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L. Historical Background I-methadone and meperidine faster than the rat, while

THE EXISTENCE of more than one liver microsomal
drug-metabolizing enzyme in different animal species was
first postulated more than 20 years ago by Axelrod based
on a study of the liver N-demethylation of several nar-
cotics (5). His observation that the rabbit demethylated

the rat system metabolized morphine more rapidly than
the rabbit suggested that the responsible enzymes in
rabbit and rat liver are different. An early study by
Conney et al. (16) suggested not only that the drug-
metabolizing enzymes of various species differ but that
the liver of a single species contains several enzymes that
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catalyze the same reaction. They found that the admin-
istration of benzo(a)pyrene to rats markedly increased
the microsomal metabolism of substrates such as
benzo(a)pyrene, acetanilide, zoxazolamine, and 3-methyl-
4-monomethylaminoazobenzene yet decreased the me-
tabolism of meperidine and benadryl and had no effect
on the metabolism of chlorpromazine.

Since these initial observations, studies on the nature
of the drug-metabolizing enzyme system have focused
primarily on the liver microsomal hemeprotein, cyto-
chrome P-450, for several important reasons. In 1965,
Cooper and coworkers (21, 120) established that cyto-
chrome P-450 is the terminal oxidase of the liver micro-
somal drug-metabolizing enzyme system. Subsequently,
cytochrome P-450 was shown to be the substrate-binding
site of the hydroxylation system (51, 135). The question
than asked was whether a single cytochrome P-450 could
account for the broad substrate specificity, the induction
properties, and the spectral characteristics of the micro-
somal drug-metabolizing system or were there, in fact,
many different forms of cytochrome P-450. The data
accumulated over the past 15 years from studies with
microsomes as well as with purified cytochrome P-450
isozymes overwhelmingly support the concept that there
are multiple forms of cytochrome P-450. In this paper,
we shall review the evidence for the existence of multiple
forms of microsomal cytochrome P-450 and their role in
the metabolism of drugs, mutagens, and carcinogens.
Since much of the relevant evidence from studies with
microsomes has been extensively reviewed elsewhere by
others (76, 103, 104, 111, 114, 142, 150), we will limit our
discussion for the most part to studies with purified
cytochromes P-450. In addition to this article, several
other reviews on the purification and multiplicity of
microsomal cytochromes P-450 have also appeared re-
cently (19, 20, 37, 58, 79, 84, 90, 101).

II. Multiplicity of Cytochromes P-450: Microsomal
Studies

A. Induction Studies

The use of different inducers to manipulate the bio-
chemical and biophysical properties of the microsomal
hydroxylation system has played a major role in estab-
lishing the existence of multiple forms of cytochrome P-
450. In a series of important studies, liver microsomes
prepared from phenobarbital (PB)-treated rats were
shown to differ with respect to substrate specificity and
the absorption maxima of their reduced CO and ethyli-
socyanide difference spectra from liver microsomes pre-
pared from 3-methylcholanthrene (3-MC)-treated rats
(2, 32, 76, 103, 138-140). The biochemical and physical
changes observed after 3-MC treatment were postulated
to be due to the induced synthesis of a new hemeprotein,
designated “cytochrome P-448” (2) or “cytochrome P;-
450” (138). Other studies showed that the induction of
cytochrome P-448 could be blocked by inhibitors of pro-

tein and nucleic acid synthesis such as ethionine, puro-
mycin, and actinomycin D (76). Moreover, the change in
CO difference spectrum and ethylisocyanide difference
spectrum after 3-MC treatment could not be duplicated
by the addition of 3-MC to rat liver microsomes (3). PB
treatment of rats elevated microsomal cytochrome P-450
levels but the hemeprotein synthesized had the same
absorption maximum in its reduced CO difference spec-
trum as microsomal cytochrome P-450 from untreated
animals. When optimum inducing doses of PB and 3-MC
were administered simultaneously to rats, the induction
was additive, i.e. the level of cytochrome P-450 was
elevated to the sum of the hemeprotein concentrations
obtained when PB and 3-MC were given separately (8).
These results support the hypothesis that the syntheses
of cytochrome P-450 and P-448 are under separate ge-
netic control. Other inducers such as pregnenolone 16a-
carbonitrile (PCN) were also found to differ from PB and
3-MC and were presumed to induce the formation of a
different species of cytochrome P-450 (98, 132).

B. In Vitro Inhibition Studies

A variety of different compounds selectively affect the
microsomal metabolism of various substrates. The effect
of a compound is dependent on the substrate, type of
reaction, and source of microsomes. For example, Wiebel
et al. (162) observed that 7,8-benzoflavone inhibited the
hydroxylation of benzo(a)pyrene by liver microsomes
from 3-MC-treated rats but had no effect on
benzo(a)pyrene metabolism in microsomes from PB-
treated rats. Hydroxylation of benzo(a)pyrene by liver
microsomes from untreated rats was stimulated. In con-
trast, ellipticine inhibited benzo(a)pyrene hydroxylation
in all three types of microsomes (78). Metyrapone and
SKF-525A, on the other hand, inhibit the metabolism of
a variety of substrates in microsomes from PB-treated
rats but have little effect on metabolism by microsomes
from 3-MC-treated rats.

Testosterone can be hydroxylated by liver microsomes
at several different positions. Chlorthion strongly inhibits
the hydroxylation of testosterone by liver microsomes
from untreated rats at the 16a-position, while hydroxyl-
ation at the 68- and 7a-positions are only minimally
affected (17). Carbon monoxide also differentially in-
hibits the hydroxylation of testosterone at these three
positions (17). These results provide indirect support for
the concept of multiple forms of cytochrome P-450 with
different specificities.

C. Kinetic Studies

The metabolism of many drugs and carcinogens by
liver microsomes appears to follow Michaelis-Menten
kinetics, and kinetic data from these studies can be fitted
to a linear plot by using Lineweaver-Burk analysis or
other similar types of plots. However, the kinetic data

from compounds such as aminopyrine (126), 7-ethoxy-
coumarin (151), and aniline (154) cannot be fitted to a
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single linear plot and instead appear multiphasic, a result
consistent with the interpretation that more than one
cytochrome P-450 is involved in catalysis of a compound.

D. Developmental Studies

Liver microsomal hydroxylation of testosterone at the
6B-, 7a-, and 16a-positions exhibit different age-depen-
dent patterns (17). The rate of 16a-hydroxylation of
testosterone is low in newborn rats; it remains low until
4 weeks of age and then increases markedly. The rate of
6B-hydroxylation increases up to 2 weeks of age, plateaus
until the age of 7 weeks, and then increases. The rate of
7a-hydroxylation in the newborn is faster than that of
either 68- or 16a-hydroxylation; it continues to increase
until 4 weeks of age and then decreases with age. These
results suggest that these three pathways are under sep-
arate genetic control and are catalyzed by different spe-
cies of cytochrome P-450. The developmental patterns of
many other hydroxylase activities (e.g. 2- and 4-hydrox-
ylation of biphenyl) have also been shown to differ from
one another.

E. Genetic Studies

In an extensive series of studies with genetically inbred
mice, Nebert and associates (112, 114) have shown that
the murine Ah locus regulates the polycyclic aromatic
hydrocarbon-dependent induction of numerous drug-me-
tabolizing enzyme activities in the liver as well as other
tissues. Their results suggest that a number of structural
genes are involved in the induction of cytochrome P-448
and that as many as 15 distinct inducible forms of cyto-
chrome “P-450” can be regulated by the Ah locus and
receptor (M. Lang and D. W. Nebert, personal commu-
nication).

III. Multiplicity of Cytochromes P-450:
Purification Studies

'A. Solubilization, Resolution, and Reconstitution of

Microsomal Hydroxylation System

Although studies with microsomes strongly suggest
that cytochrome P-450 and cytochrome P-448 represent
two different proteins, the argument has been made that
cytochrome P-448 could result from the binding of the
inducer or its metabolites to the native cytochrome P-
450 or conformational change of cytochrome P-450,
rather than represent the synthesis of a new hemepro-
tein. Thus, definitive proof for the existence of multiple
forms had to await the isolation and purification of
different forms of cytochrome P-450.

In 1968, the liver microsomal hydroxylation system
was solubilized with detergent and resolved by column
chromatography into three components that, when re-
combined, catalyzed the metabolism of fatty acids (85).
The three components were identified as cytochrome P-
450, NADPH-cytochrome c¢ reductase (also known as
NADPH-cytochrome P-450 reductase), and phosphati-

dylcholine (87, 143). The same reconstituted hydroxyl-
ation system was soon found to catalyze the biotransfor-
mation of steroids, drugs, carcinogens, and a variety of
other foreign compounds (86, 88, 89, 93, 99, 100). The
successful resolution and reconstitution of the micro-
somal drug-metabolizing enzyme system thus opened the
door and paved the way for the eventual purification of
cytochrome P-450.

