterolytic cleavage of the O—0O bond
such as that observed or postulated with iron por-
phyrins,?3° peroxidases,® globins,?312%2 catalases,?3?
and monooxygenases.'* To further examine this
possibility, the reaction was repeated using m-chlo-
roperbenzoate in place of H,O,. This leads to forma-
tion of a compound Il-type oxo—ferryl species which
is only one oxidation equivalent above the ferric
resting state.?!! Transient observance of an EPR
signal with g = 2.006 indicates that a compound
I-type oxo—ferryl porphyrin cation radical had formed
which subsequently underwent one-electron reduc-
tion through protein oxidation. The lack of ver-
doheme formation demonstrates that the oxo—ferryl
could not be the catalytic species. These authors also
argued against free hydroxyl radical (generated
through homolytic breakdown of ferric—hydroperox-
ide) as a viable intermediate as it would be less
regioselective.?!!

The remaining mechanistic alternatives at this
time, were therefore limited to the potential reactiv-
ity of a ferric—peroxide or ferric—hydroperoxide ac-
tive heme—oxygen intermediate. The two possibili-
ties envisioned here (Figure 33) were nucleophilic
attack of the unprotonated terminal oxygen of a
ferric—peroxide intermediate on the a-meso carbon
(Figure 33A) or an electrophilic addition of the
terminal protonated oxygen of a ferric—hydroperox-
ide intermediate onto the a-meso carbon (Figure
33B).21t

The authors have suggested?'* that the compound
Il oxo—ferryl species that formed through addition
of m-chloroperbenzoate was a result of heterolysis of
the iron-ligated m-chloroperbenzoate O—O bond and
that this occurrence could have been influenced by
steric interactions of distal residues with the bulky
aryl hydroperoxyacid. It was expected that, if this
was the mechanism of heterolysis, it could be avoided
through the use of an alkyl hydroperoxide with less
steric bulk.’®2 When ethyl hydroperoxide was added
to ferric heme oxygenase, two products were ob-
tained: compound 11, which is a result of some O—0O
homolytic cleavage, and a-mesoethoxyheme,%2 which
is a result of electrophilic aromatic addition of ethox-
ide from the ferric—ethyl hydroperoxide adduct to the
o-meso carbon (Figure 34). It was this experiment
which distinguished the mechanism of the first
oxidation of heme as electrophilic addition (Figure
33B). The nucleophilic attack mechanism (Figure



2870 Chemical Reviews, 1996, Vol. 96, No. 7

y—QCHCHs .
o\ H \
w | N L i NN
Fe a)=H Fe o OCH,CHz + H,0
\N— \N_
v v

Figure 34. Electrophilic a-meso ethoxidation reaction.

33A) could be ruled out because a terminal alkylated
oxygen atom is not nucleophilic.1®?

This mechanism (38 — 42a in Figure 35) is
consistent with all the known structural features of
the active site of heme oxygenase. Apparently, the
neutral proximal histidine stabilizes the ferric—
hydroperoxide adduct, 41, until the terminal oxygen
is specifically oriented, through the steric influence
of distal pocket residues, to come into contact with
the o-meso carbon. Electrophilic addition of the
terminal oxygen to the x electrons of the double bond
involving a-meso carbon leads to hydroxyl substitu-
tion at the a-meso carbon (Figure 33B). The result-
ing sp® a-meso carbon intermediate is then deproto-
nated by a nearby base, possibly the anionic functional
group responsible for the electronic perturbation at
the a-meso edge??® as discussed above. The remain-
ing ferric-bound oxo is protonated twice and lost as
H,O (evidence has been presented??* that the ferric
o-mesohydroxyheme—heme oxygenase complex is
five-coordinate; see below).

Z
H

COOH COOH

Intramolecular
Electron Transfer
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2. Conversion of o.-Mesohydroxyheme to Verdoheme

Recent work by lkeda-Saito,?** Ortiz de Montell-
ano,?® and their co-workers has significantly clarified
the mechanism of conversion of a-mesohydroxyheme
to ferrous verdoheme. The coordination structure of
ferric o-mesohydroxyheme was established by Ikeda-
Saito?** through comparisons of electronic absorption
and EPR spectra of a-mesohydroxyheme-bound heme
oxygenase with a-mesohydroxyheme reconstituted
into both myoglobin and His64lle myoglobin, the
latter of which cannot bind H,O in the distal position
due to the absence of its distal His-64.2%6237 The
similarities between the spectra of these three pro-
teins indicate that the a-mesohydroxyheme—heme
oxygenase complex as well as the analagous native
myoglobin reconstituted with o-mesohydroxyheme
are also five-coordinate complexes.?®** Thus, it ap-
pears as though ferric a-mesohydroxyheme with
neutral histidine as a fifth ligand is incapable of
binding a sixth ligand to its heme iron. This is an
indication that the altered electronic structure of the
porphyrin has changed the iron coordination chem-
istry.2** The resonance Raman spectrum of ferric
o-mesohydroxyheme-bound heme oxygenase is un-
usual and is also unaffected by D,O. This led the
researchers to propose a ferric oxophlorin structure
(42b in Figure 35) as the dominant resonance struc-
ture for this species.?®® This structure is one of the
three resonance forms of ferric a-mesohydroxyheme

\ || IV
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L\ 47

CO Extrusion and

\
/
e \r,f
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Intramolecular + €O +Hy0
Electron Transfer AN
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\
Fe III Fe II
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Figure 35. Proposed mechanisms of heme oxygenase-catalyzed conversion of heme to verdoheme. Adapted from refs 234

and 235.



Heme-Containing Oxygenases

proposed by Morishima and co-workers.?3823% The
other two forms proposed are a-mesohydroxylate,
42a, and a ferrous neutral radical form, 42c.

Reduction of the ferric oxophlorin, 42b, by dithion-
ite yields a species with electronic absorption and
resonance Raman spectra characteristic of five-
coordinate high-spin ferrous histidine-ligated heme
proteins.?®* This indicates that, upon reduction, the
porphyrin regains the symmetry that was initially
lost upon formation of the ferric oxophlorin structure.
In addition, the resonance Raman spectrum of this
new species shows a D,0 effect. This observation led
the authors to conclude that the proton-bearing
o-hydroxy form is the structure of this reduced
species. Thus, one-electron reduction of o-meso-
hydroxyheme is accompanied by a keto—enol transi-
tion.234

Ikeda-Saito and co-workers?3* have proposed that
the conversion of ferric a-mesohydroxyheme to ver-
doheme could proceed in two parallel pathways: (i)
oxygenation of the ferrous neutral radical, 42c,
followed by one-electron reduction (Figure 35) or (ii)
by reduction of 42c followed by oxygenation (not
shown).234

The experiments reported by Ikeda-Saito?** were
carried out under a CO atmosphere because the
stable ferrous—CO adduct of verdoheme provides a
means for spectrophotometric quantitation of ver-
doheme product. Addition of O, to ferric a-mesohy-
droxyheme-bound heme oxygenase leads to conver-
sion of the rhombic ferric high-spin EPR signal to a
radical-type signal at g = 2.004 which is indicative
of an unpaired electron residing at a location distant
from the heme iron.23* A very similar radical EPR
signal also occurs when O is added to ferric myo-
globin reconstituted with a-mesohydroxyheme and
has been proposed to arise from a peroxy radical
species,?®4240 43, One-electron reduction of this spe-
cies results in the rapid formation of ferrous ver-
doheme, 49, presumably via a ferrous—peroxy species
44.2%¢ The inability of CO to inhibit the conversion
of a-mesohydroxyheme to ferrous verdoheme pro-
vides evidence that the peroxy radical species 43 is
most likely formed by addition of unactivated O, to
the heme-edge radical site.?®* This type of novel
reaction of oxygen at a porphyrin edge has also been
recently reported for phagocytic cytochrome bssg?4!
and is an excellent example of the reactive versatility
of iron porphyrins. These results prove that the
heme oxygenase-catalyzed conversion of a-mesohy-
droxyheme to ferrous verdoheme requires oxygen and
one reducing equivalent.z3*

Ortiz de Montellano has even more recently exam-
ined the conversion of a-mesohydroxyheme to ver-
doheme and found that it is possible to form ferric
verdoheme by addition of O, to 42c in the absence of
C0.235 As with the Ikeda-Saito mechanism,?3* O; is
proposed to attack at the heme edge to give 43.
However, in the absence of a reducing agent (and
CO), Ortiz de Montellano?®® proposed an internal
electron transfer to yield a ferric complex with edge-
bound peroxy anion, 45, which rearranges to a
bridging peroxy species 46. Homolytic cleavage of the
O—0 bond leads to 47 followed by CO extrusion and
intramolecular electron transfer to yield ferric ver-
doheme, 48. Ferrous verdoheme can then be formed

Chemical Reviews, 1996, Vol. 96, No. 7 2871

by one-electron reduction. Further, Ortiz de Mon-
tellano®® suggested that the radical species 43
observed by Ikeda-Saito?** is a CO adduct, 43-CO,
and that this species is unable to undergo the
internal electron transfer required to form ferric
verdoheme. Nonetheless, in both mechanisms, O,
and one electron are required to form ferrous ver-
doheme from ferric a-mesohydroxyheme.

