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Structural diversity of cytochrome P450 enzyme system
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Cytochrome P450 enzyme system consists of P450
and its NAD(P)H-linked reductase or reducing
system, and catalyses monooxygenation reactions. The
most prevalent type in eukaryotic organisms is ‘micro-
somes type’, which consists of membrane-bound P450
and NADPH-P450 reductase. The second type is ‘mito-
chondria type’, in which P450 is bound to the inner
membrane while the reducing system consisting of an
NADPH-linked flavoprotein and a ferredoxin-type
iron�sulphur protein is soluble in the matrix space.
The third type is ‘bacteria type’, in which both P450
and the reducing system are soluble in the cytoplasm.
In addition to these three types, several forms of
P450-reductase fusion proteins have been found in pro-
karyotic organisms. On the other hand, some P450s
catalyse the re-arrangement of the oxygen atoms in
the substrate molecules that does not require the
supply of reducing equivalents for the reaction. A pecu-
liar P450, P450nor, receives electrons directly from
NADH for the reduction of nitric oxide.

Keywords: Bacterial P450/cytochrome P450/microso-
mal P450/mitochondrial P450/P450-reductase fusion
proteins.

Monooxygenase reactions catalysed by cytochrome
P450 require the supply of electrons from NADPH
or NADH, and P450 is always found associated with
its NAD(P)H-linked reductase or reducing system in
the cell. Several different types of P450 enzyme systems
including P450-reductase fusion proteins have been
reported. The structural diversity of the P450 enzyme
system may be related with the highly diversified
physiological functions of P450 in eukaryotic and pro-
karyotic organisms.

P450 is present in both endoplasmic reticulum
(microsomes) and mitochondria in animal cells,
whereas it is found only in endoplasmic reticulum in
plant and fungus cells. The components of microsomal
P450 system are all membrane-bound, whereas the
mitochondrial P450 system consists of membrane-
bound P450 and soluble reducing system. Both P450
and its reducing system are soluble in the cells of pro-
karyotic organisms. Various P450-reductase fusion
proteins have been found in bacteria.

The substrates of P450-catalysed monooxygenase
reactions are mostly hydrophobic organic compounds.
The membrane-bound nature of microsomal and mito-
chondrial P450s reflects the hydrophobic properties of
the substrates, which tend to be concentrated to the
membranes in the cells. The soluble nature of the
P450s of prokaryotic organisms might be due to
the absence of intracellular membrane systems to
anchor P450 in the cells.

The structural diversity of P450 enzyme system is an
interesting case where the physiological diversification
of an enzyme has been accompanied with the alter-
ation of the partner enzyme. P450 gene superfamily,
which codes for a large number of different P450s, has
apparently evolved from a single ancestral gene and
highly diversified along with the evolution of living
organisms. Since P450 requires the reductase for its
function, the molecular evolution of P450 must have
been restricted by the necessity for the interaction with
the partner enzyme. This review summarizes the pre-
sent knowledge on the structural diversity of P450
enzyme system and discusses its relation with the func-
tional diversification of P450 during the evolution of
eukaryotic and prokaryotic organisms.

Discovery of various cytochrome P450
enzyme systems

P450 was first characterized in the microsomal fraction
of animal liver in 1962 (1), and the enzymatic activity
of adrenal cortex microsomal P450 as the monooxy-
genase was elucidated in the next year (2). Role of
microsomal NADPH-cytochrome c reductase in
P450-catalysed NADPH-dependent monooxygenation
activity was suggested by a reconstitution experiment
in 1968 (3). Later studies confirmed the essential role of
NADPH-cytochrome c reductase in microsomal
P450-catalysed monooxygenation reactions, and the
reductase is now called NADPH-cytochrome P450
reductase. Both P450 and the reductase are tightly
bound to the microsomal membrane.