B. Which Component Controls Substrate Specificity?

The reconstituted system has been used to demon-
strate that the substrate specificity of the hydroxylation
system is determined primarily by cytochrome P-450 (88,
89, 93). NADPH-cytochrome c reductase and microsomal
lipids isolated from a variety of different microsomal
sources were generally interchangeable. Thus, it is pri-
marily the cytochrome P-450 fraction that is responsible
for the difference in substrate specificity between the
liver microsomes of control, PB-, and 3-MC-treated rats
(83, 89, 94), control and ethanol-treated rats (153), male
and female rats (9), starved and normal rats (7), control
and 3-MC-treated hamsters (82), and inducible and non-
inducible mouse strains (113). Although recent studies
have shown that the metabolism of some substrates by
certain forms of cytochrome P-450 can be affected by the
presence of cytochrome bs (49, 53, 54, 91, 95, 144) and
membranes composed of different lipids (10, 54, 55),
cytochrome P-450 is by far the most important factor in
determining substrate specificity.

C. Criteria for Multiple Forms

In recent years, cytochrome P-450 has been purified
from a variety of sources and characterized. In general,
the following criteria have been used to demonstrate that
various purified cytochromes P-450 are distinct proteins.
While the results of a single approach are subject to
alternative interpretations, the evidence taken as a whole
overwhelmingly supports the existence of multiple forms
of microsomal cytochrome P-450.

1. Polyacrylamide Gel Electrophoresis in the Pres-
ence of Sodium Dodecyl Sulfate (SDS). Because of its
hydrophobic nature, mammalian cytochrome P-450 is
usually isolated as a high molecular weight aggregate
with an apparent molecular weight between 300,000 and
500,000 (18, 38). The extent of aggregation of the purified
preparation can be influenced by factors such as deter-
gent, lipid, and ionic strength. It is thus of little value to
use gel filtration or analytical ultracentrifugation to com-
pare the apparent molecular weights of different cyto-
chrome P-450 preparations. On the other hand, SDS-gel
electrophoresis has proved to be an extremely useful tool
in the characterization of cytochrome P-450 since it can
be used not only to evaluate the purity of an enzyme
preparation but also to determine under denaturing con-
ditions the subunit molecular weight of different prepa-
rations. Since SDS-gel electrophoresis can normally re-
solve proteins whose subunit molecular weight differ by
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as little as 1,000 daltons, it can be used as a convenient
and sensitive technique for distinguishing multiple forms
of cytochrome P-450.

Several early studies with SDS-gel electrophoresis sug-
gested that there are multiple forms of cytochrome P-450
with different subunit molecular weights in liver micro-
somes. Alvares and Siekevitz (4) reported in 1973 that
the SDS-gel electrophoretic pattern of partially purified
cytochrome P-450 (from PB-treated rats) differed consid-
erably in the 47,000 to 52,000 molecular weight region
from the pattern observed with partially purified cyto-
chrome P-448 (from 3-MC-treated rats). Welton and Aust
(157) found that microsomes could be resolved on SDS
gels in the 50,000 molecular weight region into three
major protein-staining bands. The intensity of the 49,000
molecular weight band was increased after PB-treatment
whereas the intensity of the 53,000 molecular weight
band was increased after 3-MC-treatment. These protein
bands were presumed to contain cytochrome P-450 be-
cause of positive staining with benzidine, which tests for
heme-dependent peroxidase activity.

In recent years, various species of microsomal cyto-
chrome P-450 with subunit molecular weights between
45,000 to 60,000 have been purified. These purified cy-
tochrome P-450 preparations comigrate on SDS gels with
microsomal protein-staining bands that have been iden-
tified as cytochrome P-450 based on heme-staining, de-
velopmental, and induction patterns. Thus, solubilization
and purification have not artificially created protein spe-
cies not normally present in microsomal membranes. In
addition, the differences in electrophoretic mobility of
various cytochrome P-450 species cannot be simply at-
tributed to the different carbohydrate content of the
molecules since rabbit P-450LM; and P-450LM, both
contain one glucosamine and two mannose residues per
subunit yet differ in subunit molecular weight by about
6,000 daltons (44). Rabbit P-450LM, has also been found
by amino acid analysis to have about 60 more residues
than P-450LM; (44). Therefore, it can be concluded that
the differences in electrophoretic mobility of various
forms of cytochrome P-450 on SDS gels are most likely
due to real differences in subunit molecular weight.

As previously noted (37, 58, 79), the electrophoretic
mobility of cytochrome P-450 samples can be consider-
ably affected by the choice of gel system, standards,
buffers, heating procedure, SDS concentration, and sam-
ple size. Thus, different subunit molecular weights have
been reported for a given cytochrome P-450 preparation
by different laboratories as well as by the same laboratory
(see tables 1 to 6). Therefore, a comparison of the subunit
molecular weight of different forms determined by differ-
ent research groups has been unsatisfactory and confus-
ing. Despite these discrepancies, it should be pointed out
that on the same gel the relative order of electrophoretic
mobilities of these preparations is quite reproducible.

If a standard SDS-gel electrophoresis system were to
be run under strictly controlled conditions, it might be

possible to make a direct comparison between different
purified forms from several laboratories. The system
described by Laemmli (77) has been widely used and
appears to be one of the most sensitive to small molecular
weight differences. One way to resolve apparent discrep-
ancies in reported molecular weights would be for a single
laboratory to run SDS gels under strictly controlled
conditions on all the different purified cytochrome P-450
preparations.

2. Spectral Properties. Differences in the reduced CO,
ethylisocyanide, octylamine, cyanide, and substrate dif-
ference spectra observed within microsomal prepara-
tions, as well as with partially purified cytochrome P-450
preparations, have led to the suggestion that these dif-
ferent spectral properties are due to the presence of
different forms of cytochrome P-450 (2, 15, 57, 138).
These early observations have been largely confirmed by
studies wth purified enzymes. The absorption maximum
of the reduced CO complexes of various cytochrome P-
450 preparations ranges from 447 to 452 nm (tables 1 to
6) while the 455 to 430 ratio at pH 7.4 of the reduced
ethylisocyanide complexes varies from 0.3 to 2.0 (48, 97).
Spectral parameters determined in microsomal suspen-
sions appear to represent a composite value of all the
different forms of cytochrome P-450 in the particular
microsomal preparation.

While one laboratory, with instruments currently
available, can reproducibly determine the absorption
maximum of the reduced CO complex of a purified cy-
tochrome P-450 preparation within + 0.5 nm, the same
measurement on the same protein by different laborato-
ries has yielded values that differ significantly from one
another. The variation in the reported absorption maxi-
mum for the same protein has been as large as + 1 nm.
Thus, a report that two different cytochrome P-450 prep-
arations have different reduced CO maxima is not suffi-
cient evidence that they are different hemeproteins. On
the other hand, if two preparations have identical CO
maxima, it does not necessarily mean that they are the
same protein. For example, the CO maxima of the major
3-MC-inducible form of cytochrome P-450 purified from
rats and rabbits are identical (447 nm), yet these two
enzymes have been shown to be different proteins based
on their catalytic activities, immunological properties,
and subunit molecular weights (72).

Most purified microsomal cytochromes P-450 appear
to be in a low-spin state. However, purified rabbit LM,
exists predominantly in a high-spin state (42, 44, 73). It
is unlikely that the spin state of a cytochrome P-450
preparation can be used to distinguish multiple forms of
cytochrome P-450 since the spin state of rabbit LM, can
be easily affected by detergents, protein concentration,
and other factors (44, 79). On the other hand, it should
be noted that the absorption maximum of the reduced
CO complex of cytochrome P-450 cannot be altered under
similar conditions (79).

3. Catalytic Activity. The various purified cytochrome
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P-450 preparations possess different but overlapping sub-
strate specificities when reconstituted in a nonmembran-
ous system (33, 45, 48, 49, 63, 80, 97, 115, 128, 134) as well
as in various liposomal systems (11, 54, 55). This property
has been used as an important criterion for demonstrat-
ing the existence of multiple forms of cytochrome P-450.
The difference in specificity among forms is dependent
on the substrate. For example, various cytochrome P-450
isozymes catalyze the N-demethylation of benzpheta-
mine or the hydroxylation of benzo(a)pyrene at rates
that can differ by a factor of a hundred (33, 45, 60, 97,
134). In contrast, the rates at which a variety of different
forms of cytochrome P-450 hydroxylate aniline are quite
similar (29, 45, 86, 134).

The rates at which various cytochrome P-450 isozymes
catalyze a reaction not only differ markedly, but many
also exhibit positional selectivity and stereoselectivity in
the metabolism of such compounds as benzo(a)pyrene
(23, 24, 92, 145, 163), testosterone (45, 48, 134), and
warfarin (26, 69). Compounds such as SKF-525A and 7,8-
benzoflavone selectively affect the microsomal metabo-
lism of various substrates. Their effect on a particular
reaction depended on which purified cytochrome P-450
isozyme was used as the catalyst (63, 73, 137, 156). The
apparent K, of a substrate also depended on the cyto-
chrome isozyme used as the terminal oxidase and can
vary significantly from one isozyme to another. For ex-
ample, the K, for O-deethylation of 7-ethoxycoumarin is
27 uM for PB rat fraction B, 322 uM for PB rat fraction
D, and 36 uM for 3-MC rat fraction B (36).