In summary, Figure 35 illustrates the possible
mechanisms of verdoheme formation starting from
the normal heme substrate and includes all of the
mechanistic details known to date. One-electron
reduction of heme, 38, yields deoxyferrous heme, 39,
which then binds O, to give oxyferrous heme, 40.
Addition of a second electron and a proton creates
the ferric—hydroperoxide species, 41. Heterolytic
O—0 bhond cleavage via an electrophilic addition
reaction to the a-meso edge yields o-mesohydroxy-
heme, which consists of three major resonance
structures: a ferric oxophlorin structure 42b, a ferric
phenolate structure, 42a, and a ferrous neutral
radical species, 42c.

In the presence of CO, the mechanism of ferrous
verdoheme formation is as follows: Dioxygen binds
to a pyrrole carbon adjacent to the a-meso carbon to
give the proposed ferrous peroxy radical species, 43.
Addition of one electron results in the peroxy species
44, which is presumed to be the active oxygen
intermediate.?®423> This then reacts rapidly to ex-
trude CO and form ferrous verdoheme, 49. The
pathway summary for the case when CO is present
is 42c — 43 — 44 — 49.2%4

In the absence of CO, ferric verdoheme can be
formed as follows: Dioxygen binds to 42c as above
to form 43. An intramolecular electron transfer from
the ferrous iron to the bound superoxide yields 45.
Ligation of the anionic terminal peroxide oxygen to
the ferric iron generates the ferric peroxo-bridged
complex, 46. Homolytic cleavage of the O—0 bond
results in 47, which is set up for extrusion of CO and
intramolecular electron transfer to give ferric ver-
doheme, 48. One-electron reduction of ferric ver-
doheme yields the ferrous complex, 49. The pathway
summary is 42c — 43 — 46 — 47 — 48 — 49.235

It is interesting to note that both of the oxidations
of heme catalyzed by heme oxygenase discussed
herein (Figure 27) utilize peroxy-type active oxygen
intermediates instead of the compound I-type oxo—
ferryl intermediate which is thought to be the cata-
lytic species in P450 oxidations.’?' In the formation
of a-mesohydroxyheme, it appears as though neutral
histidine proximal ligation, which is an unusual
feature for a heme-containing monooxygenase, pro-
vides the essential fine tuning of the heme coordina-
tion sphere to stabilize the peroxy species with
respect to O—O bond cleavage until the bound
peroxide adopts an orientation suitable for each
regiospecific oxidation. The distal site heme pocket
structure might also significantly contribute to the
stabilization of the ferric peroxy species. The pro-
posed mechanisms for generation of ferrous ver-
doheme are unusual in that O, appears to add
directly to a radical at the heme edge. The steric
interactions responsible for the two regiospecific
oxidations are also of obvious importance. These
studies of heme oxygenase highlight the reactive
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peroxidase reactions of PGHS are included. Adapted from
ref 242.

versatility of iron porphyrins and provide even more
support for the consensus that the identity of the
proximal ligand and the nature of the heme active
site environment play crucial roles in various mech-
anisms of heme-catalyzed oxygen activation reac-
tions. %15

V. Prostaglandin H Synthase (PGHS)

A. Background

PGHS is a bifunctional, heme-containing enzyme
that catalyzes the conversion of arachidonic acid to
prostaglandin H,,2427244 a major precursor of pros-
taglandins, prostacyclins, and thromboxanes (Figure
36; see also section 11K.3). The two activities associ-
ated with PGHS are as follows: (i) cyclooxygenase
activity, incorporation of two molecules of O; into the
polyunsaturated fatty acid substrate, arachidonic
acid, coupled with serial cyclization to the endoper-
oxide, hydroperoxide, prostaglandin G, (PGG,); and
(ii) peroxidase activity, a net two-electron reduction
of the hydroperoxide moiety of PGG, to the corre-
sponding alcohol, PGH,. Two isozymes, PGHS-1
(constitutively expressed form) and PGHS-2 (induc-
ible form), have been identified.?> PGHS-1 and
PGHS-2 exhibit ~60% sequence homology to one
another and have been shown to possess similar
catalytic activities. The majority of PGHS mecha-
nistic studies have employed isozyme PGHS-1 and
will therefore be the primary focus of this review.

As discussed previously (section 1), dioxygen pos-
sesses a triplet ground state which is relatively
unreactive toward the singlet ground state of most
organic molecules. Traditionally, oxygenases have
utilized a variety of prosthetic groups to overcome
this problem.?*> For incorporation of both oxygen
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atoms of O, into a single organic substrate, intra-
molecular dioxygenase activity (see section 1) by
heme-containing enzymes (see section VI) requires
formation of a complex between O, and ferrous high-
spin heme. No ferrous or oxyferrous species have
been observed during catalytic turnover of PGHS, nor
is enzyme activity affected by carbon monoxide,?*¢ a
potent inhibitor of heme systems that employ ferrous
intermediates. Clearly, if PGHS does not activate O,
in a heme-dependent manner, it must employ an
alternative mechanism of substrate oxygenation.
Nonetheless, both cyclooxygenase and peroxidase
activities of PGHS have been shown to be heme-
dependent,?*7~24° although the protein contains only
one heme prosthetic group per subunit.?>®

B. Active Site Structure

As isolated, the heme prosthetic group has been
spectroscopically characterized to be ferric high-spin,
exhibiting an electronic absorption spectrum which
is typical of other ferric high-spin peroxidase enzymes
with a Soret peak at 410—412 nm and a band at 630
nm.?%1 Detailed spectroscopic studies by Ruf and co-
workers?>? and by Tsai, Palmer and co-workers??
provided considerable insight into the heme coordi-
nation structure of PGHS. The EPR spectrum of the
ferric enzyme was consistent with a mixture of two
types of high-spin [g = 6.6, 5.4, 2.0 (rhombic, five
coordinate) and g = 6.0, 2.0 (axial, six coordinate)]
and a single low-spin (g = 2.98, 2.19, 1.56) heme
species.?52253%2 MCD spectra of the fluoride, azide,
cyanide, and imidazole derivatives of PGHS closely
resemble the corresponding derivatives of metmyo-
globin, indicating similarities in the heme coordina-
tion structure of PGHS and myoglobin.?%® MCD
spectroscopy has also been used to determine the
overall contribution of low-spin character to be 20%
at ambient temperature, increasing to 50% at 167 K,
suggesting that an equilibrium exists between five-
and six- [(bishistidine)] coordinate heme.?%% Reso-
nance Raman studies failed to identify a five-
coordinate high-spin species as suggested above, but
instead inferred that a mixture of six-coordinate high-
and low-spin heme is present.?%3® From these obser-
vations, these authors concluded that two histidine
residues are the axial heme ligands in PGHS, with
the distal histidine being only weakly associated. A
recent crystal structure determination of PGHS-1
from sheep seminal vesicles by Garavito and co-
workers?>* has identified two adjacent, yet clearly
distinct active sites. The heme group is located at
the peroxidase site with the iron coordinated to the
protein via His-388. As is commonly the case in
peroxidase enzymes, a distal histidine residue has
been identified at position 207 (Figure 37).