Presence of P450 in the mitochondria isolated from
adrenal cortex was discovered in 1964 (4). The
NADPH-dependent steroid hydroxylase activity
of the adrenal cortex mitochondria was found to be
composed of membrane-bound P450 and the soluble
NADPH-P450 reductase system consisting of adreno-
doxin and NADPH-adrenodoxin reductase in 1966 (5).
Mitochondrial P450 enzyme system is found in ani-
mals, whereas fungi and plants do not seem to contain
P450 in mitochondria. However, a few papers reported
the presence of P450 in the choloroplasts of plants (6).

A bacterial P450 was first found in Rhizobium bac-
teroids in 1967 (7). In contrast to the microsomal and
mitochondrial P450s reported before, the Rhizobium
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P450 was soluble. However, the function of the P450 in
Rhizobium bacteroids was not elucidated. In the next
year, two more bacterial P450s were reported. One was
found in Pseudomonas putida (8) and the other
in Coryebacterium sp., (9). The Pseudomonas P450,
P450cam (CYP101), catalysed NADH-dependent oxi-
dation of camphor, and required a soluble NADH-
P450 reductase system consisting of putidaredoxin
and NADH-putidaredoxin reductase for the reaction
(8). Corynebacterium P450 catalysed NADH-
dependent oxidation of n-octane to 1-octanol. More
soluble P450s have been found in various prokaryotic
organisms in later years.

The first self-sufficient P450-reductase fusion
enzyme was found in Bacillus megaterium in 1987
and named P450 BM-3 (CYP102A1) (10). Similar
P450-reductase fusion proteins have been found in
other bacterial species and also in several fungi in the
following years. Recent analyses of the genomic
sequences of various prokaryotic organisms have
revealed the presence of several novel P450-reductase
fusion proteins in bacteria.

P450s can catalyse monooxygenation reactions in
the absence of molecular oxygen when provided with
organic or inorganic peroxides. This type of the mono-
oxygenase activity of P450s, which does not need the
supply of reducing equivalents by the reductase, was
found in 1975 (11, 12). Some P450s catalyse the rear-
rangement of oxygen atoms in the substrate molecules
(13), which is also independent of the reductase.

An interesting exceptional case is P450nor
(CYP55A1) discovered in the fungus Fusarium oxy-
sporum in 1993 (14). P450nor catalyses the reduction
of nitric oxide, and its haeme prosthetic group receives
electrons directly from NADH (14).

Microsomal cytochrome P450 enzyme
system

The microsomal P450 enzyme system is widespread
among all eukaryotic organisms, and catalyses
NADPH-dependent oxygenation of various endogen-
ous and exogenous substrates. It consists of P450 and
NADPH-P450 reductase. Both P450 and the reductase
are tightly bound to the cytoplasmic surface of endo-
plasmic reticulum in the cells. They are synthesized by
the membrane-bound ribosomes in the cell, and anchor
to the membrane by their amino-terminal hydrophobic
signal-anchor sequences (15, 16). Membrane binding is
essential for their interaction. To reconstitute the
monooxygenase activity from purified P450 and
NADPH-P450 reductase, their incorporation into
phospholipids liposomes or detergent micelles is
necessary.

Requirement of NADPH-P450 reductase for micro-
somal P450-catalysed oxygenation reactions was con-
firmed by in vitro reconstitution experiments using
purified components, and also in vivo by conditional
deletion of hepatic NADPH-P450 reductase. Liver-
specific deletion of NADPH-P450 reductase in mice
ablated the P450-dependent monooxygenase activities
in the liver, although the amount of microsomal P450

was rather elevated (17, 18). Since both P450 and
NADPH-P450 reductase are bound to the membrane
of endoplasmic reticulum, the transfer of electrons
from the reductase to P450 depends on their interac-
tion on the membrane. One possibility is the random
collision of membrane-bound P450 and reductase
molecules due to their free lateral movement on the
membrane (19). Formation of molecular clustering of
P450 and the reductase on the membrane is another
possible mechanism for their interaction, but the molar
ratio of the reductase to P450 in liver microsomes is far
larger than unity; 1mol of reductase to 10�20mol of
P450. Moreover, NADPH-P450 reductase supplies
electrons not only to P450 but also to some other
microsomal membrane-bound enzymes, haeme oxyge-
nase, squalene oxygenase, etc. Evidence has been
presented for the formation of molecular clustering
of P450 and NADPH-P450 reductase on the liposomal
and microsomal membranes (20, 21), but the aggre-
gates must be in a dynamic equilibrium between the
free-moving components (22).