4. Immunological Properties. Antibodies prepared
against various purified cytochrome P-450 preparations
generally show high specificity and thus provide another
means for distinguishing multiple forms of cytochrome
P-450. For example, antibodies against rabbit forms 2, 4,
and 6 did not crossreact with each other when tested by
Ouchterlony double-diffusion analysis (22, 62) although
testing by radioimmunoassay revealed a slight crossreac-
tivity between forms 2 and 4 (22). Similarly, antibodies
produced against rat cytochrome P-450,, P-450,, and P-

450, (134), or B fractions of PB- and 3-MC-treated rats

(36) were also highly specific. Antibodies against various
rat cytochrome P-450 preparations either did not cross-
react or crossreacted very poorly with cytochromes P-
450 purified from rabbits, mice, and humans (79, 147,
148, 155).

Antibodies against various forms of cytochrome P-450
inhibit cytochrome P-450-catalyzed reactions in micro-
somes as well as in reconstituted cytochrome P-450 sys-
tems (22, 66, 105, 136, 146-148, 158). The inhibition
patterns observed are dependent on the source of micro-
somes, the substrate, and the type of reaction.

5. Peptide Mapping. Another valuable criterion for
demonstrating multiple forms of cytochrome P-450 is a
comparison of the peptide fragments of different enzyme
preparations after limited proteolysis. With the proce-
dure developed by Cleveland et al. (14), peptide frag-

ments generated by limited proteolysis can be separated
by SDS-gel electrophoresis and the peptide maps of
different enzyme preparations can be compared. Thus,
while the peptide maps generated from several different
NADPH-cytochrome P-450 reductase preparations (pu-
rified from rat liver, rabbit liver, and rabbit lung) are
quite similar (35), the peptide maps obtained from major
forms of rat and rabbit cytochrome P-450 are very differ-
ent (35, 64, 134). These results suggest that the primary
structure of these cytochrome P-450 species is distinct
and that the differences between individual proteins are
not due to small alterations of the polypeptide chain.
Because of its simplicity and sensitivity, peptide mapping
should prove useful for evaluating structural similarities
or dissimilarities of cytochrome P-450 species isolated in
the future.

6. Amino Acid Sequence. The ultimate proof of a
different primary structure for different species of cyto-
chrome P-450 will be a comparison of the total amino
acid sequence of each isozyme. Because of its large sub-
unit molecular weight and hydrophobic nature, no puri-
fied cytochrome P-450 has yet been totally sequenced.
However, four purified cytochromes P-450 (rabbit LM.,
rat P-450,, rat P-450,, and rat P-450.) have been partially
sequenced (12, 43). The sequences of the first 19 amino
acids on the N-terminal end of the three forms from rats
are quite different while rabbit LM: and rat P-450,, the
major forms induced by phenobarbital, show partial ho-
mology. All four contain a high percentage of hydropho-
bic amino acids. The N- and C-terminal residues are,
respectively, methionine and arginine for rabbit LM,,
methionine and methionine for rat P-450,, glutamic acid
and serine for rat P-450,, and isoleucine and leucine for
rat P-450. (12, 43). Along with results from peptide map-
ping (35, 64, 134), distinct end-terminal sequences pro-
vide further support for the multiplicity of cytochromes
P-450 and suggest that these cytochromes P-450 are
separate gene products rather than posttranslational
modifications of a common precursor.

D. Nomenclature

The various purified cytochrome P-450 preparations
that have been reported in the literature up to March
1980 are listed in tables 1 to 6. Partially purified prepa-
rations that either have a low specific content (less than
10 nmol per mg of protein) or are known to contain more
than one form of cytochrome P-450 have not been in-
cluded. A glance at these tables should convince the
reader that the nomenclature presently used by various
laboratories to designate different forms of cytochrome
P-450 is neither uniform nor based on a common ratio-
nale. It is undoubtedly confusing to the uninitiated
reader. Yet, selection of a suitable nomenclature for the
multiple forms of cytochrome P-450 has been hindered
by the complexity of this family of isozymes as well as by
the large number of newly discovered cytochromes P-
450. Thus far, a suitable nomenclature that succinctly
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and accurately describes the properties and functions of
cytochrome P-450 has not been agreed upon by investi-
gators in this field. Historically, terms such as cyto-
chromes P-450 and P-448 (or P,-450), which refer to the
absorption maximum of the reduced CO complex of the
cytochrome, have been used to denote the cytochrome
present in liver microsomes of untreated or PB-treated
animals vs. 3-MC-treated animals (2, 138). This nomen-
clature is clearly outdated. The absorption maxima of
the reduced CO complex of the major induced forms of
cytochrome P-450 are not all at 450 or 448 nm and, in
addition, different forms of cytochrome P-450 sometimes
have an identical absorption maximum (see tables 1 to
6). More recent systems of nomenclature based on induc-
tion by a specific inducer or order of elution from a
chromatography column have not proved to be more
definitive or useful for comparing the forms isolated in
one laboratory with those isolated by another.

The IUPAC-IUB Commission on Biochemical Nomen-
clature recommended that “multiple forms of an enzyme
should be distinguished on the basis of electrophoretic
mobility, with the number 1 being assigned to that form
having the highest mobility toward the anode” (116).
This system has been adopted by Haugen et al. (45) for
identifying multiple forms of rabbit liver cytochrome P-
450 with the modification that the tissue of origin is
designated as LM for “liver microsomal.” Recently, John-
son et al. (58, 63) have also adopted a similar system for
the various forms of cytochrome P-450 from 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD)-treated rabbits.
However, this system of nomenclature has not yet been
adopted for the multiple forms of cytochrome P-450
isolated from other species or other tissues. Although
some may feel that it would be premature to adopt it for
all cytochrome P-450 systems, the case can be made that
even an imperfect system is better than further delay.
The confusing variety of names being used to refer to the
forms of cytochrome P-450 isolated from rat liver micro-
somes is a good example of a family of isozymes critically
in need of a uniform system of nomenclature. As a first
step, a specific gel system run under strictly controlled
conditions would have to be chosen with the understand-
ing that the present technology for identifying gel bands
as cytochrome P-450 is not completely reliable. If addi-
tional cytochrome P-450 isozymes are isolated from a
particular tissue or species at some future time, the
system would probably need to be revised. Unless a
common reference point is agreed upon soon, the isola-
tion of additional forms of cytochrome P-450 can only
increase the present state of confusion.

E. Multiple Forms of Cytochrome P-450 in Rabbit
Microsomes

The various forms of cytochrome P-450 that have been
purified from the liver and lung microsomes of rabbits
are listed in tables 1 and 2, respectively. As noted in the
tables, several of the forms purified in one laboratory are

probably identical to forms isolated by other laboratories.
On the basis of several criteria, at least five different
forms of rabbit cytochrome P-450 have been purified
from either lung or liver microsomes and the properties
of each will be briefly discussed below.

Form 1. This cytochrome P-450 species, which has
been highly purified by Johnson and Muller-Eberhard
(60) from the liver microsomes of TCDD-treated rabbits,
was reported to have a subunit molecular weight of
48,000; its reduced CO complex has an absorption maxi-
mum of 450.5 nm. Although it catalyzes the metabolism
of benzphetamine, benzo(a)pyrene, 7-ethoxyresorufin,
and acetanilide, activities are generally low. Antibodies
produced against forms 2, 4, and 6 do not react with form
1 as assayed by Ouchterlony double-diffusion analysis
(58, 62). It has also been distinguished from other forms
by peptide mapping (64). A similar preparation of lower
specific content termed LM, has been obtained by Guen-
gerich from the liver microsomes of untreated rabbits
(33), but it has not been determined whether these two
preparations are the same form.

Form 2. Form 2 is the major species of cytochrome P-
450 in liver microsomes of PB-treated rabbits and it has
been well-characterized by many laboratories (22, 33, 44,
52, 63). It has been called LM: (43, 44), P-450, (42, 49,
50), 70 mM phosphate fraction (40), and P-450 (52, 67).
Reports of the subunit molecular weight range from
48,500 to 50,000; the absorption maximum of the reduced
CO complex is 451 nm. The N- and C-terminal residues
are methionine and arginine, respectively (44). It also
contains one residue of glucosamine and two residues of
mannose per subunit (44). Form 2 is most active in
catalyzing the metabolism of substrates such as benz-
phetamine, cyclohexane, biphenyl, warfarin, and para-
thion, and it is rather inactive in metabolizing polycyclic
aromatic hydrocarbons.