C. Cyclooxygenase Activity

Cyclooxygenase activity is hydroperoxide-depend-
ent. Hydroperoxides, such as PGG; have been pro-
posed to cause oxidation of the heme to ultimately
produce a protein-based radical.?®® Early experi-
ments by Hamberg and Samuelsson?5¢ showed that
the pro-S hydrogen atom was abstracted from C-13
(circled in Figure 38) with high stereoselectivity
during incubation of [13p-°H,3-**C]- and [13L-%H,3-
14C]-8,11,14-eicostrienoic acid with crude PGHS-
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nase reaction of prostaglandin H synthase. The 13-pro-S
hydrogen atom is circled. Adapted from ref 242.

containing homogenates of sheep vesicular glands.
This abstraction results in a resonance-stabilized
substrate radical which can react directly with O,.
Through allylic resonance (Figure 38, 50), attack by
O, occurs at C-11 to produce the 11-peroxyl radical,
51. Cyclization to the bicyclic 9,11-endoperoxide is
then coupled to bond formation between C-8 and
C-12, isomerization of the C-12 double bond into the
C-13 position, and reaction at C-15 with a second
molecule of O,. This gives the 15-peroxyl radical (not
shown) which abstracts a hydrogen atom to form
PGG, (Figure 38). The main function of the cy-
clooxygenase active site may be to position the
substrate in a suitable orientation to ensure correct
activation. The cyclooxygenase active site has been
shown to consist of a long narrow channel, lined
almost entirely with hydrophobic amino acids.?>*
Examination of the crystal structure in the presence
of a cyclooxygenase inhibitor, (S)-flurbiprofen, has
indicated that Arg-120 may facilitate precise sub-
strate binding by interacting with the carboxylate
moiety of arachidonic acid.?®* Replacement of Arg-
120 with Glu resulted in a 20-fold decrease in the
specific activity of PGHS and a 100-fold increase in
the apparent K, for substrate.?”

The cyclooxygenase activity of PGHS has been the
focus of much attention as the site of anti-inflamma-
tory drug inhibition. Both aspirin and ibuprofen
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compete with arachidonic acid for binding at the
cyclooxygenase active site,?%® although the former
results in a time-dependent, irreversible inhibition
of cyclooxygenase activity through acetylation of the
nearby Ser-530 residue; see Figure 37.25° While both
agents affect cyclooxygenase activity, they exhibit
little or no effect on peroxidase activity.

D. Peroxidase Activity

The peroxidase activity of PGHS has been assigned
two functions: (i) It has been implicated in the
generation of a protein radical that ultimately ini-
tiates the cyclooxygenase activity (see below) and (ii)
in the reduction of PGG, to PGH,. In comparison to
the cyclooxygenase active site, peroxidase activity has
been shown to occur in a relatively shallow cleft in
which the heme group is considerably exposed to
solvent,?®* presumably to accommodate large fatty
acid-based hydroperoxides and to facilitate peroxi-
dase reactivity, which has been proposed to occur at
the heme edge.®®

Hydroperoxides such as PGG; interact directly
with the ferric heme. Incubation of PGHS in the
presence of high concentrations of cyanide (250 mM)
results in inhibition of cyclooxygenase activity that
is characteristic of peroxide deficiency.?*® Addition
of exogenous hydroperoxide or accumulation of per-
oxide product was observed to lower the sensitivity
toward cyanide, leading Helmer and Lands?*¢ to
conclude that competition for binding to the ferri-
heme must exist between cyanide and hydroperoxide.
In addition, the disappearance of both ferric high-
and low-spin EPR signals upon addition of hydro-
peroxides to PGHS provides further evidence for a
direct hydroperoxide—heme interaction.?3® Hetero-
lytic O—O bond cleavage, facilitated by the distal
histidine and the polar nature of the amino acids at
the active site, results in the generation of a species
formally two oxidation equivalents above the ferric
resting state and release of PGH; (eq 9). This species

[Fe'"(Porph)] + PGG, —
[O=Fe"(Porph'™)] + PGH, (9)

is known as compound | in peroxidase systems and
consists of low spin ferryl iron with a porphyrin
m-radical cation, [O=Fe'V(Porph**)], in which both
oxidizing equivalents remain at the heme. The
peroxidase cycle ferric state must be regenerated by
interaction with a reducing cosubstrate. This can
occur either by two successive one-electron reduc-
tions?® in which another oxoferryl intermediate,
compound I1, [O=Fe'Y(Porph)], formally one oxidation
equivalent above the ferric state is formed first (eq
10). It is then reduced back to the ferric state by a

[O=Fe"V(Porph')] + substrate —
[O=Fe'(Porph)] + oxidized substrate (10)

[O=Fe"V(Porph)] + substrate —
[Fe'"'(Porph)] + oxidized substrate (11)
second molecule of reducing substrate (eq 11). Al-

ternatively, direct transfer of the oxo moiety from
compound 1,%5* a process analogous to the oxygen-
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Figure 39. Rapid scan electronic absorption spectra. (A)
Reaction between prostaglandin H synthase (PGHS) and
5-phenylpent-4-enyl 1-hydroperoxide (PPHP) to form com-
pound I. (B) Reaction between PGHS and PPHP to form
compound Il. The arrows indicate the direction of the
absorbance change with increasing time for both (A) and
(B). All spectra were collected at 5 °C. Reproduced with
permission from ref 251 (copyright 1985, Journal of Bio-
logical Chemistry).

ation reaction of the P450s (see section II), will
regenerate the ferric state in one step.

With PGHS, two short-lived intermediates resem-
bling compounds | and Il of the classical heme-
containing peroxidase, horseradish peroxidase,?5?
have been observed independently in two laborato-
ries.?®1263 Intermediate | was assigned as PGHS
compound | based on the considerable decrease in
Soret peak intensity and the “featureless” visible
region, Figure 39A, which is characteristic of com-
pound I-like species. The second intermediate, Fig-
ure 39B, was assigned to either compound II- or
compound Il-type heme with a protein-derived radi-
cal, [O=Fe'VY(Porph)]protein®, analogous to the ES
complex of cytochrome c peroxidase.?642%5 These
latter two formulations are difficult to differentiate
spectroscopically as both hemes possess identical
electronic structures.

E. Interdependence of Peroxidase and
Cyclooxygenase Activities

Clearly, an interdependence exists between the
cyclooxygenase and peroxidase activities of PGHS,
suggesting the existence of a species common to both
activities. Compound 12° and compound 11266 have
each been proposed as the common connection be-
tween the pathways. Much of the evidence ac-
cumulated has implicated a protein radical, [O=Fe!'V-
(Porph)]Tyre. This species is presumably derived
from electron transfer from a tyrosine residue to
compound I, followed by deprotonation. Initial evi-
dence indicating participation of a protein radical
came from the observation that in the reaction of
PGHS with PGG; under anaerobic conditions, the
ferric high-spin-derived EPR signal was converted to
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Figure 40. Model for the peroxide-dependent activation
of prostaglandin H synthase cyclooxygenase activity. (P)
represents the porphyrin macrocycle; AA, arachidonate;
PGG,, prostaglandin G,. Adapted from ref 263.

a new doublet signal at g = 2.005.25> Comparison of
the EPR spectral shape and hyperfine coupling
parameters to the well-characterized tyrosyl radical
of ribonucleotide reductase,?6”~2%° strongly suggested
the participation of a similar species for PGHS. This
new intermediate corresponds to that observed in
Figure 39B and was assigned to [O=Fe'V(Porph)]-
protein®. Subsequently, at least three distinct tyrosyl
radicals of different spatial orientations have been
detected by EPR.?707272 Tsai and co-workers have
employed isotope replacement and site-directed mu-
tagenesis techniques to locate and identify these
radicals.?”® Replacement of Tyr-385 with perdeuter-
ated tyrosine resulted in no change in enzymatic
activity or radical formation but caused a significant
narrowing of the EPR signal relative to that normally
observed for reaction with hydroperoxides. This
provided strong support for the proposed interme-
diacy of a tyrosyl radical. Cyclooxygenase activity
was abolished when Tyr-385 was mutated to Phe or
was chemically modified (nitrated) by incubation with
tetranitromethane. These findings were further cor-
roborated by the crystal structure,?® which places
Tyr-385 in close proximity to both the heme-edge and
protein-bound arachidonate; i.e., Tyr-385 could in-
teract with the heme to become a radical which in
turn could directly abstract a hydrogen atom from
the substrate.

