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Preface

For many years the metabolism of drugs was equated with detoxification and inactivation.
Indeed the first major monograph in the field by R. Tecwyn Williams in 1947 was titled
Detoxication Mechanisms—The Metabolism of Drugs and Allied Organic Chemicals. Since
the early 1960s, however, it has been increasingly recognized that drugs and environmental
chemicals can be metabolized to toxic and/or pharmacologically active as well as inactive
metabolites. This volume was initiated by the Drug Metabolism Division of the American
Society for Pharmacology and Experimental Therapeutics in response to a perceived need
for a textbook in drug metabolism and disposition that incorporated current principles and
methods for studying metabolic transformations in relation to toxicology. .

The book has been organized into six sections. The first section discusses metabolic pathways;
that is, specific enzymes or enzyme complexes that are responsible for the metabolism of
drugs and environmental chemicals. The first chapter presents a status report on the cytochrome-
P.4so complex. The oxygenation of organic nitrogen and sulfur compounds and halogenated
hydrocarbons as well as the role of activated oxygen in chemical toxicity are discussed in the
following chapters.

The second section is concerned with metabolism and toxicity at the cellular and organ
level. Studies on the metabolic pathways involved in toxicity in isolated mammalian cells are
presented in the chapter by Smith and Orrenius. In the following chapter by Bend, the role
of tissues and more specifically the role of certain types of cells in these extrahepatic tissues
in chemically mediated toxicity is discussed.

Although drug metabolism and drug toxicity can be directed or moderated by enzymic
reaction and cellular responses, environmental and genetic factors also are important. The
influence of genetic factors and the use of recombinant DNA technology to defme genetic
differences in drug metabolizing enzymes is discussed by Nebert.

The relationship of metabolism to toxicity and carcinegenicity is discussed in section three.
The importance of DNA repair in preventing toxicity in human cells is reviewed by McCormick.
Thorgeirsson discusses the importance of several metabolic pathways in converting the aromatic
amides into carcinogenic or inactive metabolites.

The fourth section consists of three chapters (Benet, Wilkinson, and Gilleite) that discuss
quantitative approaches which help to define the relationship between drug metabolism and
drug toxicity. The basic principles of pharmacokinetics are reviewed by Benet; the problems
involved in applying these principles in studies of toxicity in whole animals and man are
discussed by Wilkinson and Gillette.

The pathophysiological mechanisms by which reactive metabolites interact with cells and
cell constituents are discussed in section five. Trump and colleagues review current concepts
about the role of sodium and calcium regulation in the pathogenesis of lethal injury in cell
culture studies. They categorize the major mechanisms resulting in lethal cell injury and
discuss their possible extrapolation to lethal injury from chemically reactive metabolites.
Mitchell and colleagues focus on the chemical nature of individual reactive metabolites; they )
critique the relative importance of alkylation and peroxidation reactions with tissue macro- -
molecules, the validity of the current data base and conclusions drawn, and known patho-
physiological interactions with glutathione and calcium. Lauterburg and colleagues conclude
the section with a review of the dynamic regulation of glutathione homeostasis in vivo. They
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examine current opinions about glutathione compartments in the liver, about excretion of
glutathione disulfide into blood, about the role of the liver in exporting glutathione, and about
the extrapolation of data obtained in vitro to the dynamic state that exists in vivo.

The last section is concerned with methods for the isolation, separation, quantitation, and
identification of metabolites. Perfused organs provide a simple model for studying the rela-
tionship of pharmacokinetic parameters of metabolism to drug toxicity. The methodology
and applications of perfusion techniques in toxicity studies are described by Pang. Procedures
for profiling drug metabolites by high pressure liquid chromatography and gas chromatography,
as well as the information that can be obtained from these profiles are discussed by M. G.
Horning and colleagues. The final chapter by E. C. Horning and colleagues discusses the
identification of metabolites by mass spectrometric analysis. The many recent developments
that have made the identification of polar, nonvolatile, and high molecular weight compounds
possible are reviewed.