Philpot and coworkers (136, 164) have isolated from
the lung microsomes of untreated rabbits a form of
cytochrome P-450, designated cytochrome P-4501, whose
subunit molecular weight, immunological properties, and
catalytic activity are indistinguishable from rabbit liver
form 2. Guengerich (34) has also isolated from the lung
microsomes of untreated rabbits a similar cytochrome P-
450 termed fraction A that is immunologically indistin-
guishable from liver form 2. It has not been determined
whether cytochrome P-4501 and fraction A are identical.

Form 3. This cytochrome P-450 species has been pu-
rified from liver microsomes of untreated as well as PB-
or TCDD-treated rabbits (59) but is apparently not in-
duced by these two inducers. It has a reported subunit
molecular weight of 51,000 and an absorption maximum
in its reduced CO difference spectrum of 450 nm. When
compared to rabbit forms 2, 4, and 6, form 3 is the most
active of the four cytochromes in catalyzing N-demeth-
ylation of aminopyrine. It is rather inactive in the metab-
olism of benzphetamine, ethoxyresorufin, and benzo(a)-
pyrene. Form 3 can also be distinguished from forms 2,
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TABLE 1
Different forms of cytochrome P-450 purified from rabbit liver microsomes*
Preparation m of CO Maximum m&y&t Comments Reference
Form 1 TCDD 450.5 48,000 Originally designated form a 60
LM, PB 451 48,700 Major PB-inducible form 44, 45
Form 2 PB 451 48,500 Identical to LM, 63
LM; PB 451 49,000 Identical to LM; above 33
P-450, PB 451 49,000 Probably identical to LM, 42, 49, 50, 52
70 mM phosphate fraction, PB 451 49,000 Probably identical to LM, 40
hydroxylapatite column
P-450 PB Not 49,700 Probably identical to LM, 67
available
Form 3 None 450 51,000 Constitutive form 59
LMs, None 451 52,000 Identical to form 3 7%
LM, PB 449 51,000 55
LM, BNF 448 55,300 Major BNF-inducible form 44,45
Form 4 TCDD 447 54,500 Originally designated form c, ma- 61
jor TCDD-inducible form in
\ adult liver, identical to LM,
P-448 3-MC 447 51,000 Identical to LM, 72
LM, BNF 47 63,000 Probably identical to LM, 33
P-448, 3-MC 448 54,000 Probably identical to LM, 41, 42, 49, 50
0.3 M phosphate fraction, PB 447 63,000 Probably identical to LM, 40
hydroxylapatite column
P-448 None 48 53,000 Probably identical to LM, 46
Form 6 TCDD 448 67,500 Originally designated form b, 60, 117
preferentially induced by
TCDD in newborn rabbit liver.
P-450 None 449 52,000 108
Form B None 448 51,500 128
* The abbreviations used are: TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; PB, phenobarbital; BNF, B-napthaflavone; 3-MC, 3-methylcholan-
threne.
TABLE 2
Different forms of cytochrome P-450 purified from rabbit lung microsomes*
Preparation Tm: of CO Maximum Subunit Molecular Weight Comments Reference
1. P-4501 None 452 51,000 or 52,000 Identical to the major PB- 136, 164
inducible form from
rabbit liver microsomes,
i.e. LM; or form 2.
2. P-45011 None 450 63,000 or 58,000 141, 164
3. Fraction A None 4515 49,000 34

* The abbreviation used is: PB, phenobarbital.

4, and 6 by its subunit molecular weight, peptide map,
and immunological properties.

A constitutive form of cytochrome P-450, termed LM3,,
has been purified by Koop and Coon (75) from liver
microsomes of untreated rabbits. It is reported to have a
subunit molecular weight of 52,000 and the absorption
maximum of its reduced CO complex is 451 nm. Exchange
of enzyme preparations between the two laboratories has
confirmed that form 3 purified by Johnson (59) is iden-
tical to LMss.!

Another form has been isolated by Ingelman-Sundberg

! Presented at the International Symposium on Biochemistry, Bio-
physics, and Regulation of Cytochrome P-450, June 15-18, 1980, Stock-
holm, Sweden.

from the liver microsomes of PB-treated rabbits and is
referred to as “LM,.” It has a subunit molecular weight
of 51,000 and a CO maximum of 449 nm. It appears to be
identical to form 3c recently isolated by Coon and co-
workers.! '

Form 4. Form 4 is the major liver microsomal form of
cytochrome P-450 induced in adult rabbits by 3-MC,
TCDD, and B-napthoflavone (BNF). It has been well-
characterized by a number of laboratories (22-24, 33, 41,
42, 44, 49, 50, 63, 72). It has been called LM, (44, 45),
LM, (33), P-448 (72), P-448, (42, 49, 50), and 0.3M
phosphate fraction (40). The reported subunit molecular
weight of form 4 ranges from 51,000 to 55,300. It has an
absorption maximum in its reduced CO difference spec-
trum of 447 to 448 nm. This protein contains one residue
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of glucosamine, one residue of glucose, and two residues
of mannose per subunit (44). The C-terminal amino acid
is lysine; the N-terminal residue is probably blocked (44).
Form 4 has been isolated predominantly in the high-spin
state, but it can be converted to the low-spin state by a
number of reagents (44). Form 4 isolated from BNF- or
TCDD-treated rabbits (44, 61) is most likely identical to
form 4 isolated from PB-treated or untreated rabbits
(44). Unlike the major form of cytochrome P-450 isolated
from the liver microsomes of 3-MC-treated rats, rabbit
form 4 is rather inactive in catalyzing the metabolism of
polycyclic aromatic hydrocarbons. It catalyzes the me-
tabolism of acetanilide, biphenyl, ethoxyresorufin, and
benzo(a)pyrene 7,8-diol, but is a rather inactive catalyst
toward most other cytochrome P-450 substrates.

Guengerich (34) has partially purified a cytochrome P-
450, designated LM,,, from the liver microsomes of BNF-
treated rabbits. It has the same subunit molecular weight
and absorption maximum in its reduced CO difference
spectrum as LM, but catalyzes the metabolism of
benzo(a)pyrene at a somewhat faster rate.

Form 6. Studies by Johnson and coworkers (60, 117)
have shown that form 6 is induced in both adult and
neonate rabbit liver by TCDD. It has a subunit molecular
weight of 57,500; the absorption maximum of its reduced
CO complex is at 448 nm. Form 6 catalyzes the metabo-
lism of ethoxyresorufin and is approximately 100-fold
more active than forms 2, 3, and 4 in metabolizing poly-
cyclic aromatic hydrocarbons such as benzo(a)pyrene
(59). It can be distinguished from forms 2, 3, and 4 by a
number of criteria. It has not been determined whether
LM; isolated by Guengerich from untreated rabbits (33)
is a distinct form of cytochrome P-450 or is related to
form 6.

Other Partially Purified Rabbit Cytochrome P-450
Fractions. Other cytochrome P-450 fractions have been
isolated from rabbit liver microsomes. Their relationship
to the preceding five forms has not been determined. The
following have been isolated from untreated rabbits: a)
a species of cytochrome P-450 that has a high affinity for
cytochrome b5 and requires cytochrome b; and NADH-
cytochrome b;s reductase in addition to NADPH-cyto-
chrome P-450 reductase to catalyze the NADPH-depen-
dent O-demethylation of p-nitroanisole (108), and b)
fractions A and B purified by Philpot and Arinc (128).
Cytochrome P-450 species isolated from PB-treated rab-
bits include a) a mixture of two cytochromes P-450
designated LM, ; (45), b) LMy (33), and ¢) P-4501I1I (40).

The laboratories of Philpot and coworkers (136, 164)
and Guengerich (34) have each isolated two forms of
cytochrome P-450 from the lung microsomes of untreated
rabbits. They were termed cytochrome P-450I and cyto-
chrome P-450I1 and fractions A and B, respectively.
Cytochrome P-450I and fraction A have already been
discussed above. Whether P-450I1 and fraction B are
related to each other or to other forms of cytochrome P-
450 present in rabbit liver microsomes is unknown.

F. Multiple Forms of Cytochrome P-450 in Rat Liver
Microsomes

The various forms of cytochrome P-450 that have been
purified from the liver microsomes of rats and some of
their properties are listed in table 3. As was noted with
the rabbit, several of the forms purified in one laboratory
are probably identical to forms isolated by other labora-
tories. However, due to the lack of a uniform nomencla-
ture or structural information, the assignment of identity
in table 3 for some of the cytochrome P-450 species
should be considered tentative. By using criteria such as
subunit molecular weight, absorption maximum of the
reduced CO complex, immunological and catalytic prop-
erties, and partial amino acid sequence, from five to
seven forms of cytochrome P-450 are present in rat liver
microsomes. Those forms for which the most definitive
evidence is available will be briefly discussed first.