Participation of cytochrome b5 in microsomal
P450-catalysed reactions was known since early studies
on this enzyme system. Although microsomal P450
depends on NADPH-P450 reductase for the supply
of electrons from NADPH, addition of NADH was
found to stimulate the in vitro NADPH-dependent
oxidation of substrates by liver microsomes (23), and
participation of cytochrome b5 in the supply of elec-
trons from NADH to P450 was suggested in 1971 (24).
It was proposed that the reduction of the ferric haeme
of P450 depends on NADPH-P450 reductase, while
the electron for the activation of the oxygen molecule
bound to the ferrous haeme of P450 can be supplied by
cytochrome b5 (25). However, apo-cytochrome b5 was
also effective in stimulating the NADPH-dependent
oxidation of substrates in reconstituted systems
(26, 27). The molecular mechanism of the stimulation
of microsomal P450-catalysed reactions by cytochrome
b5 is still controversial (28�30), although cytochrome
b5 may be regarded to be a component of the micro-
somal P450 enzyme system.

Presence of cytochrome b5 in the reconstituted sys-
tems not only stimulates the NADPH-dependent
monooxygenase activities of various microsomal
P450s, but also affects the regioselectivity of the mono-
oxygenase reactions catalysed by some P450s. In the
case of P450c17 (CYP17A), which catalyses both
17a-hydroxylation and 17,20-lyase reaction of proges-
terone, the addition of cytochrome b5 to the reconsti-
tuted systems stimulates the lyase reaction more than
17a-hydroxylation reaction (27, 31�33).

In addition to cytochrome b5, another cytochrome
b5-like hemoprotein was found in animal liver. Since
the novel hemoprotein was localized on the outer
membrane of the mitochondria, it was named OM-b
in 1980 (34). OM-b is spectrally almost identical with
cytochrome b5, but the amino-acid sequence of rat
liver OM-b was only 58% identical with rat cyto-
chrome b5 (35). It was later found that OM-b is
expressed in various animal tissues, and is present in
the endoplasmic reticulum in certain tissues including
adrenal cortex and testis (36). Involvement of OM-b in
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NADPH-dependent androgen synthesis by P450c17
in rat testicular Leydig cells was reported (36).
Participation of ‘type 2 b5’, possibly OM-b, in the
17,20-lyase activity of human P450c17 was also
reported (37).

Microsomal P450s are retained to the endoplasmic
reticulum by some retention mechanisms (38�40).
However, several papers reported the presence of
microsome-type P450s on the plasma membrane of
animal cells (41, 42). Under certain physiological con-
ditions, a small fraction of microsome-type P450s seem
to leave the endoplasmic reticulum to move to the
cell surface possibly via the secretory pathway
(43, 44). However, some papers denied the presence
of P450 on the cell surface (45). The expression of
microsome-type P450s on the plasma membrane is
still controversial.

Multiple molecular species of P450 co-exist on the
membrane of endoplasmic reticulum in some animal
tissues like liver and kidney, and the expression level
of each of them is separately regulated by external and
internal stimuli. Some P450s specialized in the metab-
olism of foreign compounds like P450 1A1 in the liver
is rapidly and remarkably induced by particular xeno-
biotic chemicals, whereas NADPH-P450 reductase and
cytochrome b5, other components of the microsomal
P450 enzyme system, are not much affected. Appar-
ently, microsmal P450 enzyme system is a highly
flexible system that can respond to the need for new
metabolic activity by changing only one component,
a particular form of P450, of the enzyme system. The
fluid nature of the microsomal membrane, to which
the components of the enzyme system are incorpo-
rated, allows this dynamic and economical response
of the enzyme system to new physiological needs.