The intent of the editors in compiling this book was to document the role of drug metabolism
in various toxic responses (mutagenicity, carcinogenicity, cytotoxicity, cell death) that may
follow drug administration or chemical exposure. Considerable progress has been made in
understanding the mechanisms by which metabolites can elicit a toxic response. However,
information in this interdisciplinary field can only be described as fragmentary. It is hoped
that the experimental approaches for investigating toxicity that are described in this book will
be helpful both to graduate students and established investigators in pulling together important
information and concepts from the different disciplines. For this reason the book is selective
in its approach rather than comprehensive, with emphasis placed particularly on several topics
either not reviewed adequately elsewhere or reviewed in the literature of disciplines not com-
monly followed by most pharmacologists, toxicologists, and biochemists. We also hope that
the book will stimulate readers to develop new ideas and experimental approaches for solving

- many of the fascinating and important problems that drug toxicity presents.
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Cytochrome P-450 and Oxygenation Reactions:

A Status Report

Ronald W. Estabrecok

Department of Biochemistry, University of Texas Health Science Center, Dallas, Texas 75235

Oxygen is the key to the survival of life as
we know it. The suitability of oxygen to play
this unique role in biological and chemical
reactions has been eloquently discussed by
P. George (25). Molecular oxygen, a gas, is
a diradical of relatively low reactivity. How-
ever, it can serve as an electron acceptor,
wherein it progressively undergoes reduction
to the protonated four-electron reduced
product, water. During the course of this
stepwise reduction (Fig. 1), there is sequential
formation of the free radical. the superoxide
anion (or its protonated form, the perhy-
droxyl radical), hydrogen peroxide, and the
hydroxyl radical. In addition, oxygen at its
two-electron reduced state, in the presence
of a metal ion, can give rise to an electrophilic
atom of oxygen containing six electrons—the
so-called oxenoid species of oxygen (33).

Considerable interest has focused on the
reactivity of these intermediary states. of ox-
ygen reduction, in particular, the oxenoid
species and the hydroxyl radical, in regard
to possible mechanisms for oxygenase reac-
tions. Indeed, the shared characteristic of
monooxygenase reactions is the “activation
of oxygen”; therefore, a better understanding
of the reactions of oxygen will be a necessary
framework on which to construct the com-
plex chemistry associated with these biolog-
ically important reactions.

REACTIONS OF OXYGEN IN
BIOLOGICAL SYSTEMS

The diversity of reactions in which oxygen
participates is extensive. Central to higher
organisms is the need for the transport of
oxygen from the lungs to the tissues where
oxygen is utilized. An elegant series of re-
actions involving the reduced hemeprotein,
hemoglobin, have been a topic for investi-
gation since the beginnings of biochemistry.
Today we have detailed knowledge of the
chemistry of this “oxygen transferase” and
its companion hemeprotein, myoglobin.
Much of what we know about the chemistry
of oxygen reactions with other cellular he-
meproteins is based on these fundamental
studies with hemoglobin.

When oxygen is presented to a cell that is
active in metabolism, it can undergo a num-
ber of fates. Most prominent is the reduction
of oxygen to water by the mitochondrial en-
zyme, cytochrome c oxidase. The critical role
that the mitochondrial electron transport sys-
tem plays in the generation of cellular energy
(ATP) dictates the avidity of this enzyme sys-
tem for the limited amount of oxygen avail-
able to the cell. Indeed, it has been estimated
that over 90% of the oxygen utilization by
life on this planet occurs as a result of the
action of cytochrome oxidase (66). Despite
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FIG. 1. Steps in the sequential reduction of oxygen.

major efforts to better understand the reac-
tions of molecular oxygen with this heme-
protein—copper complex, our knowledge is
still rudimentary, and -only recently have
some of the intermediates of oxygen reduc-
tion been observed during electron transport
associated with the reaction of cytochrome
oxidase and oxygen (8).

Other reactions of oxygen with enzymes
in mammalian cells can involve special fla-
voproteins or metal-containing proteins.
Generally, these catalyze the oxidation of
specific substrates concomitant with the for-
mation of hydrogen peroxide (many times
with the superoxide anion as an intermedi-
ate), e.g., xanthine oxidase or d-gluconolac-
tone oxidase. In recent years, however,
considerable interest has turned to under-
standing the reaction of molecular oxygen
with a class of enzymes that catalyze “oxygen
fixation,” i.e., oxygenases. In this case, mo-
lecular oxygen can be demonstrated to be

incorporated into the substrate molecule that
is oxidized (35,36). The requisite enzymes
may contain a metal ion, such as iron or cop-
per, or they may be hemeproteins. The re-
action may be of the “dioxygenase” type,
whereby both atoms of molecular oxygen are
incorporated into the oxidized substrate, or
they may be ‘“moncoxygenases” or mixed-
function oxidases (49), where only one atom
of molecular oxygen is found in the product,
and the other atom is presumed to be si-
multaneously reduced to water.