Ruf has proposed a model?®5263 describing the
involvement of higher heme oxidation states and a
tyrosyl radical in the initiation of cyclooxygenase
activity (Figure 40). Ferric heme is oxidized to
intermediate |1 (compound 1) by direct reaction with
hydroperoxides (physiologically with PGG;). In-
tramolecular electron transfer coupled with depro-
tonation from Tyr-385 to intermediate | results in the
generation of intermediate 11, a high-valent iron—
oxo species analogous to compound 11, and the Tyr-
385 radical. This radical abstracts a hydrogen atom
from arachidonic acid (AA), which undergoes the
cyclooxygenase reaction to produce a PGG; radical
(right side of Figure 40). Subsequent regeneration
of the tyrosyl radical enables cycloxygenase catalysis
to continue without further involvement of interme-
diate | of the peroxidase cycle. Ruf's model, often
referred to as the “branched-chain” mechanism,
adequately explains the dependence on hydroperox-
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ides to initiate cyclooxygenase activity, the require-
ment for only one heme per protein subunit and the
retention of cyclooxygenase activity in preparations
(those incubated in the presence of high concentra-
tions of cyanide or Mn'"'-protoporphyrin IX—recon-
stituted protein) that exhibit little or no peroxidase
activity. Alternatively, Backovic and Dunford have
described a “tightly coupled” mechanism that impli-
cates compound | of the peroxidase cycle as the
primary oxidant in cyclooxygenase catalysis.?’* In an
attempt to distinguish between the “branched-chain”
and “tightly coupled” mechanisms, Tsai and co-
workers have examined the arachidonate metabolites
formed in the reaction of PGHS with arachidonate
and reducing cosubstrate.?’> The absence of direct
coupling between PGG, formed during the cyclooxy-
genase activity and PGG; reduction during the per-
oxidase cycle in the branched-chain mechanism,
would be expected to result in an accumulation of
PGG.. In atightly coupled system, compound | must
be regenerated by additional PGG, molecules, hence
not allowing PGG; build up. Tsai et al. observed
accumulation of micromolar concentrations of PGG,,
providing strong support in favor of the branched-
chain mechanism. In addition, the stoichiometry of
reducing cosubtrate oxidized to fatty acid oxygenated
was determined to be less than 1.3. This is incon-
sistent with a tightly coupled system, which would
require 2 equiv of reducing cosubstrate for every mole
of arachidonate oxidized.

Bakovic and Dunford have recently shown that, in
the absence of reducing cosubstrates and arachido-
nate, hydroperoxides react directly with compound |
to form a transient complex, [O=Fe'V(Porph't)]—
PGG,.2"6 They have concluded that this enzyme—
substrate complex forms prior to the reduction of
compound | by hydroperoxides (by overall hydrogen
atom transfer), resulting in formation of compound
Il and a peroxyl radical, not the compound I1—tyrosyl
radical species. Tyrosyl radical formation must
therefore occur at some later stage, possibly by
reaction between compound Il and the peroxyl radical
(eq 12). The authors do however emphasize that the

[0=Fe"V(Porph'™)] + PGG, =
[Fe=0"'(Porph")]-PGG, —
[O=Fe"(Porph)] + PGG,” —

[O=Fe'V(Porph)]protein’ + PGG, (12)

reaction of PGG, with compound | may be irrelevant
under physiological conditions where reducing sub-
strates are present that rapidly reduce compound I,
resulting in increased concentrations of compound II.

Assignment of a specific role for tyrosyl radicals
in PGHS catalysis has proven controversial. A
detailed study of reaction kinetics by Kulmacz and
co-workers have provided a unified mechanistic
model?’” that accurately predicts the kinetic behavior
of PGHS under a variety of reaction conditions, yet
failed to attribute a direct function to a tyrosyl
radical. In alow-temperature EPR study of Fe'"'- and
Mn"!-protoporphyrin IX—reconstituted PGHS, Eling,
Mason, Marnett, and co-workers observed that the
protein-derived radicals formed upon addition of
arachidonate appeared at a considerably slower rate
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than eicosanoid products were formed. This led to
the conclusion that the protein radical observed is
not catalytically competent species in the cyclooxy-
genase pathway.?’®@ In addition, the radical produced
upon reaction of Mn"!-reconstituted PGHS with
arachidonate did not resemble a tyrosyl radical.?782
Previously Hayaishi and co-workers had shown that
while Mn'""-reconstituted PGHS exhibited little or no
peroxidase activity, it still sustained cyclooxygenase
activity.?’® In this respect, Mn'"'-reconstituted horse-
radish peroxidase has been shown to be readily
oxidized by peroxides or peracids to the Mn'V state?’8d
and a protein radical.?’® But the the peroxidase
activity of Mn"'-reconstituted horseradish peroxidase
is very low.?’8 These observations, although some-
what contradictory to the involvement of tyrosyl
radicals in the cyclooxygenase pathway, do lend
support to Ruf's branched-chain mechanism, which
requires only initial formation of compound | to
generate the active protein radical. The cyclooxyge-
nase pathway is then self-dependent, regenerating
the protein radical as a part of the mechanism.

Previously, it had been observed that an arachi-
donic acid radical was formed during anaerobic
incubation with PGHS.27%0 Recently, EPR has been
employed to study the interactions between tyrosyl
radicals formed during reaction with hydroperoxides
and fatty acid substrates (Figure 41). In this study,
Tsai and co-workers have provided the first direct
evidence implicating tyrosyl radical formation in
cyclooxygenase activity.?® The reaction of PGHS
with ethyl hydroperoxide under anaerobic conditions
produced a wide doublet EPR signal characteristic
of a tyrosyl radical (Figure 41, la). The signal
intensity of this species decreased upon incubation
in the presence of Oy, la’. Addition of arachidonate
resulted in the formation of a new isotropic signal
with g = 2.004, Ib, which was distinct from the wide
doublet tyrosyl radical signal. This new signal
persisted with time, although its intensity did de-
crease, Ic. Introduction of O, following the addition
of arachidonate regenerates the tyrosyl radical signal,
Ib" and Ic', which is consistent with Ruf's model of a
catalytic cycle (Figure 40). To confirm the assign-
ment of this new species as a substrate-based radical,
Tsai et al.?®° examined the reaction of selectively
deuterated arachidonate with PGHS (Figure 41, I1).
Reaction of PGHS with hydroperoxide once again
produced the wide doublet signal, Ila, which upon
aerobic incubation showed a decrease in signal
intensity, lla’. Addition of deuterated substrate
produced a radical species, Il1b and llc, for which the
EPR signals were clearly different from those of
nondeuterated substrate. Aerobic incubation of these
samples once again regenerated the original tyrosyl
radical species, IIb" and lIc’. These results provide
the strongest evidence to date that initiation of
cyclooxygenase activity by substrate radical forma-
tion occurs in a tyrosyl radical-dependent manner.

Major advances have been made in our under-
standing of PGHS catalysis. Nonetheless, many
aspects of its reactivity remain both controversial and
unclear. Although the mechanisms of the individual
activities of PGHS (cyclooxygenase and peroxidase)
are commonly accepted, inconsistencies arise in the
nature of their interdependence due in part to the
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Figure 41. EPR spectra during the following reaction. (I) Prostaglandin H synthase (PGHS-1) radical (wide doublet) and
arachidonate. Samples were incubated under anaerobic conditions: 1.5 equiv of ethyl hydroperoxide (EtOOH) for 20 s
before addition of arachidonate. EPR spectra were obtained for samples 12 s after addition of EtOOH (la) and 12 (lb) or
60 s (Ic) after subsequent addition of arachidonate (1.5 equiv). Spectra la'—Ic’ were obtained for the same three samples
(la—Ic) after thawing and aerobic incubation for 20 s. (I1) PGHS-1 radical (wide doublet) with deuterated arachidonate.
Samples were incubated under anaerobic conditions with 1.5 equiv of EtOOH for 20 s before addition of (dg)aracidonate
(1.5 equiv). EPR spectra were obtained for samples taken 13 s after addition of EtOOH (lla), and 14 (l1b) or 56 s (l1c) after
the subsequent addition of (dg)arachidonate. Spectra Il1a’'—I11c’ were obtained for the same three samples (lla—llc) after
thawing and aerobic incubation for 20 s. The value at the left side of each spectrum is the signal intensity (in spins/heme).
Reproduced with permission from ref 280 (copyright 1995, Journal of Biological Chemistry).

complexity of the system. Although protein radicals
are not uncommon in biological systems, especially
tyrosyl radicals, it has proved challenging to directly
implicate any such species in PGHS activity. PGHS
provides an effective alternative to iron protoheme-
based dioxygen activation described elsewhere in this
review. Clearly, a system of such intriguing bio-
chemical properties and physiological importance will
remain the subject of intense research for many
years.