Mitochondrial cytochrome P450 enzyme
system

Several molecular species of P450 are localized in the
mitochondria of animal tissue cells. They are a minor
group in the total P450 family members of animals
compared with the microsomal P450s. In the case of
human, seven P450s are found in mitochondria,
whereas the total number of P450 genes in the
human genome is 57. The mitochondrial P450s form
a unique branch in the phylogenic tree of animal P450s
(46). They are generally specialized in the metabolism
of endogenous steroid substrates, and each of them
catalyses a site-selective reaction of specific substrates.
This is in contrast with their microsomal counterparts
that show rather broad substrate specificities and
metabolize even xenobiotic compounds. P450 has not
been found in the mitochondria of plants and fungi.

Mitochondrial P450s are bound to the matrix-side
surface of the inner membrane (47), and their reduc-
tase system consisting of adrenodoxin and NADPH-
adrenodoxin reductase are soluble in the matrix (5),
Adrenodoxin was first isolated from adrenal cortex
mitochondria in 1965 (48), It is a ferredoxin-type
iron�sulphur protein containing one [2Fe�2S] iron�
sulphur cluster in the molecule. NADPH-adrenodoxin

reductase is a FAD-containing flavoprotein. All of
these components of mitochondrial P450 enzyme
system are coded to nuclear genes and their mRNAs
are translated on cytoplasmic ribosomes to produce
the precursor peptides that have cleavable mitochon-
dria-targeting signal sequence at the amino terminus
(46). The precursors are imported into mitochondria
and proteolytically processed to mature peptides in the
matrix space, and the mature P450 molecules are
incorporated into the inner membrane. The molecular
sizes of mitochondrial P450 precursor peptides with
the cleavable mitochondria-targeting sequence, about
500 amino-acid residues, are almost the same with
microsomal P450s that have uncleavable signal-anchor
sequence at the amino terminus.

The binding of mitochondrial P450s to the inner
membrane seems to be rather weak compared with
their microsomal counterparts that are anchored to
the membrane of endoplasmic reticulum by the hydro-
phobic trans-membrane signal anchor sequence. Some
hydrophobic amino-acid residues in the F�G loop
region of P450 molecules seem to be responsible for
the binding of mitochondrial P450s to the inner mem-
brane (49, 50), although the precise mechanism of the
binding is not yet elucidated.

Although adrenodoxin and NADPH-adrenodoxin
reductase are recovered in the supernatant when
isolated mitochondria are disrupted by sonication,
adrenodoxin seems to be associated with the
membrane-bound P450s in the mitochondria. Electro-
nmicroscopic observation of adrenocortical cells
showed the association of adrenodoxin and NADPH-
adrenodoxin reductase with the inner membrane of
mitochondria (51, 52). Adrenodoxin has high affinity
for P450s, and formation of molecular aggregates of
adrenocortical P450s and the reductase components in
vitro was reported (53, 54). It is likely that P450s and
their reductase components are associated in the mito-
chondria to facilitate the electron transfer.

Since the elucidation of the constitution of the P450
enzyme system of adrenal cortex mitochondria in 1967
(5), requirement for adrenodoxin and NADPH-
adrenodoxin reductase in the NADPH-dependent
monooxygenase activity had long been regarded to
be an important signature of mitochondrial P450s.
However, it was shown later that some mitochondrial
P450s that were genetically engineered to target to
endoplasmic reticulum accepted electrons from micro-
somal NADPH-P450 reductase when expressed in
yeast cells (55). It was also shown that some microso-
mal P450s could accept electrons from adrenodoxin
in reconstituted systems (56, 57). Apparently mito-
chondrial P450s have the ability to interact with micro-
somal NADPH-P450 reductase, and microsomal
P450s can receive electrons from adrenodoxin
although less efficiently than from their natural
partners.

The subcellular distribution of mitochondrial and
microsomal P450s are usually strictly regulated in the
cells, but presence of some microsome-type P450s in
mitochondria has often been reported (58�60).
It seems that a small portion of microsome-type
P450s are missorted in the cells and imported into
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mitochondria under certain physiological conditions.
The imported microsome-type P450s seem to be
enzymatically active in mitochondria (58, 61), but the
physiological significance of the presence of micro-
some-type P450s in mitochondria is not yet clearly
understood.