A monooxygenase that has gained increas-
ing atiention during the last 20 years is the
hemeprotein, cytochrome P-450. Although
a relative newcomer to the inventory of cel-
lular hemeproteins, cytochrome P-450 is
now recognized to play a key role in the ox-
idative biotransformation of a diversity of
“endogenous substrates,” such as steroids
and fatty acids, as well as “exogenous chem-
icals,” including many drugs and other xe-
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nobiotics. For this reason, the reactions cat-
alyzed by cytochrome P-450 may regulate
the duration of effectiveness of many phar-
macologically active agents or the rate of bio-
transformation of steroid hormones essential
for cellular homeostasis. However, substrate
oxidations catalyzed by cytochrome P-450
frequently have the undesired consequence
of leading to highly reactive metabolites re-
sponsible for cellular toxicity, many times
leading to the modification of the genomic
information essential for maintenance of the
characteristics of a cell. In this case, celi death
can occur or there can be initiation of un-
controlled cell growth, as seen with many
neoplasias. Thus, an understanding of those
factors that regulate and control the action
of cytochrome P-450 is of importance for
determining the consequences when new
agents are introduced for therapeutic pur-
poses or when new chemicals are produced
for use in the expansion of our standard of
living.

The main theme of this chapter is a status
report on our present knowledge of mam-
malian cytochrome P-450 with particular
empbhasis on the enzymes responsible for the
metabolism of xenobiotics.

CYTOCHROME P-450
Properties of Cytochrome P-450

Cytochrome P-450 is a hemeprotein con-
taining one molecule of iron-protoporphyrin
IX as its prosthetic group (53,54). It is readily
identified by a pronounced absorbance band
at 450 nm in the Soret region of the visible
spectrum when the carbon monoxide adduct
of the reduced hemeprotein is formed—
hence the name P-450. This property of cy-
tochrome P-450 is attributed to the presence
- of a thiolate group as a ligand of the heme-
protein (39,59). The ability to observe a spec-
tral absorbance band at 450 nm, displaced
from the absorbance bands of comparable
carbon monoxide complexes of other he-
meproteins (55), has provided a simple and
convenient method for readily determining

the concentration of this hemeprotein in var-
ious tissue fractions (19).

The hemeprotein, P-450, as isolated from
mammalian tissues, has a molecular weight
ranging from about 48,000 to 56,000. Since
cytochrome P-450 of mammalian tissues is
associated with membrane structures, it has
hydrophobic characteristics that require the
use of detergents and stabilizing agents for
its solubilization. This property of P-450 had
rendered it refractory to isolation and puri-
fication for many years, since it is readily
denatured to a protein hemochromogen
called P-420 (54). In the last 10 years, great
advances have been made in establishing pro-
cedures for the purification of a number of
different cytochromes P-450 from mamma-
lian tissues (10).

One can classify the cytochromes P-450
into two general categories, as shown in Fig.
2. Class A represents the types of P-450 that
require an FAD-containing flavoprotein and
an iron-sulfur protein for electron transport
from reduced pyridine nucleotide (NADPH)
to the hemeprotein (20). This class of P-450
is most frequently found associated with the
mitochondria of steroid-metabolizing tissues
and also is typical of the P-450s associated
with bacteria (30,61). The P-450s of class A
are usually involved in the metabolism of
endogenous compounds such as cholesterol,
deoxycorticosterone, or cholecalciferol and
generally possess a high degree of substrate
specificity. The class B types of cytochromes
P-450 require an unusual type of flavopro-

MITOCHONDRIA

Reduced f Iron-Sulfur Cytochrome
Pyridine — Flaveprotgln — Protein y P-450
Nucleotide
MICROSOMES
Reduced Cytochrome

— Flavoprotein —»

Pyridine Nucleotide (FMN.FQD)

P-450
R4

.

s
Cytochrome bs

FIG. 2. Two general categories of cytochrome
P-450. The specific rediiced pyridine nucleotide
interacting flavoproteins required for the transfer
of electrons are designated, and the role of the
iron-sulfur protein is indicated.
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tein, which contains both FAD and FMN as
prosthetic groups (43,75,77), for the transfer
of reducing equivalents from reduced pyri-
dine nucleotide to the hemeprotein. In gen-
eral, this class of P-450s is found associated
with the microsomal fraction of tissue ho-
mogenates in close association with another
hemeprotein, termed cytochrome bs. Recent
studies have also demonstrated the presence
of a similar type of P-450 associated with the
nucleus of some tissues (6). Although cyto-
chrome P-450 is widely distributed in nature,
most studies for the isolation and purifica-
tion of the pigment have been carried out
using tissues such as the liver or adrenal,
principally because of the high concentration
of the hemeprotein in these tissues.