VI. Indoleamine 2,3-Dioxygenase (IDO) and
Tryptophan 2,3-Dioxygenase (TDO)

A. Similarities and Distinctions between the Two
Dioxygenases

Both IDO and TDO are cytosolic (soluble) heme
proteins that catalyze the conversion of L-Trp to
N-formylkynurenine, the first and rate-determining
step of the kynurenine pathway of L-Trp metabolism,
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Table 1. Comparison of Indoleamine Dioxygenase (IDO) and Tryptophan Dioxygenase (TDO)

properties IDO?81.282 TDO?3
mol wt 45 000287288 191 000 (liver),?8 122 000 (Pseudomonas)
subunits 1 4 (042% or af32)
carbohydrate 4.8% none

prosthetic group
oxygen source

protoheme 1X (1)
Oz (and Oz*)

substrates
serotonin
turnover no. for L-Trp (s7%) 2
distribution
mammals ubiquitous (except liver)
bacteria none
inducers

L- and b-Trp, 5-hydroxy-L- and D-Trp, tryptamine,

influenza virus, lipopolysuccharide, interferon y

protoheme IX (2)%%°

L-El'rp (and p-Trp)?t

7 (liver), 17 (Pseudomonas)?%?
liver

Pseudomonas acidovorans
tryptophan, kynurenine, hydrocortisone

by oxidatively cleaving the tryptophan pyrrole ring
between its 2- and 3-positions upon incorporation of
both oxygen atoms of O, (eq 13).2817283 Thus, TDO

COO

NH;*
+ 0 [ e—

Tryptophan

00

NH;"  (13)
NAO

N-Formylkynurenine

was first called “tryptophan pyrrolase” when initially
isolated by Kotake and Masayama in the mid-
1930s,%8* and later “tryptophan 2,3-dioxygenase” by
Hayaishi. It is sometimes also called “tryptophan
oxygenase”.?82 In mammals, TDO is located exclu-
sively in the liver.?822 The enzyme has also been
isolated from Pseudomonas acidovorans. IDO was
isolated initially as a p-Trp-cleaving enzyme from
rabbit small intestine in the late 1960s by Hayaishi
and co-workers.?®> Subsequently the enzyme was
shown to be a heme-containing glycoprotein, ubiqui-
tously distributed in mammals (except the liver),
which is able to utilize both enantiomers of Trp as
substrates.?®? It can also oxygenate several other Trp
derivatives including 5-hydroxy-tryptophan, trypt-
amine and serotonin (5-hydroxytryptamine).28.286.287
Since substrates for this dioxygenase must have the
a-amino group of Trp, it was designated “indoleamine
2,3-dioxygenase” by Hayaishi.?®¢ Although both di-
oxygenases catalyze the same reaction (eq 13), they
are otherwise distinct (Table 1). Copper, once thought
to be one of the cofactors for TDO, is not required for
catalysis.?® L- and p-Trp are comparable substrates
for IDO in terms of turnover number (Vmax), but the
former has 10—50 times smaller K. values (pH-
dependent) than the latter.?®® In terms of Vo and
specificity constant (Vimax/Knm), the other tryptophan
derivatives are much poorer substrates than L-Trp,
exhibiting less than 2.5 and 1.5% of the values for
L-Trp, respectively.?®”

The amino acid sequence of rat liver TDO has
recently been determined from its cDNA, and its
molecular structure has been revealed to be that of
a homotetramer.?®® I1DO has been purified also from
human placenta?®* and mouse epididymis,?°® and the

amino acid sequences have been determined for the
enzymes from these sources.?882%297 The catalytic
properties and substrate specificity of IDO from these
sources are similar.287.294.295

In contrast to a relatively simple Trp-metabolizing
role of hepatic TDO which initiates the kynurenine
pathway leading to the formation of pyridine nucle-
otide coenzyme (NAD),? several possible physiologi-
cal roles for IDO have been suggested. Most signifi-
cantly, it is associated with the antiviral and
antiproliferative activities of interferon y.282298.2%
Alternatively it has been shown that local synthesis
of the neurotoxin quinolic acid, an L-Trp metabolite
of the kynurenine pathway, in the central nervous
system follows the induction of IDO in macrophage.3®
Thus, IDO is implicated to be of neuropathological
significance. As a third possibility, IDO has been
suggested to be related to an antioxidant defense in
mononuclear phagocytes since increased amounts of
aminophenolic antioxidants, which are metabolites
of tryptophan, are found in the cells following the
induction of 1DO.3%!

B. Roles of Superoxide (O »*~) as an Activator
and Oxygen Source for IDO

One of the unique features of IDO is that the ferric
enzyme (Figure 42, 52) readily reacts with O,*~ to
yield the oxygenated enzyme (Fe?*Oy) (53)3%? (ko,~ =
7 x 108 M1 s at pH 7),30%:304 (eq 14), which can also

Fe*" + 0, — Fe*'0, (14)
Fe’" + 0, — Fe*'0, (15)

be generated by addition of O, to the ferrous enzyme
(Fe?*t) (54) [ko, = (6.3-7.4) x 108 M~ st at pH 7]3%
(eq 15). The oxygenated enzyme can be presented
also as Fe3tO,*~ (see section IC). This O,*~-binding
property of IDO is similar to those of horseradish
peroxidase and catalase (ko,- at pH 7 = ~1.6 x 10°
and 2.1 x 105 M1 s71, respectively,®% but clearly
different from those of hemoglobin, myoglobin, cyto-
chrome P450, or TDO, which have very low reactivi-
ties with O,".3067308  Addition of Trp to oxygenated
IDO, 53, produces N-formylkynurenine3®? via the
ternary Fe?*O,—Trp complex, 55.

Possible utilization of superoxide by IDO in vivo
was examined by Hayaishi and co-workers by using
the dispersed cell suspensions of the rabbit small
intestine.3®® When superoxide dismutase activity
was suppressed by adding the inhibitor diethyldithio-
carbamate, the intracellular IDO activity was mark-
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Figure 42. Proposed catalytic reaction cycle(s) for in-
doleamine 2, 3-dioxygenase (IDO) and tryptophan 2, 3-di-
oxygenase (TDO). The porphyrin macrocycle is abbreviated
as a parallelogram with nitrogens at the corners. The outer
cycle is a most likely common reaction cycle for the both
enzymes. However, since IDO is distinct from TDO in that
(i) its tryptophan (Trp)—enzyme—0, ternary complex (55)
is considerably autoxidizable and (ii) its Trp-free enzyme—
O, complex (53) is relatively stable, the Trp-free forms of
the enzyme—0, complex (55) and ferric enzyme (52) may
be involved as a major (the former) and minor (the latter)
intermediates during the steady state. Formation of the
ferric enzyme—L-Trp complex (57) appears to be the cause
of the substrate inhibition observed for IDO but not TDO.
Adapted from ref 315.

edly accelerated. Furthermore, addition of substrates
(purines) of xanthine oxidase in the presence of
methylene blue also enhanced the IDO activity in the
cells. The researchers interpreted these results to
be indicative of intracellular utilization of O~ by
|DO_282,309

Sono has investigated on the roles of (a) superoxide,
generated using xanthine oxidase—hypoxanthine in
the presence and absence of methylene blue, and of
(b) ascorbic acid—methylene blue in the reductive
activation of ferric IDO and reached the following
conclusions:®1° Methylene blue acts as an electron
mediator from these donors (reduced xanthine oxi-
dase and ascorbic acid) to the ferric dioxygenase.
With the increase in the amount of xanthine oxidase,
the IDO activity is enhanced to an apparent maximal
level either in the absence or presence of methylene
blue when L-Trp is used as substrate. In the absence
of methylene blue, superoxide dismutase effectively
inhibits the IDO activity, indicating that O,'~ is the
major reductant (activator) of IDO under these
conditions. The apparent maximum catalytic activity
(turnover, ~2 s™1) can be obtained with steady state
Oy~ concentrations of =2 x 1076 M. Under normal
physiological conditions, however, steady-state con-
centrations of O,*~ are kept very low (e.g., ~1 x 1071¢
M in mitochondria)3'%:31? since superoxide dismutase
effectively removes intracellular O,*~. On the other
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hand, in the presence of methylene blue, the IDO
activity at its near-maximum level is no longer
inhibited by superoxide dismutase, indicating that
IDO is predominantly activated by reduced xanthine
oxidase via the electron mediator methylene blue
without requiring O2"".