1. Major PB-Inducible Form. This form is the major
species of cytochrome P-450 in liver microsomes of PB-
treated rats (33, 134, 161) and is also induced by poly-
chlorinated biphenyls such as Aroclor 1254 (134). The
following preparations are most likely this species: P-450,
(134), fraction B isolated from PB-treated rats (33), frac-
tion C (161), peak 15 (25), and P-450 (66, 106). Reports of
subunit molecular weight range from 49,000 to 53,000;
the absorption maximum of its reduced CO difference
spectrum ranges from 450 to 451 nm. The N- and C-
terminal amino acids are glutamic acid and serine, re-
spectively (12). This form of cytochrome P-450 catalyzes
the metabolism of such substrates as benzphetamine,
N,N-dimethylaniline, parathion, and N,N-dimethylphen-
termine (33, 66, 109, 110, 134, 161). It is immunologically
distinct from the major PB-inducible form in rabbit liver
microsomes, form 2 (66, 148).

2. Major 3-MC-Inducible Form. This form is the ma-
jor species of cytochrome P-450 induced by 3-MC and is
also induced by BNF and polychlorinated biphenyls such
as Aroclor 1254 and 3,4,5,3',4’-pentachlorobiphenyl. The
following preparations are most likely this species: P-450.
(134), fraction B isolated from 3-MC-treated rats (33),
peak II (25), P-448 (106, 133), and H-II (121). Reports of
subunit molecular weight of this cytochrome P-450 range
from 53,500 to 56,000; its reduced-CO complex has an
absorption maximum of 447 to 448 nm. The N- and C-
terminal residues are isoleucine and leucine (12). It is one
of the most efficient of the cytochromes P-450 in catalyz-
ing the metabolism of a variety of polycyclic aromatic
hydrocarbons as well as 7-ethoxycoumarin, 7-ethoxyre-
sorufin, and zoxazolamine. This form is immunologically
distinct from the major 3-MC-inducible form in rabbit
liver microsomes, form 4 (72, 148).

3. PCN-Inducible Form. This species of cytochrome
P-450, although relatively unstable, has recently been
purified from rats treated with PCN by Elshourbagy and
Guzelian (25). It has a subunit molecular weight of 51,000
and an absorption maximum in its reduced CO difference
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TABLE 3
Different forms of cytochrome P-450 purified from rat liver microsomes*
Preparation Treatment of Animals ~ CO Maximum es;fl’”f"“;,i'i‘;t Comments Reference
P-450, Aroclor 1254 450 52,000 Major PB-inducible form 134
PB
Fraction C PB 450 52,000 Identical to P-450, 161
Fraction B PB 449.6 53,000 Major PB-inducible form; probably identical 33, 36
to P-450,, although the end terminals of
these two preparations have been found
to be different
Peak I, phosphocellu- PB 450.7 50,000 - Probably identical to P-450, 25
lose column
P-450 PB 451 50,000 Probably identical to P-450, 106
P-450 PB Not 48,500 Probably identical to P-450, 66
available
P-450, Aroclor 1254 47 56,000 Major 3-MC-inducible form 134
3-MC
Fraction B 3-MC 447.6 56,000 Major 3-MC-inducible form; probably iden- 33, 36
tical to P-450,, although the end terminals
of these two preparations have been
found to be different.
Peak II, DE-52 3-MC 448 54,000 Probably identical to P-450. 25
column
P-448 3-MC 448 56,500 Probably identical to P-450, 106
H-II fraction 3,4,6,3',4'-Penta- 47 53,500 Probably identical to P-450, 121
chlorobiphenyl
Peak III, phosphocel- PCN 450 51,000 Major PCN-inducible form 25
lulose column
P-450, Aroclor 1254 452 48,000 134
PB
3-MC
Fraction D PB 449.2 54,000 33, 36
50 mM phosphate frac- Cholestyramine Not 50,000 40
tion, CM-Sephadex available
80 mM phosphate frac- Cholestyramine Not 50,000 40
tion, CM-Sephadex available
Fraction A None 450 52,200 1
Fraction B None 450.8 52,400 1

* The abbreviations used are: PB, phenobarbital; 3-MC, 3-methylcholanthrene; PCN, pregnenolone 16a-carbonitrile.

spectrum of 450 nm. It catalyzes the N-demethylation of
ethylmorphine and aminopyrine but at a slower rate than
would be expected from studies with liver microsomes
from PCN-treated rats. On the basis of several criteria,
it is a different isozyme than either the major PB- or 3-
MC-inducible forms.

4. P-450,. This species of cytochrome P-450 has been
purified from PB-, 3-MC-, and Aroclor-treated rats by
Ryan et al. (134). It has a subunit molecular weight of
48,000 and the absorption maximum of its reduced CO
complex is at 452 nm. It contains methionine as both its
N- and C-terminal amino acid and a partial sequence of
the first 19 amino acids on its N-terminal end differs
considerably from the sequences of either the PB(P-
4505)- or 3-MC(P-450.)-inducible forms (12). Cyto-
chrome P-450, preferentially catalyzes the hydroxylation
of testosterone at the 7a-position but is a rather inactive
catalyst for the metabolism of other substrates (134).

5. P-4504. This species of cytochrome P-450 has been
purified from rats treated with isosafrole by Levin and
coworkers.! It has a subunit molecular weight of 52,000,

identical to P-450,, and its reduced CO complex has an
absorption maximum of 447 nm, indistinguishable from
P-450.. Cytochrome P-450, was isolated as an isosafrole
metabolite-cytochrome complex and has poor catalytic
activity toward a number of substrates either before or
after removal of the bound isosafrole metabolite. P-4504
shows partial identity with P-450. when analyzed by
Ouchterlony double-diffusion techniques but does not
crossreact with antibodies prepared against cytochromes
P-450, or P-450,. Peptide maps of proteolytic digests of
cytochrome P-4504 indicate that its primary structure
differs from P-450,, P-450;, and P-450..

6. Other Rat Cytochrome P-450 Fractions. Other cy-
tochrome P-450 fractions have been isolated from liver
microsomes of untreated, PB-, and cholestyramine-
treated rats. Several have been highly purified but their
relationship to the preceding four forms has not been
determined.

A. Two forms of cytochrome P-450, fraction A and
fraction B, have been purified from the liver microsomes
of untreated rats by Agosin et al. (1). The subunit molec-
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ular weight of both forms is 52,000 and the absorption
maximum of the reduced CO complex is 450 nm for
fraction A and 450.8 nm for fraction B. Neither of the
forms is very active in catalyzing the metabolism of
substrates such as benzphetamine, p-chloro-N-methyl-
aniline, or 7-ethoxyresorufin, but both enzymes actively
catalyze the metabolism of juvenile hormone and its
analogue, fraction B being the better catalyst.

B. Gibson and Schenkman (30) have also partially
purified two forms of cytochrome P-450 from untreated
rats. The reduced CO complex absorption maximum is
at 449.5 nm for P-450I, and 448.5 nm for P-450Il. The
subunit molecular weight is 52,000 for P-450II and is
undetermined for P-4501 because of its low specific con-
tent. The relationship between P-4501 and P-450I1 and
fractions A and B obtained by Agosin et al. (1) is not
known.

. Besides the major PB-inducible form of cytochrome
P-450 and P-450,, several other species of cytochrome P-
450 have been isolated from the liver microsomes of PB-
treated rats by Guengerich (33). Referred to as fraction
A, fraction C, and fraction D, it is not known whether
any of these fractions correspond to P-450,.

D. Recently, Hansson and Wikvall (40) have isolated
two forms of cytochrome P-450 referred to as “50 mM
phosphate fraction and 80 mM phosphate fraction” from
cholestyramine-treated rats. It is not known whether
these forms of cytochrome P-450 are related to PCN-
inducible P-450 (25), P-450, (134), fractions A, C, or D
(33, 36), or fractions I and II (30).

G. Multiple Forms of Cytochrome P-450 in Mouse
Liver Microsomes

Although inbred strains of mice have been used to
study the genetic mechanisms of control of cytochrome
P-450 induction, less interest has been shown in isolating
and purifying multiple forms of the mouse isozymes than
has been the case for the cytochrome P-450 isozymes
from rat or rabbit. The four forms of liver microsomal
cytochrome P-450 from the mouse that have been puri-
fied to date are listed in table 4. Undoubtedly, more
forms of mouse cytochrome P-450 will be purified in the
future since preliminary information from partially pu-
rified mouse preparations suggests their presence (48).

Two forms of cytochrome P-450 have been highly
purified from the liver microsomes of PB-treated

TABLE 4
Different forms of cytochrome P-450 purified from mouse liver
microsomes*
. Subunit
Preparation Treument COMaxi-  Molecular Refer-

Weight
A; from B6D2F,/J mice PB 451 50,000 48
C; from B6D2F,/J mice PB 450 56,000 48
P,-450 from B-6 mice 3-MC 449.3 65,000 116
P-448 from B-6 mice 3-MC 448 65,000 115

* The abbreviations used are: PB, phenobarbital; 3-MC, 3-methyl-
cholanthrene.