An exceptional cytochrome P450, P450nor
(CYP55)

An eukaryotic P450 with exceptional properties,
P450nor, was found in the fungus Fusarium oxysporum
in 1993, and named from its NADH-dependent nitric
oxide reductase activity (13). It is a soluble P450, and is
distributed between cytoplasm and mitochondria in
the fungal cells, although both forms are coded to
the same single gene (62). It receives electrons for
nitric oxide reduction directly from NADH without
participation of any NADH-linked reductase or redu-
cing system. The direct transfer of electrons from
NADH to the haeme of P450nor was confirmed by
kinetic experiments and also by X-ray crystallographic
analysis of the molecular structure of P450nor (63, 64).
P450nor-like soluble P450s have later been found in
the yeast Trichosporon cutaneum (65, 66) and in the
fungi Cylindrocarpon tonkinense (67) and Histoplasma
capsulatum (68). They show significant amino-acid
sequence homology with Fusarium P450nor and also
catalyse NADH-dependent nitric oxide reduction.

Bacterial cytochrome P450 enzyme system

After successful characterization of the soluble cam-
phor-oxidizing P450 enzyme system of Pseudomonas
putida in 1968 (8), similar soluble P450 enzyme systems
have been found in several other bacterial species
and characterized (69�73). They are soluble enzyme
systems consisting of P450, ferredoxin and
NADH�ferredoxin reductase. The three components
constitution of the bacterial P450 system is seemingly
similar to the mitochondrial P450 system in animals,
but the bacterial P450 systems generally prefer NADH
as the electron donor for the monooxygenation reac-
tions whereas the animal mitochondrial system is
NADPH-dependent. Recently, a novel P450 enzyme
system was found in Citrobacter braakii. When
grown on cineole as the sole source of carbon and
energy, C. braakii expresses P450cin (CYP176) (74),
which receives electrons for cineole hydroxylation
from cindoxin, an FMN-containing flavoprotein, not
from ferredoxin (75).

It was initially thought that the bacterial P450s are
specialized in the metabolism of some particular for-
eign substrates, camphor in the case of Pseudomonas
putida, to utilize them as the energy and carbon
sources, and the P450s are encoded to plasmids.
Since some bacterial species including the model
gram-negative bacterium Escherichia coli were found
to be devoid of P450, distribution of P450 in bacteria
was regarded to be limited. However, more recent
studies have revealed the presence of many P450s
encoded to chromosomal genes in various bacterial spe-
cies; 20 P450 genes in Mycobacterium tuberculosis (76),

nine P450 genes in Bacillus subtilis (77), 18 P450 genes
in Streptomyces versicolor (78), etc. Apparently, P450 is
more widely distributed among bacteria than was pre-
viously thought.

P450 has also been found in some archaea (79, 80).
Archean P450s are also soluble in the cytoplasm, and
generally heat resistant (81). The P450 enzyme system
of the archaeon Sulfolobus sulfataricus utilizes pyru-
vate as the electron donor. It is a three components
system consisting of P450 (CYP119), ferredoxin and
2-oxoacid-ferredoxin oxidoreductase (82). This is an
exceptional case in the P450 enzyme systems that usu-
ally utilize NADPH or NADH as the electron donor.

Elucidation of the physiological functions of these
P450s discovered from the analysis of bacterial gen-
omes has proved to be difficult. Out of the twenty
P450 genes of M. tuberculosis, one was found to code
a P450 similar to eukaryotic CYP51A (82) that cata-
lyses the 14a-demethylation of lanosterol in animals
and the 14a-demethylation of obtusifoliol in plants.
The M. tuberculosis ‘Cyp51-like gene’ was expressed
in E. coli, and was found to catalyse the 14a-
demethylation of lanosterol and obtusifoliol (83).
However, sterols have not been found in the lipid com-
ponents of M. tuberculosis cells. The physiological
function of the Cyp51-like gene is still unknown.
Streptomyces versicolor also has a Cyp51-like gene,
but the gene was not essential for the viability of the
bacteria, and sterol was not detected in the bacterial
cells (84). The P450 of Rhizobium was the first bacterial
P450 reported in 1967 (7), and the genes-coding three
P450s (Cyp112, Cyp114 and Cyp117) were identified in
1998 (85), but the enzymatic activities and physiolog-
ical functions of the P450s are still unknown. Gene
disruption experiments suggested that the P450s are
not needed for the symbiosis and the formation of
root nodules (86).