The findings in the above two studies are consistent
with each other. Furthermore, a pulse radiolysis
kinetic study of the reaction of ferric IDO with O~
has revealed that L-Trp effectively inhibits this
reaction, e.g., ~50 uM L-Trp caused 50% inhibition
at pH 7.39¢ All these results suggest that, under
physiological conditions, utilization of O,*~ by IDO
seems insignificant because of the ubiquitous pres-
ence of superoxide dismutase in cells. The only
exceptions to this would be the cases of burst produc-
tion of O,*~ either by NADPH oxidase in phagocytic
cells (e.g., neutrophils)3!33 or by xanthine oxidase
in other cells during reperfusion following ischemia.3'?
However, no particular connections between these
extraordinary physiological conditions and the IDO
activity have been demonstrated. This leads to a
speculation that in order for IDO to be active in
tissues, a certain, yet to be identified, natural elec-
tron carrier (which would take the place of methylene
blue) must exist.2%

C. Catalytic Cycle

The proposed catalytic cycle of IDO is schematically
illustrated in Figure 42. Under physiological steady-
state conditions, the majority of the enzyme is likely
to be in the active, ferrous form. However, in vitro
catalysis starts from the inactive ferric form, 52.
Formation of the Trp—ferric enzyme adduct, 57 (Kq
= 50—200 K,)??3315 appears to be catalytically unfa-
vorable and the likely cause of the substrate inhibi-
tion which is exclusively observed with the L-isomer
of Trp (and 5-hydroxy-Trp) for IDO?8:315 but not for
TDO. Thus, for IDO, the Trp-free ferric enzyme is
either reduced to the ferrous state, 54, which then
binds Trp and O, to form the ternary complex (Trp—
Fe?t—0,) 55 or, if Oy~ is available, binds O,~ to
generate the oxygenated enzyme (Fe?t0,) 53 followed
by Trp binding. An equilibrium analysis of Trp
binding to the deoxyferrous and the oxygenated
enzyme suggests that Trp binds more readily to the
ferrous enzyme, followed by O, (54 — 56 — 55).315
The reverse binding order of these two substrates (54
— 53 — 55), however, has not been excluded. Once
formed, the ternary complex decomposes to the
ferrous enzyme and product. For TDO, the outer
circle in Figure 42 is the principal catalytic cycle that
was unambiguously established for this dioxygenase;
ferrous TDO does not readily bind O; in the absence
of L-Trp.3'% Note that, in the principal catalytic cycle,
no redox changes of the enzyme heme iron are
involved for either dioxygenase.

The turnover number for rabbit intestinal IDO is
~2 571287293 (cf, 17 s~ for rat liver TDO).2%2 However,
in contrast to TDO, the O, complex of ferrous IDO is
readily autoxidizable in the presence of substrate
(autoxidation rates 2.8 x 1072 and 4.7 x 104 s ! at
pH 7.0 and 25 °C in the presence and absence of Trp,
respectively).302303 Thus, during the turnover, the
enzyme autoxidizes at a rate of 0.028 s™* (eq 16). The
ferric enzyme generated needs to be reactivated.
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Trp—Fe*™—0, — Fe*" + Trp + [0,”] (16)

Based on the relative rates of turnover/autoxidation
reactions, it can be estimated that, if O,*~ is the only
activator of the enzyme in vivo (and if the presence of
superoxide dismutase can be ignored), IDO may
utilize O, and O,*~ as the oxygen sources in a ratio
of ~70:1 (= ~2:0.028) when L-Trp is used as sub-
strate.3%

D. Heme Iron Coordination Structures

All the enzyme intermediates shown in Figure 42
have been isolated and characterized with several
spectroscopic techniques (including electronic absorp-
tion, natural and magnetic circular dichroism, EPR,
and NMR spectroscopy)?87317-321 for both IDO and
TDO (except for its Trp-free oxygenated form). The
endogenous axial ligand coordinated to the heme
prosthetic group has been shown to be histidine for
both dioxygenases.?®317-31% However, in the native
ferric form, IDO and TDO differ somewhat in that
IDO is six coordinate, apparently having a nitrogen
donor as the sixth ligand trans to the proximal
histidine (52), yet is predominantly high spin,3®
while water is a likely sixth ligand for ferric high-
spin TDO as it is for ferric myoglobin.3” These
spectroscopic and spin-state properties of native ferric
IDO can be simulated by coordination of benzimida-
zole, a sterically hindered and electron-deficient (i.e.,
less basic) nitrogen donor, to ferric myoglobin.3!8 This
suggests that histidine constrained to coordinate in
its 1-H tautomer rather than the more normally
found 3-H tautomer could be the cause of the ob-
served spectral properties of IDO. Upon addition of
L-Trp to the ferric IDO, 52, and TDO, a spin-state
change occurs, especially in alkaline pH (pH >7.5)
resulting in a predominantly (~70% for 1DO)3'8 (57)
or partially (30-50% for TDO)®® low-spin state.
These spin-state changes are accompanied by coor-
dination of hydroxide as a sixth ligand for both
enzymes.317318320 However, the L-Trp-induced forma-
tion of the low-spin complex, 57, appears to be related
to the substrate inhibition for IDO3!® as mentioned
above. The ferrous enzyme and its complexes with
0O, as well as CO and NO exhibit spectral properties
that are very similar to those of the analogous
myoglobin derivatives. An addition of L-Trp to these
dioxygenase derivatives causes slight spectral blue
shifts in the Soret region.315322.323 The L-Trp-ferrous
enzyme—0, ternary complex, 55, was successfully
generated and stabilized as a transient state for both
dioxygenases at ~5 °C for TDO3¢ and below —20 °C
in cryogenic mixed solvents for 1DO.3%

E. Tryptophan Analogs and Substituted
Tryptophans as Mechanistic Probes

Cady and Sono have demonstrated that methyla-
tion or substitutions of the indole nitrogen with
oxygen or sulfur (to form the oxygen or sulfur analog
of Trp) converts the substrate Trp to competitive
inhibitors for IDO.32* These results strongly suggest
that (i) the free form of the indole NH group is an
important requirement for substrate and (ii) the
electronic property of the indole nitrogen is also
important since its replacement by a more electron-

Chemical Reviews, 1996, Vol. 96, No. 7 2879

inductive sulfur or oxygen atom eliminates the
substrate nature of Trp. In addition, the inability of
1-methyl-Trp, which readily reacts with singlet oxy-
gen,3?® to serve as a substrate for the dioxygenase
suggests that singlet oxygen is not involved in the
enzymic dioxygenation of Trp. Furthermore, the
effects of substitutions of hydrogen atom(s) on the
indole benzene ring of Trp with a methyl or methoxy
group or with fluorine atom(s) on the catalytic
activity of IDO have been examined by the same
researchers.3?5326 |t has been found that both the L
and b forms of 4-, 5-, and 6-fluoro-Trp, 5- and
6-methyl-Trp, and 5-methoxy-Trp are relatively good
substrates (in terms of Vma) as compared with
unsubstituted L- and b-Trp. Curiously, however,
7-fluoro- (and 4,7- and 5,7-difluoro-Trp) and 7-meth-
yI-Trp no longer serve as substrates but instead are
inhibitors.®?” The 7-fluoro-Trp’s are competitive in-
hibitors, while the inhibition mode (competitive or
noncompetitive) for 7-methyl-Trp is ambiguous.32¢ A
series of competitive inhibitors (with their K; values)
is depicted in Figure 43.