Concentration of Cytochrome P-450

In the liver of a rat or rabbit, the concen-
tration of cytochrome P-450 is about 30 to
40 nmole per gram wet weight of tissue, i.e.,
the equivalent of 30 to 40 uM (17). Following
treatment of animals with chemicals known
to induce P-450 (see below), the concentra-
tion of cellular P-450 can increase three- to
fourfold, attaining levels in excess of 0.1 mM.
Thus, cytochrome P-450 is the major intra-
cellular pigment of organs such as the liver,
frequently approaching the concentration of
myoglobin seen in tissues such as heart and
muscle. In a tissue such as liver, the vast
majority of the P-450 is associated with the
endoplasmic reticulum, and it can be readily
separated from other cellular organelles by
differential centrifugation of the “micro-
somal fraction.” This is in contrast to the
intracellular distribution of P-450 in a tissue
such as the adrenal cortex. In this case, ap-
proximately 75% of the P-450s are localized
in the mitochondrion.

In the microsomal fraction of the livers of
untreated rodents, the concentration of cy-
tochrome P-450 is about 0.6 to 1.0 nmole
per milligram of microsomal protein. Fol-
lowing treatment of the animal with a drug

such as phenobarbital, this concentration can
increase to as much as 5 nmole of P-450 per
milligram of microsomal protein. In the lat-
ter case, it can be calculated that the heme-
protein, P-450, represents as much as 25%
of the protein of the endoplasmic reticulum.
Indeed, it is fair to say that P-450 is a major
contributor to the structure of these mem-
branes in liver tissue.

Induction of Cytochrome P-450

Shortly after the discovery of the role of
cytochrome P-450 in the oxidative transfor-
mation of many drugs and steroids (11,16),
Remmer and Merker (64) recognized that
this hemeprotein may be responsible for the
development of the drug tolerance seen fol-
lowing repeated treatment of animals with
various barbiturates. Today we know that the
intracellular concentration of cytochrome
P-450 can easily be perturbed by a wide va-
riety of agents, including diet, drug, or other
xenobiotic treatment of the animal and
events that modify the pattern of heme bio-
synthesis or degradation.

An example of the response of P-450 of
liver to treatment of rats with phenobarbital
is shown in Fig. 3. In this case, the concen-
tration of cytochrome P-450 was determined
spectrophotometrically in both a homoge-
nate of liver and the microsomal fraction fol-
lowing daily treatment of animals by the in-
traperitoneal injecticn of the drug. It should
be noted that the concentration of P-450
starts increasing within a short time following
initiation of treatment and that repeated in-
jections of phenobarbital continue the onset
of increased synthesis of P-450 until intra-
cellular levels four- to fivefold higher than
that seen in the untreated animal are ob-
tained (also see above). This property of en-
hanced enzyme synthesis has served as a con-
venient method for the enrichment of the
tissue concentration of P-450 for subsequent
studies on the isolation and purification of
the various types of the hemeprotein (63).
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FIG. 3. Changes in the concentration of cytochrome P-450 of liver following repeated treatment of
rats by the daily intraperitoneal injection of phenobarbital.

Multiplicity of P-450s

The term P-430 is the generic name for a
family of hemeproteins that can be identified
by differences in their physical and immu-
noreactive properties. The number of known
isozymes of P-450 continues to grow as more
refined means of recognition of unique pro-
teins are developed.

Early studies to examine the response of
animals to different “inducing agents” sug-
gested the presence of more than one enzyme
responsible for the metabolism of the many
different types of compounds oxidatively
transformed by cytochrome P-450 (9). That
this implied different P-'50s was initially
confirmed by spectrophotometric studies in
which differences in the reaction of carbon
monoxide or ethyl isocyanide with the he-
meprotein were noted (1,37,48). As shown
in Fig. 4, difference spectra of the CO-reac-
tive hemeproteins present in liver micro-
somes from animals pretreated with either
phenobarbital or 3-methylcholanthrene show
the presence of a small but measurable dif-
ference in the location of the absorbance
maxima; i.e., the former is located at 450 nm,
and the latter at 448 nm. For comparison,

—~

0.2

-

0.1

——PB
st 3-MC
----= Camphor

400 450
Wavelength (nm)

FIG. 4. Differences in the absorbance band max-
ima of the carbon monoxide complexes of differ-
ent cytochromes P-450 as measured by difference
spectrophotometry. The concentrations of cyto-
chrome P-450 in liver microsomes from rats
treated with phenobarbital or 3-methylcholan-
threne have been adjusted to be equal to that of
the P-450 isolated from P. putida.
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the difference spectrum of the P-450 isolated
“and purified from the bacterium Pseudo-
Jmonas putida is shown, illustrating that this
P-450 has its absorbance band maximum at
446 nm.