B6D2F,/J mice by Huang et al. (48). The reported sub-
unit molecular weight of A is 50,000 and for C,, 56,000.
The absorption maximum of their reduced CO complexes
is at 451 nm for A; and at 450 nm for C,. Two other
species have been partially purified; the absorption max-
imum of the reduced CO complex of A, is 450 nm and for
C,, 449 nm. All four fractions can be clearly distinguished
by their substrate specificities. Interestingly, the C, frac-
tion crossreacts quite well with antibody produced
against the major PB-inducible form from rat liver mi-
crosomes, while A,, A;, and C, crossreact very poorly,
which suggests that most of the forms of cytochrome P-
450 from PB-treated mice differ from those isolated from
PB-treated rats.

Negishi and Nebert (115) have purified two forms of
cytochrome P-450, referred to as P-448 and P,-450, from
3-MC-treated C57BL/6N mice. Although the subunit
molecular weights of the two forms are indistinguishable,
the absorption maximum of their reduced CO complexes
is at 449.3 nm for P;-450 and 448 nm for P-448. These
two forms were distinguished from each other by peptide
mapping, immunological properties, and their abilities to
catalyze the metabolism of benzo(a)pyrene and acetani-
lide.

H. Multiple Forms of Cytochrome P-450 in Pig
Microsomes

Two cytochromes P-450 have recently been purified
from pig tissues by Masters et al. (105). As shown in table
5, one form of cytochrome P-450 has been purified from
kidney microsomes of untreated pig and has a subunit
molecular weight of 56,000. The other form, purified from
liver microsomes of PB-treated pig, has a subunit molec-
ular weight of 52,000. Although the absorption maximum
of the reduced CO complexes of both forms is at 450 nm,
they can be distinguished by their immunological prop-
erties. Both forms of cytochrome P-450 are active in the
w- and w-1 hydroxylation of lauric acid.

I. Multiple Forms of Cytochrome P-450 in Human
Liver Microsomes

Although the presence of multiple forms of cytochrome
P-450 in experimental animals has been convincingly
established, evidence for multiple forms of human cyto-
chrome P-450 has only recently begun to appear. Earlier
studies with human adult and fetal liver as well as human
placenta (70, 71, 127) have provided indirect evidence
consistent with the presence of multiple forms of human

TABLE 5
Different forms of cytochrome P-450 purified from pig microsomes*
tmen Maxi Subunit
Preparation mm: O?num " Molecular l:;f::'
Weight
P-450 from pig kidney mi- None 450 56,000 105
crosomes
P-450 from pig liver mi- PB 450 52,000 106
crosomes

* The abbreviation used is: PB, phenobarbital.
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cytochrome P-450. For example, Kapitulnik et al. (71)
found that in human autopsy livers benzo(a)pyrene hy-
droxylase activity correlated well with zoxazolamine, cou-
marin, and hexobarbital hydroxylase activities, but
poorly with 7-ethoxycoumarin deethylase and antipyrine
hydroxylase activities. Metabolism of 7-ethoxycoumarin
by human liver also did not correlate well with metabo-
lism of antipyrine. Addition of 7,8-benzoflavone to human
liver homogenates or microsomes increased the rate of
benzo(a)pyrene and zoxazolamine hydroxylation but had
little or no effect on the rates of metabolism of 7-ethoxy-
coumarin, coumarin, and hexobarbital (70). There is a
marked individuality in the degree of stimulation by 7,8-
benzoflavone on the metabolism of various compounds
by liver samples from different individuals. These results
suggest that human liver contains multiple forms of
cytochrome P-450 but that the relative proportion of
each form varies among individuals.

Several laboratories have recently reported on the
purification of cytochrome P-450 from human liver. Ka-
mataki and coworkers (68, 74) partially purfied cyto-
chrome P-450 from human fetal and adult livers. The
absorption maximum of the reduced CO complex was at
449 nm for the fetal liver cytochrome and 451 to 452 nm
for the adult liver cytochrome. The catalytic activity of
these preparations was generally low. Beaune et al. (6)
have used column chromatography to separate human
liver cytochrome P-450 into several fractions. Fraction A
has a subunit molecular weight of about 45,000 and the
absorption maximum of its reduced CO complex is at 450
nm. Not much information is available on the other
cytochrome P-450 fractions. Bosterling and Trudell (11)
have obtained three cytochrome P-450 fractions from
human liver microsomes. One of the fractions (HA-2) has
been highly purified and has a subunit molecular weight
of 52,500. Magnetic circular dichroism studies suggest
that the heme environment of human HA-2 differs from
that of rat cytochrome P-450.

More recently, human liver microsomal cytochrome P-
450 has been purified to homogeneity by Wang et al.
(155). As noted in table 6, the cytochrome P-450 isolated
from different individuals has significantly different sub-
unit molecular weights. Human cytochrome P-450 and
rat cytochrome P-450 are clearly different proteins as
indicated by their lack of crossreactivity as assayed by
Ouchterlony double-diffusion analysis. However, human

TABLE 6
Different forms of cytochrome P-450 purified from human liver
microsomes
Preparation CO Maximum Subunv|; G!l:?lltm Reference
Patients 6 and 8 450 53,000 165
Patient 3 450 56,500 156
HA-2 fraction Not 52,500 11
available
LH-20 fraction 451-452 Not 68
available

cytochromes P-450 are immunologically more similar to
the major PB-inducible form of rat cytochrome P-450
than to the major 3-MC-inducible form as judged by
complement fixation or inhibition of catalytic activity by
antibodies (155). Complement fixation studies have also
indicated that the cytochromes P-450 isolated from the
liver of different individuals are not identical.

Thus, it is clear that human cytochrome P-450 is also
a family of isozymes that are distinct from the cyto-
chromes P-450 isolated from experimental animals. The
information available thus far does not permit an esti-
mate of the number of multiple forms of cytochrome P-
450 in human tissues. A fair assumption is that there
may be a large number of forms, in view of the genetic
and environmental differences among and between pop-
ulations. However, a definitive answer must await the
purification of cytochrome P-450 from other human sam-
ples.

IV. Partial Separation of Various Forms of
Cytochrome P-450 within the Microsomal
Membrane

Over the years, the argument has been made that the
isolation and purification of multiple forms of cyto-
chrome P-450 from various species and tissues is an
artifact and is the result of the use of detergents and the
disruption of membranes. The case for multiplicity could

‘perhaps be made stronger if various forms of cytochrome

P-450 could be separated (even partially) into different
membrane fractions without the use of detergents or
other disruptions of the microsomal membrane. Indeed,
such studies have been successfully performed and the
results are consistent with purification studies.

Glaumann (31) separated microsomes into rough,
smooth I, and smooth II subfractions with a cation-
containing sucrose gradient. If the microsomes were from
3-MC-treated rats, the absorption maximum of the re-
duced-CO complexes was at 448 nm for rough and smooth
I fractions and at 450 nm for smooth II fractions. Simi-
larly, Mailman et al. (102) have separated the microsomes
from untreated rats and mice into several smooth and
rough subfractions with a two-step discontinuous sucrose
gradient. These submicrosomal fractions exhibited dif-
ferent spectral characteristics including differences in the
absorption maximum of their reduced CO difference
spectra. Thus, these results are consistent with purifica-
tion studies and suggest that different forms of cyto-
chrome P-450 may be located in different parts of the
endoplasmic reticulum.

V. Identification and Quantification of Various
Forms of Cytochrome P-450 in Microsomal
Preparations

Since it is clear that the types and proportions of the
various forms of microsomal cytochrome P-450 in a tissue
will determine the metabolic profile of a compound and
affect its biological and toxicological properties, efforts
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have been made to show either that a particular form of
cytochrome P-450 is present or to quantify various forms
of cytochrome P-450 in microsomal preparations. Some
of the approaches currently being employed are discussed
briefly below.

A. Estimation by Chemical Probes

Some compounds, including certain substrates, inhib-
itors, and other ligands, react selectively with various
forms of microsomal cytochrome P-450 and useful infor-
mation can sometimes be derived by studying the selec-
tive interactions between microsomal cytochrome P-450
and these compounds. For example, enantiomeric selec-
tivity and perturbation of product ratios are observed in
the metabolism of warfarin and are dependent on the
form of cytochrome P-450 used as the catalyst (129, 130).
Attempts are being made to use the results from metab-
olism of warfarin as a means of estimating the forms of
cytochrome P-450 present in a preparation (131). Metyr-
apone, 7,8-benzoflavone, and tetrahydrofuran selectively
inhibit the O-deethylation of 7-ethoxycoumarin (152) and
have been used to probe the relative distribution of the
different forms of cytochrome P-450 in various micro-
somal preparations.

Compounds such as piperonyl butoxide, safrole, am-
phetamine, and its derivatives are capable of forming
product adducts with cytochrome P-450 (28, 47). Other
compounds, like metyrapone, can selectively bind to
different forms of cytochrome P-450 with different affin-
ities. Based on the combined results from-these two types
of studies, the estimation of several classes of cytochrome
P-450 in liver microsomes has been attempted (159, 160).