Detailed examination of the catalytic data for these
substituted Trp substrates has revealed a general
correlation in which the presence of an electron-
withdrawing fluorine substituent led to low Vpmax
values, while the electron-donating methyl substitu-
tion led to high Vmax values. The exceptionally low
Vmax Value for 6-methyl-L-Trp (Figure 44, top) was
attributed, at least in part, to “improper” binding to
the enzyme as judged from the somewhat unusual
electronic absorption spectrum of its complex with
IDO in comparison with those for the other substrate-
type substituted Trp’s.326327 6-Methyl-p-Trp exhib-
ited an expected Vmax value similar to that of 5-methyl-
D-Trp and higher than that of unsubstituted p-Trp.
With respect to the Ky, values (Figure 44, bottom),
substituted L-Trp’s having bulkier methyl and meth-
oxy groups have noticeably larger K, values (i.e.,
weaker binding affinity for the enzyme) than those
having smaller fluorine or hydrogen atoms as ex-
pected. The extremely low Vmax Values for 5-hydroxy-
L-Trp (Figure 44, top) as well as 5-hydroxy-b-Trp (not
shown) may be attributed to a considerably higher
pKa value (i.e, basicity) of their indole NH group (pKa
= 19.2) than those for the other substituted Trp’s
(pK, = 16.3—16.9).328

Analogous studies have been carried out by Wise-
man and co-workers3?° with rat liver TDO by using
such fluoro- and methyl-substituted Trp’'s as those
used for the IDO activity study described above.
These researchers have obtained only relative Viax/
Km values for the substituted Trp’s vs unsubstituted
L-Trp in competition experiments. Although some
similarities exist in the results of the two studies with
certain substituted Trp's (e.g., the very low Viyax/Km
value for 7-fluoro-Trp), their major findings for TDO
are significantly different from those obtained for
IDO. For example, 6-fluoro-L-Trp (as well as 6-fluoro-
DL-Trp) has been shown to be the best substrate for
TDO (having the highest Vna/Kn value, being 1.64-
fold higher than that of L-Trp) among all the substi-
tuted Trp's used. This is not the case for IDO (Figure
44); 6-fluoro-L-Trp has the second best Via/Km value
(4.4), which is less than half of the value (9.4) of
L-Trp. It is not clear whether the different results
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Figure 43. Trp analogs and substituted Trp’s that have been discovered as competitive inhibitors for indoleamine 2,
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Figure 44. The Vmax, Km, and Vya/Kn values at pH 7.0
for substituted and unsubstituted (U/S) L-Trp’s, which
serve as substrates for indoleamine 2, 3-dioxygenase.

in the two studies with the substituted Trp’s are due
to the use of two different enzymes or due to the
different analysis methods.

F. Plausible Reaction Mechanism

Both IDO and TDO cleave an aromatic ring having
an NH group attached directly to the bond cleaved.

This is similar to the phenol ring cleavage catalyzed
by non-heme iron dioxygenases such as catechol 3,4-
dioxygenases®3°2 and protocatechuate 4,5-dioxy-
genase33% or by the copper-containing protein quer-
cetinase,®3! for which an OH group is attached to the
substrate aromatic ring.? Thus, in contrast to heme
iron and non-heme iron-containing monooxygenases
such as P450 and methane monooxygenase,3*? re-
spectively, which are able to oxygenate completely
unactivated alkanes, IDO and TDO require a func-
tionalized double bond for the substrate to help
oxygen incorporation.? In this respect, even singlet
O,, a considerably reactive oxygen species, cannot
react with alkanes or unactivated aromatic com-
pounds. Based on the results obtained from the
studies with the Trp analogs and substituted Trp's
as described in the previous section, and other
available experimental evidence, plausible reaction
mechanisms are presented below for both IDO and
TDO.

1. lonic Mechanism

A proposed ionic reaction mechanism33 for the
IDO- and TDO-catalyzed conversion of Trp to N-
formylkynurenine is displayed in Figure 45. The
heme iron-bound O, is not singlet O, but mimics the
reaction by singlet O; in this particular case. In the
enzyme active site, 58, O, coordinates to the ferrous
heme iron to form the heme—0, complex (formulated
as Fe''-0,) 59, which can now react by an ionic
mechanism. Next, deprotonation of the indole NH
by an active site base (B) stimulates the nucleophilic
attack by the relatively electron-rich indole carbon
3 on the distal oxygen atom of the bound O,. The
result of this concerted electron rearrangement is
intermediate 60, the 3-indolenylperoxy—Fe(ll) com-
plex. Because the basicity of the indole nitrogen
significantly influences the rate of the oxygenation
(Trp vs 5-hydroxy-Trp, Figure 44) and because the
availability of the free indole NH group is essential
for the oxygenation (Figure 43), the enzyme base-
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Figure 45. Proposed ionic reaction mechanism for conver-
sion of tryptophan to N-formylkynurenine catalyzed by
indoleamine 2,3-dioxygenase and tryptophan 2,3-dioxyge-
nase. The reaction sequence at the enzyme active site is
schematically illustrated. The ellipse circling Fe'' repre-
sents the porphyrin ring and B is a specific base involved
in catalysis. Note that the enzyme heme—0O, complex (59
is formulated as Fe''—0O, to account for the ionic mecha-
nism. Following the formation of the 3-indolenylperoxy—
Fe!' intermediate (60), two alternative mechanisms for its
conversion to the product are shown: (a) Criegee-type
rearrangement and (b) dioxetane pathways. Adapted from
ref 333.

assisted deprotonation of the indole NH group can
be considered as “activation” of substrate by the
enzyme. The above mechanism is also consistent
with the opposite effects of electron-withdrawing
(fluorine atom) and -donating (methyl group) sub-
stituents on the indole benzene ring on the V. value
as described in a previous section for substituted
Trp's. Interestingly, Makino, Ishimura, and co-
workers have found from their heme substitution
study of bacterial TDO that the stronger the electron-
withdrawing nature of the porphyrin 2,4-substituents
(diacetyl > divinyl > diethyl groups) the greater the
Vmax Value for L-Trp.?%2 Since the heme iron becomes
more electron-deficient when the porphyrin side
chains are more electron-withdrawing, this effect will
decrease the electron density of the heme iron-
coordinated dioxygen. This in turn will enhance its
electrophilicity in favor of a nucleophilic attack by
the indole 3-carbon on the distal oxygen atom to form
the 3-indolenylperoxy—Fe(ll) complex.

Two pathways have been proposed to convert
intermediate 60 into product (Figure 45). Pathway
a involves a Criegee-type rearrangement to interme-
diate 61a, which further rearranges to form the
product N-formylkynurenine.?333 A variation to the
Criegee rearrangement has been proposed by Naka-
gawa (not shown), in which the a-amino group (in
R) of Trp in 60 undergoes intramolecular addition to
the indole carbon at the 2-position to form the
tricyclic compound  3a-hydroperoxyhexahydro-
pyrroloindole (not shown) as an intermediate.33
Fraser and Hamilton33® have suggested that a specific
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Figure 46. Proposed radical mechanism for the formation
of the 3-indolenylperoxy—Fe'' intermediate (60) catalyzed
by tryptophan (and indoleamine) 2,3-dioxygenase(s). Note
that the enzyme—0, complex is represented as Fe'''—0,~
in this mechanism. See the text for detailed description.
Adapted from ref 329.

nucleophilic group of the enzyme rather than the
o-amino group of the substrate Trp might add to the
C-2 position prior to the Criegee rearrangement. The
nucleophilic group is subsequently detached from the
substrate upon the formation of the final product.
Pathway b for the conversion of 60 to 62 involves a
dioxetane intermediate 61b. Once formed, the di-
oxetane rearranges to give N-formylkynurenine (62).
However, Hamilton?3% initially suggested that the
dioxetane mechanism is unfavorable because of (i) the
excess endothermicity (for an enzyme reaction) in-
volved in forming the dioxetane from 60 and (ii) the
extreme exothermicity for the decomposition of 61b
to 62. In the enzymic reaction, no light emission
(chemiluminescence) has been detected which would
be expected to accompany the decomposition of the
dioxetane.? Mechanistic studies by Muto and Bruice33¢
and Fraser and Hamilton33® on nonenzymic conver-
sion of 2-phenyl-3-methyl-3-hydroperoxyindolenine to
o-benzamidoacetophenone (by the former) and 2,3-
dimethyl-3-hydroperoxyindolenine to o-acetamido-
acetophenone (by the latter) have suggested that,
although both the dioxetane and Criegee rearrange-
ment mechanisms may be feasible in enzymic reac-
tions, the rearrangement pathway appears to pre-
dominate.