Bacterial P450s are soluble in the cytoplasm, and
their molecular sizes, about 400 amino-acid residues
long, are significantly smaller than microsomal or mito-
chondrial membrane-bound P450s. However, compar-
ison of the amino-acid sequences of bacterial and
eukaryotic P450s has confirmed that all of them have
originated and diversified from a single common ances-
tor. The soluble nature of bacterial P450s is due to the
absence of the amino-terminal portion of eukaryotic
P450s where the membrane-anchoring sequence
resides. Bacterial cells do not have extensive intracellu-
lar membrane systems like the endoplasmic reticulum in
eukaryotic cells to anchor P450s. The lack of intracel-
lular membrane systems in prokaryotic cells may be
correlated with the soluble nature of bacterial P450s.

Cytochrome P450-reductase fusion enzymes

Several P450-reductase fusion proteins have been
found in bacteria. The first one was P450 BM-3
(CYP102A1) found in Bacillus megaterium in 1983
(9). It was a fusion protein of P450 and NADPH-
dependent P450 reductase containing FAD and
FMN (9) and catalysed x-1-, x-2- and x-3-
hydroxylations of long chain fatty acids and alcohols.
The reductase domain was fused to the carboxy
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terminus of the P450 domain. Interestingly, the
amino-acid sequence of the P450 domain showed sig-
nificant homology with animal P450s, and the reduc-
tase domain was also significantly homologous with
mammalian NADPH-P450 reductase (87, 88), suggest-
ing their eukaryotic origin. In the following years,
P450 BM-3-type fusion proteins have been found in
some other bacteria (89) and also in the fungus
Fusarium oxysporum (90). The Fusarium counterpart of
P450 BM-3, P450foxy (CYP505), is membrane-bound,
whereas the bacterial fusion proteins are soluble.
A similar membrane-bound P450 BM-3-type fusion
protein has been found in the fungus Fusarium verti-
cillioides (91).

One of the remarkable properties of P450 BM-3 is its
high activity in fatty-acid hydroxylation. The turnover
number of the P450 BM-3-catalysed hydroxylation
reaction is 4,000�5,000 nmol of fatty acid hydroxy-
lated per nanomole of P450 per minute (92), which is
two orders of magnitude higher than the P450s of
eukaryotic organisms. The efficient transfer of elec-
trons from the flavins of the reductase domain to the
haeme of the P450 domain of the molecule has been
shown to be responsible for this rapid catalysis of the
reaction. P450 BM-3 is active only in the homodimeric
form, and the electrons are transferred intermolecu-
larly from the FAD of the reductase domain to the
FMN in the reductase domain of the partner molecule
of the dimer. The electron transfer from FMN to the
haeme of P450 is intramolecular. (93).

Other types of P450-reductase fusion proteins have
been found in some bacterial species. Rhodococcus sp.
NCIMB9784 contained a soluble NADH-dependent
P450 enzyme system. It was a fusion protein of P450
(P450 RhF) and an NADH-linked reductase domain
that contained FMN and [2Fe�2S] iron�sulphur
center (94).

Incited by the remarkable high activity of the fusion
enzyme P450 BM-3, many artificial P450-reductase
fusion proteins have been constructed by genetic engi-
neering. P450 1A1�NADPH�P450 reductase fusion
protein (95), P450scc-adrenodoxin-adrenodoxin reduc-
tase fusion protein (96), P450cam-putidaredoxin-
putidaredoxin reductase fusion protein (97), etc. They
were heterologously expressed in microbial systems,
and most of them showed significantly higher catalytic
activities compared with the original P450s.