One advantage of this type of analysis is that it is
relatively simple to perform. However, it is limited by its
inherent selectivity. Only a rough estimate can be made
concerning the composition of microsomal cytochrome
P-450 if the probe used is not truly selective for a partic-
ular form of cytochrome P-450. Other inherent problems
associated with this method include difficulties in dem-
onstrating saturation and estimating extinction coeffi-
cients. In addition, it is often very difficult to correlate
the forms of cytochrome P-450 differentiated by this
technique with various purified forms of cytochrome P-
450.

B. SDS-Gel Electrophoresis

The electrophoretic pattern on SDS gels of the protein-
staining bands from a microsomal preparation has
been used as a simple and convenient approach to esti-
mate the forms of cytochrome P-450 present in different
sources of microsomes. The assignment of a band in the
50,000 molecular weight region as cytochrome P-450 has
been based on heme-staining and/or its relative intensity
upon treatment of the animal with an inducer. This
method is limited by the finite resolution of protein bands
and the reliability of heme-staining. One must be cau-
tious in equating the change in the intensity of a partic-

ular band to a change in concentration of a particular
form of cytochrome P-450. Microsomes contain many
other proteins whose subunit molecular weights are be-
tween 45,000 and 60,000 and, thus, a single band is
unlikely to be a single protein. In addition, some of these
proteins are also inducible (e.g. epoxide hydrase and
UDP-glucuronyltransferase). Identification of a heme-
containing protein band in microsomes is not always
straightforward and in SDS gels is complicated by heme
exchange and nonspecific binding of heme to nonheme
proteins.

In recent years, the results obtained from SDS gel
electrophoresis of microsomal preparations have some-
times been overinterpreted. It is becoming more common
to find a protein band on SDS-gel being equated to single
species of cytochrome P-450, and changes in the intensity
of protein bands between 45,000 to 60,000 after treatment
with a compound are being used to quantify the various
species of cytochrome P-450 in microsomes. It is even
possible to find reports in which all the protein-staining
bands on a densitometer tracing in the molecular weight
range of 45,000 to 60,000 are labeled as apocytochromes
P-450.

SDS-gel electrophoresis, coupled with other tech-
niques, can undoubtedly be used to show that qualitative
changes in cytochrome P-450 occur upon treatment of
animals with different compounds. However, it should
not be used to quantify various species of cytochrome P-
450 in a microsomal sample for the following reasons: a)
cytochrome P-450 accounts for only 5% to 15% of the
total liver microsomal protein in microsomes from un-
treated or PB-treated rats. Thus, protein bands whose
subunit molecular weights are between 45,000 to 60,000
should not all be labeled as apocytochrome P-450. In
addition, in microsomes prepared from other tissues,
cytochrome P-450 may be a minor protein species. b)
From 5 to 10 or more polypeptides can be resolved on
SDS-gels in the molecular weight range of 45,000 to
60,000 depending on the conditions and gel system cho-
sen. Densitometer tracings usually cannot resolve all of
these bands. ¢) Some proteins that have already been
identified, and perhaps others that have not yet been
isolated and characterized, are also induced by the var-
ious treatments used and have or could have subunit
molecular weights that fall between 45,000 to 60,000.

C. Peptide Mapping

On the other hand, Johnson et al. (64) have used SDS
gels in conjunction with limited proteolysis to show that
a particular form of cytochrome P-450 is present in rabbit
liver microsomes. Microsomal proteins were first resolved
by SDS-gel electrophoresis and the protein band in ques-
tion was then subjected to partial proteolysis. The re-
sulting peptide fragments were reanalyzed by SDS-gel
electrophoresis and compared to the peptide fragments
obtained from the partial proteolysis of the purified form
of this species of cytochrome P-450. By use of this tech-
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nique, Norman et al. (117) have shown that form 6 is the
single cytochrome P-450 species induced transplacentally
in the liver microsomes of newborn rabbits by TCDD.
This method can be used to monitor the occurrence and
induction of a specific form of cytochrome P-450 only if
that species is the major component in the microsomal
protein band being subjected to proteolysis.

D. Column Chromatography

Warner and Neims (156) have shown that rat liver
microsomal cytochrome P-450 from untreated rats can
be solubilized and resolved into four peaks by anion-
exchange chromatography with an overall recovery of
greater than 75%. Pretreatment of animals with BNF or
PB changes the distribution of cytochrome P-450 in the
different peaks.

Because of its good recovery, this method can be used
to show that qualitative changes in the cytochrome P-
450 population occur in animals after various in vivo
treatments. However, this method is not suitable for
quantification since each peak may contain more than
one form of cytochrome P-450. In addition, chromatog-
raphy of microsomal protein after various animal pre-
treatments may yield corresponding peaks that do not
contain the same form of cytochrome P-450.

E. Immunological Analysis

The purification of various forms of cytochrome P-450
and the subsequent ability to prepare specific antibodies
against these forms provide perhaps one of the best
potential methods for quantifying various forms of cyto-
chrome P-450 in microsomes. By using a radial immu-
nodiffusion technique, Thomas et al. (146) have deter-
mined that the major PB-inducible form of cytochrome
P-450 (PB-P-450 or P-450,) accounts for 62% to 76% of
the total microsomal cytochrome P-450 in the liver mi-
crosomes of PB-treated rats. Less than 10% of the total
microsomal cytochrome P-450 in these PB-microsomes
appears to be the 3-MC-inducible form (cytochrome P-
448 or P-450.). The 3-MC-inducible form, on the other
hand, represents 83% to 96% of the total microsomal
cytochrome P-450 in the liver microsomes of 3-MC-
treated rats. Microsomal preparations from untreated
rats contain less than 10% of either form of cytochrome
P-450. In a similar study Omura et al. (119) reported that
liver microsomes from PB- or 3-MC-treated rats contain
approximately 50% of the total microsomal cytochrome
P-450 as the PB-inducible or 3-MC-inducible form of
cytochrome P-450. The reason for these different esti-
mates for the amount of the major forms of cytochrome
P-450 in liver microsomes from induced rats is unclear.
However, based on other types of analysis such as column
chromatography (156), the liver microsomes from 3-MC-
treated rats most probably contain much less than 83%
to 96% of the total microsomal cytochrome P-450 as the
3-MC-inducible form. When more forms of cytochrome
P-450 are purified and specific antibodies are prepared,

this method promises to be quite useful for identification
and quantification of the various forms of cytochrome P-
450 in microsomes prepared from different sources.

F. Affinity Chromatography

If all the cytochrome P-450 species in a given set of
microsomes could be purified collectively in high yield,
SDS-gel electrophoresis of the purified sample might
yield a gel pattern that could be used for the quantifica-
tion of various species of cytochrome P-450. Affinity
chromatography is a potentially useful tool for accom-
plishing this objective since a single step could yield a
purified enzyme preparation in high yield.

Some progress has been made recently in developing
affinity columns for the purification of microsomal cyto-
chrome P-450. With tryptamine or 2,4-dichloro-6-phen-
ylphenoxyethylamine as a ligand, highly purified cytro-
chrome P-450 can be obtained directly from detergent-
solubilized microsomes with a yield of between 70% to
80% (96). SDS-gel electrophoresis of the highly purified
cytochrome P-450 yields three to four protein-staining
bands, which presumably are all cytochrome P-450 apo-
proteins. It is not yet known whether all the different
forms of cytochrome P-450 in a particular microsomal
preparation have been isolated by this procedure. Nev-
ertheless, this procedure could be very useful for the
quantification of most of the cytochrome P-450 species
in a microsomal preparation. Two implicit assumptions
in this technique are that 1) each species of cytochrome
P-450 has a different subunit molecular weight and 2)
each can be separated from the others by SDS-gel elec-
trophoresis.

V1. How Many Forms of Microsomal Cytochrome
P-450?

The evidence available thus far overwhelmingly sup-
ports the existence of multiple forms of cytochrome P-
450 in microsomes prepared from liver and other tissues.
However, it will probably be some time before the actual
number of different forms of cytochrome P-450 in these
tissues is determined with certainty. The difficulties in
making such an assessment are due to a number of
factors: a) The lack of a uniform system of nomenclature
as well as different methods of purification make it
difficult to compare different preparations from different
laboratories. b) SDS-gel electrophoresis may not be able
to resolve cytochrome P-450 species whose subunit mo-
lecular weights differ by less than 500 to 1,000 daltons.
Thus, it is not known whether a seemingly electropho-
retically homogeneous preparation contains more than
one species. The eventual determination of amino acid
sequences would help to resolve this area of uncertainty.
¢) Up to the present time, most efforts at purification
have concentrated on the major inducible cytochrome P-
450 species, and very few of the minor species or unin-
duced species have been studied. In addition, little work
has been done on microsomal cytochrome P-450 species
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in tissues other than liver, lung, and kidney.