2. Radical Mechanism

An alternative radical mechanism has been pro-
posed for the formation of 3-indolenylperoxy—Fe(ll)
complex (Figure 45, 59 — 60) by Wiseman and co-
workers®?® as depicted in Figure 46. According to the
proposed mechanism, enzyme base-catalyzed depro-
tonation of the indole NH group generates Trp anion
(64), which is reversibly one-electron oxidized by the
heme—0O, complex (which is formulated as Fe'"'—0,")
to form Trp radical (Trp*) and Fe''—0,*~ (65). These
two radical species rapidly and reversibly combine
to yield the 3-indolenylperoxy—Fe'!' complex, 60. For
the subsequent conversion of this intermediate to the
product N-formylkynurenine, these researchers have
proposed the dioxetane pathway. The IDO activity
data obtained by using various substituted Trp’s and
the TDO activity data obtained by heme substitution
as described above are consistent not only with the
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ionic but also with the radical mechanism. However,
for the radical mechanism, even though thermo-
dynamic and kinetic energy barriers for each and
overall reaction processes have been considered by
the researchers, the feasibility of one-electron oxida-
tion of Trp (E* = 1.05 V vs NHE, i.e.,, 0.81 V vs
SCE)%¥ by the heme—0; complex (E® = -0.36 V vs
SCE in dimethyl sulfoxide)3®® has remained to be
proven, as this is a thermodynamically unfavorable
reaction.

G. Metal—Chelate Model Studies for the Two
Dioxygenases

Metal—chelators such as Co(salen),®*® Mn—phtha-
locyanine,** and Co—, Mn—, and Fe—tetraphenyl-
porphyrins3*~344 have been shown to serve as models
for IDO and TDO as catalysts for dioxygenation of
Trp derivatives. The involvement of the ternary
complex of O,, substrate, and Mn—phthalocyanine as
a catalytic intermediate has been demonstrated.340
However, mechanistic details of the reaction cata-
lyzed by these models, particularly, which redox
states of the metals are involved in catalysis, and
whether the reaction proceeds by an ionic or radical
mechanism,343:344 have not yet been established.

VIl. Summary

The activation of molecular oxygen for insertion
into organic molecules is a problem of fundamental
importance to aerobic life. The reactivity of dioxygen
with organic substrates is inherently low because of
high kinetic energy barriers associated with the
triplet (biradical) ground state of dioxygen. The
enzymes that overcome this difficulty and carry out
these reactions are known as oxygenases, and the
heme-containing oxygenases are the most thoroughly
understood examples of such enzymes. This review
has summarized our current understanding of the
active site structures and mechanisms of action and
dioxygen activation of six heme-containing oxy-
genases: cytochrome P450, secondary amine mo-
nooxygenase, heme oxygenase, prostaglandin H syn-
thase, indoleamine 2,3-dioxygenase, and tryptophan
2,3 dioxygenase. The structures of postulated reac-
tive oxygen species for these oxygenases (except for
prostaglandin H synthase) vary from ferryl—oxo
porphyrin s-cation radical to ferric—peroxide (or
hydroperoxide) to ferrous—dioxygen complex (A, B,
and C, respectively, in Figure 47). The P450 enzymes
contain a cysteine proximal heme ligand while the
rest are histidine-ligated. The active site structures
of four P450 isoforms and prostaglandin H synthase
have been established by X-ray crystallography. The
special role of cysteine as an electron-releasing factor
in the activation of dioxygen to generate the oxo—
iron high-valent reactive oxygen intermediate in the
P450 enzymes has been discussed. Much less is
known about the mechanism of oxygen activation by
secondary amine monooxygenase while heme oxyge-
nase has been proposed to incorporate oxygen in the
first step of heme catabolism via a mechanism
involving the nucleophilic porphyrin meso carbon and
the electrophilic distal oxygen of a ferric—hydroper-
oxide intermediate. The deprotonated form (ferric—
peroxide) of such an intermediate has also been
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Figure 47. Schematic summary of the postulated struc-
tures of heme iron-coordinated active oxygen species (A,
B, C) resulting from dioxygen activation by various oxy-
genases discussed in this review. These active oxygen
species (A, B) are generated by ligation of ground-state
dioxygen (320;) (diradical) to deoxyferrous heme (d¢, S =
2) to form the ferrous—dioxygen complex (C), followed by
its one-electron reduction. Heterolytic cleavage of the O—0O
bond of the ferric—hydroperoxide (B with H*) accompanied
with proton uptake leads to the ferryl—oxo porphyrin
m-cation radical species (A). The oxygen atom(s) of the
dioxygen incorporated into the substrate (XH or RH,COR'")
or water is (are) shown by bold-faced circles. Shown at the
top (D) is the case where substrate is one-electron oxidized
by the enzyme (e.g., PGHS) to a radical (X*), which
nonenzymatically combines with the ground-state dioxygen
(a diradical) to form a dioxygenated substrate—peroxy
radical (XOy).

proposed as the active nucleophilic oxygen form in
three C—C bond-cleaving P450 lyases. Prostaglandin
H synthase, on the other hand, does not even form a
metal—dioxygen complex and instead activates the
substrate (one-electron oxidizes to it radical form, D
in Figure 47) for oxygen addition. Finally, the
reactive oxygen form of indoleamine and tryptophan
dioxygenases is considered to be the ferrous—dioxy-
gen adduct which can directly incorporate both
dioxygen atoms by an ionic mechanism in forming
oxygenated products.

The various mechanisms through which these
enzymes accomplish their oxygenation reactions are
testament to the reactive versatility of the heme
prosthetic group. The ubiquitous involvement of
dioxygen in the biosynthesis or transformation of
steroids, prostaglandins, amino acids, and other
biomolecules and in the metabolism and breakdown
of drugs and other xenobiotics adds significance to
understanding how heme-containing oxygenase en-
zymes function and how the structures of their active
sites relate to their functions as detailed herein.
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VIll. Abbreviations

EPR electron paramagnetic resonance
EXAFS extended X-ray absorption fine structure
Heme iron protoporphyrin IX (heme b)

HO heme oxygenase

IDO indoleamine 2,3-dioxygenase

MCD magnetic circular dichroism

NHE normal hydrogen electrode

NMR nuclear magnetic resonance

P450 cytochrome P450

P450-2B1  rat liver microsomal cytochrome P450

P450-2B4  rabbit liver microsomal cytochrome P450
P450-2C11 rat liver microsomal P450
P450-BM3 fatty acid-hydroxylating P450 from Bacillus
megaterium
P450-CAM camphor-hydroxylating P450 from Pseudomo-
nas putida
macrolide-hydroxylating P450 from Sac-
caropolyspora erythraea
P450-NOR nitric oxide-reducing P450 from Fusarium
oxysporum
P450-SCC cholesterol side chain-cleaving P450
P450-TERP o-terpineol-oxidizing P450 from Pseudomonas

P450-eyrf

spheroides
PGG, prostaglandin G,
PGH> prostaglandin H;
PGHS prostaglandin H synthase
PGI, prostacyclin
SAMO secondary amine monooxygenase
SCE standard calomel electrode
TDO tryptophan 2,3-diooxygenase
Trp tryptophan
TXA> thromboxane A,
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