This difference in the location of the ab-
sorbance band maxima of the CO adduct of
the reduced hemeprotein, as measured by
differcnce spectrophotometry, has been used
as the basis for dne type of nomenclature to
distinguish different P-450s. Thus, the ter-
minology of P:448, P-450, etc. was intro-
duced. One must recognize, however, the im-
precision of this method and the care and
special instrumentation required in order to
obtain meaningful results.

A second type of nomenclature, based on
the inducing agent used to treat the animal,
has also been used by some, e.g., P-450p5 or
P-450pc. A third type of nomenclature has
developed based on the presence of P-450s
with various organs, such as P-450k for the
pigment of kidney cortex microsomes. Fur-
ther, some prefer to name P-450s based on
their specific functions, such as the P-450scc
or P-450,,4, representing those hemeproteins

of the adrenal cortex functional for the side:

chain cleavage of cholesterol or the 11-8 hy-
droxylation of deoxycorticosterone, respec-
tively, or P-450,,,, for the hemeprotein iso-
lated from P. putida responsible for the initial
step in the oxidative metabolism of camphor.
At this time, no systematic method of no-
menciature has yet been accepted by the
workers in this area of research.

A major development in the characteriza-
tion of multiple forms of P-450 occurred
when the methodologies were established for
the isolation and purification of the heme-
proteins from their membrane environment
(47,73). Application of the techrique of poly-
acrylamide gel electrophoresis of detergent-
solubilized proteins to monitor the purity of
the isolated hemeproteins showed readily
discernible differences in the physical prop-
erties of different P-450s (34). Following the
nomenciature convention for isozymes, a

more discriminating type of nomenclature

for the various P-450s has developed (34).
Based on their relative electrophoretic mo-
bility on SDS ggls, the P-450s are named
P-450; m2 or B-450; 4., €tc., where LM stands
for the source, in this case liver microsomes,
and the numeral stands for the relative po-
sition on the gel, with the lower number rep-
resenting the lower-relecular-weight form.
This approach has e,\'ﬁanded our knowledge
of the inventory of various P-450s from the
limited few noted spectrophotometrically
and permits a comparison of various P-450s
isolated and purifizd in different labcratories.

Seen in recent years is a proliferation of
studies directed to the isolation of P-450s
from many different sources. This has led to
the nonuniform pattern of nomenclature de-
scribed above. The result has been very con-
fusing to investigators not intimately con-’
cerned with the details of P-450 isolation and
characterization. As the procedures for the
purification of P-450 become more sophis-
ticated, this problem is certain to be exac-
erbated; e.g., recent reports show that at least
11 distinct types of P-450 can now be isolated
from the livers of untreated rabbits (2).

The ability to recognize different P-450s
posed the important question of the relative
concentration of each type of P-450 in a tis-
sue and the commonality of P-450s isolated
from different sources. The availability of
pure proteins permitted the development of
antibodies that would react preferentially
with a specific type of P-450 (71). Although
only a limited number of antibodies to dif-
ferent P-450s are now available, the power
of this approach has already been demon-
strated (70) for evaluating the content and
composition of a tissue’s inventory of differ-
ent P-450s (Table 1). The exciting possibility
of developing monoclonal antibodies is now
being tested (58), and this method will mark-
edly expand the usefulness of this approach
for the identity of different P-450s.

The last year has seen a surge of activity
applying the techniques of molecular biology
to the study of P-450. The ability to prepare
unique species of cDNA that will be useful
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TABLE 1. Antibody titer of P-450 content of liver microsomes

Percent of total P-450°

Total P-450
(nmole/mg protein) P-450, P-450, P-450, Unknown

Adult male

Control 1.11 3 2 1 94

Phenobarbital 2.51 1 43 1 55

3-Methylcholanthrene 1.93 3 1 68 28
Adult female

Control 0.89 6 i 1 92

Phenobarbital 1.72 8 43 2 47

3-Methylcholanthrene 1.38 14 1 74 11

.~ “Data from the paper of Thomas et al. (72). The nomenclature for designation of specific P-450s and the use
of antibodies for the quantitation of the various forms of the hemeprotein is that described by Thomas et al. (72).

as probes to evaluate the genomic content of
cellular information for a specific type of
P-450, supported by knowledge of the nu-
cleotide sequence coding for any P-450, of-
fers a major step in furthering our knowledge
of the extent of and basis for the multiplicity
of P-450s (5,14,24,52).