Despite these uncertainties, it is generally agreed that
there is a large but finite number of cytochrome P-450
species in mammalian microsomes. Looking back at
tables 1 to 6 and the discussion that accompanied them,
a conservative estimate of the minimum number of forms
in various types of microsomes would be: 1) five to six
forms of cytochrome P-450 in rabbit liver and lung mi-
crosomes taken collectively, 2) five to seven forms of
cytochrome P-450 in rat liver microsomes, 3) four to six
forms in mouse liver microsomes, 4) two forms in pig
liver microsomes, and 5) an undetermined number in
human liver microsomes. Since the forms isolated from
different species are most likely different, the minimum
total number of cytochrome P-450 species described to
date is more than 20. It is quite likely that this number
will easily double or triple when the cytochromes P-450
from other tissues and other species are carefully exam-
ined.

In contrast to the idea that there exists a large but
finite number of cytochrome P-450 species, Nebert (111)
has postulated the existence of possibly hundreds or
thousands of discrete forms of cytochrome P-450 that
would vary slightly in order to be able to metabolize the
thousands of substrates of widely differing chemical
structues efficiently. Nebert (111) argues that, like the
immunoglobulins, the cytochrome P-450 polypeptides
may have both variable and constant regions. Immuno-
chemical studies and amino acid sequencing techniques
may not be sensitive enough to determine whether a
purified cytochrome P-450 contains only one form or
many forms with only very minor differences.

To judge from the peptide maps generated from several
inducible species of purified cytochrome P-450 (25, 35,
64, 134) it is clear that the primary structures of these P-
4508 are fairly different. In addition, the subunit molec-
ular weights of some of these species differ by as much
as 10,000. Thus, the available data are not consistent
with inducible forms having only minor modifications in
primary structure. Certainly, amino acid sequencing of
various forms of cytochrome P-450 could determine how
gimilar in primary structure they are and whether there
exist variable and constant regions. The existence of
many forms of cytochrome P-450 in a single preparation
will be more difficult to rule out since many of the
techniques available are not sensitive enough to detect a
single change of amino acid or a very minor alteration in
the polypeptide sequence.

VII. Some Unanswered Questions

Despite the overwhelming evidence supporting the
idea of multiple forms of cytochrome P-450 in micro-
somes, this concept has not received universal acceptance
due to several as yet unaccounted-for observations. For
example, Fischer and Spencer (27) found that when
protein synthesis in young female rats is blocked by the
administration of actinomycin D or puromycin, there is

a decrease in the P-450 content of the microsomes but
treatment with benzanthracene still leads to the forma-
tion of cytochrome P-448. Furthermore, these investiga-
tors found that the absorption maximum of the reduced
CO difference spectrum can be shifted from 450 to 448
nm by treating the liver microsomes from immature
female rats with benzanthracene. On the other hand, this
shift in absorption maximum does not occur if micro-
somes from adult female rats are used. Kahl et al. (65)
have also found that induction of cytochrome P-448 in
rats by 3-MC still occurs even when protein synthesis
and the increase in cytochrome level are blocked by
treatment of the rat with cycloheximide. These results
are in contrast to the findings of Alvares et al. (3, 76)
that induction of cytochrome P-448 requires protein syn-
thesis and cannot be duplicated in vitro. These seemingly
contradictory results can be interpreted in several ways:
1) The formation of cytochrome P-448 is not due to true
enzyme induction but perhaps to an alteration in mem-
brane structure (i.e. cytochromes P-450 and P-448 are
interconvertible). 2) The formation of cytochrome P-448
occurs by a modification of the preexisting cytochrome
in a posttranslational step that is not blocked by cyclo-
heximide. 3) Alternatively, protein synthesis may have
been only partially blocked in these experiments, allow-
ing the synthesis of some cytochrome P-448 but decreas-
ing total cytochrome P-450 content.

Parke and coworkers (107, 123, 125) have observed
that when animals are treated with carcinogens, the
increase in biphenyl 2-hydroxylase activity is biphasic,
i.e. an initial stimulatory phase followed later by enzyme
induction. Parke (122-124) argued that since the initial
stimulation occurs within 15 min of treatment with the
carcinogen, and since biphenyl 2-hydroxylation is pref-
erentially catalyzed by cytochrome P-448, the stimula-
tion may represent a conformational change of preexist-
ing cytochrome P-450 to P-448.

While the results of the studies just cited are subject
to alternative interpretations, they are nevertheless in-
consistent with the rich literature supporting the exis-
tence of multiple forms of cytochrome P-450. These
studies should perhaps be repeated before definitive con-
clusions are reached.

VIII. Regiospecificity of Multiple Forms of
Cytochrome P-450 in Drug, Mutagen, and
Carcinogen Metabolism

Even though various forms of cytochrome P-450 have
broad and overlapping substrate specificities, they often
exhibit remarkable regioselectivity and stereoselectivity.
For example, rat cytochrome P-450,, P-450,, and P-450.
preferentially hydroxylate testosterone at the 7a-, 16a-,
and 6p8-positions, respectively (134). Cytochromes P-4560
isolated from mice and rabbits also preferentially hy-
droxylate testosterone at specific positions (45, 48). The
metabolism of warfarin by liver microsomal cytochrome
P-450 provides another excellent example of the regio-
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selectivity and stereoselectivity of various forms of cy-
tochrome P-450. Fasco et al. (26) have shown that rabbit
LM, metabolizes warfarin only when warfarin is in the
R-configuration and the coumarin side of the warfarin
molecule is oriented toward the active site of the enzyme.
Rabbit LM;, on the other hand, is able to metabolize
warfarin in either its R- or S-configuration but forms
different products depending on the configuration of
warfarin. When warfarin is in the S-configuration, rabbit
LM:; acts on the coumarin side of the molecule, but when
warfarin is in the R-configuration, LM; acts on the phenyl
ring. The regioselectivity and stereoselectivity toward:
warfarin of the major 3-MC-inducible form of liver mi-
crosomal cytochrome P-450 from 3-MC-treated rats are
very similar to those of rabbit LM, but the rat enzyme is
40-fold more active than rabbit LM, (69). The major PB-
inducible form of cytochrome P-450 from PB-treated rats
and rabbit LM; have similar regioselectivities but their
stereoselectivities are opposite in orientation (69).

The differing abilities of various forms of cyto-
chrome P-450 to convert various chemicals such as
benzo(a)pyrene, 2-aminoanthracene, and tryptophan py-
rolysis products to metabolites that are mutagenic in the
Ames test has been reported (56, 81, 118). For example,
cytochrome P-448 isolated from 3-MC-treated rats is one
of the most active enzymes that catalyze benzo(a)pyrene-
induced mutagenesis whereas other forms of cytochrome
P-450 are rather inactive, a result that is consistent with
metabolism studies (81). In addition to differences in
overall metabolic rates, various forms of cytochrome P-
450 also exhibit positional selectivity and stereoselectiv-
ity in the oxygenation of benzo(a)pyrene and (—)trans-
7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene (23, 24, 92, 145,
163). For example, when benzo(a)pyrene is used as the
substrate, the ratio of 3-hydroxybenzo(a)pyrene to 9-
hydroxybenzo(a)pyrene formation ranges from 1 to 20
depending on the form of cytochrome P-450 catalyzing
the reaction (92). The stereoselective conversion of
(—)trans-1,8-dihydroxy-7,8-dihydrobenzo(a)pyrene to
() 7B,8a-dihydroxy-98,108-epoxy-7,8,9,10-tetrahydro-
benzo(a)pyrene (diol epoxide 1) and (+)78,8a-dihydroxy-
9a,10a-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene (diol
epoxide 2) is also dependent on the particular cytochrome
P-450 species used (24, 145, 163). Thus, cytochrome P-
448 from 3-MC-treated rats and rabbit LM, preferentially
convert (—)trans-7,8-dihydroxy-7,8-dihydrobenzo(a)py-
rene to diol epoxide 2 whereas the rabbit LM- fraction
preferentially metabolizes this compound to diol epoxide
1. Rabbit LM; gives somewhat more diol epoxide 2 than
diol epoxide 1. Since the (+) and (—) enantiomers of diol
epoxides 1 and 2 have different mutagenic and carcino-
genic activities in different bioassay systems (13, 165),
the relative amount of each enantiomer produced by
different forms of cytochrome P-450 could well be an
important factor in determining the susceptibility of dif-
ferent tissues, species, and strains to the carcinogenic
action of benzo(a)pyrene.

IX. Conclusion

The multiplicity of microsomal cytochrome P-450 has
been reviewed. Available evidence indicates that cyto-
chrome P-450 exists in multiple forms, and differences in
substrate specificity, positional specificity, and stereo-
specificity of the various forms of cytochrome P-450 play
an important role in regulating the balance between
activation and inactivation of a given chemical. Thus,
differences in the composition and proportion of the
various forms of cytochrome P-450 in a tissue are impor-
tant factors to consider when evaluating drug and carcin-
ogen metabolism and their related toxicities.
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