Catalytic Cycle of Cytochrome P-450

Central to our understanding of the role
of cytochrome P-450 in the oxidative me-

tabolism of many drugs and other xenobiot- -

ics is the need to know the various steps in
the catalytic function of this hemeprotein. A
schematic representation of our present un-
derstanding of the sequence of reactions oc-
curring during catalysis is presented in Fig.
5 together with other electron transfer reac-
tions of liver microsomes that might be re-
lated to the function of cytochrome P-450.
These reactions may be briefly summarized
as follows. *

Oxidized cytochrome P-450 (designated
Fe*3) can react reversibly with a molecule of
substrate to be metabolized (designated as R)
to form the equivalent of an enzyme-sub-
strate complex. Many factors can influence
the affinity of different P-450s for different
substrates and the associated equilibrium
constant for this reaction.

The complex of oxidized hemeprotein and
substrate can accept an electron transferred

from NADPH via the flavoprotein, NADPH-
cytochrome P-450 reductase (designated
as fp)).

The resultant complex of the reduced (fer-
rous) hemeprotein, designated by Fe*?, and
substrate can react with oxygen to form a
ternary complex called oxycytochrome
P-450. A number of isoelectronic structures
for this intermediate can be written, indicat-
ing the potential for distribution of electrons
with any of the three components. In the
absence of oxygen and presence of carbon
monoxide, the complex of reduced cyto-
chrome P-450 and substrate can react to
form the ternary complex of hemeprotein,
substrate, and carbon monoxide. It is this
product that is characterized spectrophoto-
metrically by the appearance of an absor-
bance band at about 450 nm.

The one-electron reduced ternary complex
of oxygen, substrate, and hemeprotein can
then be transformed in at least three ways:

1. The molecule of oxygen associated with
this complex can dissociate or be dis-
placed, regenerating the complex of sub-
strate and reduced hemeprotein.

2. The bound molecule of oxygen can dis-
sociate in a form equivalent to its one-
electron state of reduction (the superoxide
anion), thereby reforming the complex of
oxidized cytochrome P-450 with sub-
strate. The superoxide formed in this type
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of reaction can then dismutate (after pro-
tonation), giving rise to hydrogen perox-
ide. It has been suggested that this is the
doininant pathway operative during the
NADPH oxidase activity of liver micro-
somes, where hydrogen peroxide is formed
concomitant with the oxidation of
NADPH.

. Oxycytochrome P-450 may accept an ad-
ditional electron to form the equivalent
of a two-electron reduced complex of ox-
ygen, substrate, and hemeprotein. This
intermediate has been termed peroxycy-
tochrome P-450. The source of the elec-
tron for this r‘gduction step is a matter of
controversy. It has been proposed that re-
duced cytochrome bs can function as a
suitable electron donor for this reaction.
Alternatively, it has been proposed that
the flavoprotein, NADPH-cytochrome
P-450 reductase, because of its unique
property of possessing two different flavin
prosthetic groups, might better serve as

PEROXIDATION

FIG. 5. The catalytic cycle of cyto-
chrome } -450 and associated electron

02 fco OXYGENASE transfer reactions of liver microsomes.

the source of electrons for the reduction
of oxycytochrome P-450. The possibility
must also be considered that peroxycy-
tochrome P-450 can dissociate, after pro-
tonation, to form hydrogen peroxide, al-
though no direct experimental evidence
has been reported in support of this hy-
pothesis.

The key reactions of “oxygen activation”
occur subsequent to the formation of per-
oxycytochrome P-450. Considerable interest
now centers on these reactions. At least two
possibilities can be seriously considered on
the basis of present evidence:

1. It has been proposed that peroxycyto-
chrome P-450 can be protonated, fol-
lowed by removal of a molecule of water,
to generate a complex of substrate-and
hemeprotein with an atom of oxygen that
is highly electrophilic, the so-cailed bx-
enoid species of oxygen (see Fig. 1). Once