Cytochrome P450-catalysed reactions that
do not require the supply of electrons

P450-catalysed oxygenation reactions can be sup-
ported by inorganic or organic peroxides. Neither
molecular oxygen nor the supply of electrons from
NAD(P)H to P450 is necessary. The peroxide-depen-
dent oxygenation activity of P450 was first shown in
1975 for the O-dealkylation of several drugs by liver
microsomes in the presence of cumene hydroperoxide
(11), and for the hydroxylation of steroids by adrenal
cortex microsomes supported by sodium periodate
(12). The molecular mechanism of the peroxide-depen-
dent reactions catalysed by P450s was studied in the

following years, and proved to involve the formation
of hydroperoxo intermediate via a short cut pathway
in the P450-catalysed reaction cycle of substrate
oxygenation. Hydrogen peroxide can also support
the P450-catalysed oxygenation reactions, and some
P450s specifically require hydrogen peroxide for their
catalytic activity. Two bacterial P450s, CYP152A1
of B. subtilis and CYP152B1 of Sphingomonas
paucimobilis, catalyse hydrogen peroxide-dependent
a- and b-hydroxylation of fatty acids (98). It was pro-
posed to call them peroxygenase rather than
monooxygenase (98).

Some P450s catalyse the re-arrangement of the
oxygen atoms in the substrate molecules. Synthesis of
prostacyclin from prostaglandin H2 is a microsomal
P450 (CYP8A1)-catalysed reaction (13). Thromboxan
A2 is also synthesized from prostaglandin H2 by the
catalysis of a microsmal P450 (CYP5A) (99). These
reactions are rearrangements of the substrate mole-
cules, and do not require the supply of electrons
to P450.

Plant allene oxide synthases are P450s (CYP74),
which catalyse the conversion of fatty-acid hydroper-
oxides to allene epoxides without the supply of redu-
cing equivalents (99, 100). The primary structures
of allene oxide synthases showed the presence of a
chloroplast transit peptide at the amino-terminus
(100, 101).

Evolution and diversification of cytochrome
P450 enzyme system

Comparison of the amino-acid sequences of eukaryotic
and prokaryotic P450s has led to the conclusion that
the P450 gene superfamily has evolved and diversified
from a single ancestral gene. Recent analyses of the
genomes of various organisms have enabled the con-
struction of phylogenic trees of eukaryotic P450s. The
data generally support the notion that CYP51, which
catalyses the 14a-demethylation of sterol precursors, is
the oldest form of P450 in eukaryotic organisms (102).
Since sterols are essential constituents of the cell mem-
brane of animals, fungi and plants, the origin of P450
is at least as old as the emergence of eukaryotic organ-
isms in the history of life, and the microsomal P450
system is possibly the oldest form of the P450 enzyme
systems in the eukaryotes. Presence of various intracel-
lular membrane systems including endoplasmic reticu-
lum, where the microsomal P450 system resides, is a
characteristic feature of eukaryotic cells.

Several P450s are present in the mitochondria
of animal tissues. They form a unique branch in the
phylogenic tree of animal P450s, and catalyse the oxy-
genation reactions of cholesterol, steroids and vitamin
D (46). Since P450 has not been found in the mito-
chondria of plants and fungi, P450 was possibly
introduced into mitochondria after animal lineage
diverged from plants and then from fungi during the
evolution of eukaryotic organisms. Translocation of a
P450 from endoplasmic reticulum to mitochondria due
to a mutation (or mutations) of the organelle-targeting
signal at the amino terminus is a likely story. The P450
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imported into mitochondria found a suitable electron
donor, adrenodoxin, in the organelle to enable the
P450 function in the new intracellular compartment,
and then diversified to several mitochondrial P450s
during the evolution of animals. Adrenodoxin and
adrenodoxin reductase are also present in yeast (103,
104), and have been shown to function in the synthesis
of iron�sulphur cluster in mitochondria (105), which is
an essential prosthetic group of several enzymes
including some of the components of the mitochon-
drial respiratory chain. It is likely that ancient eukar-
yotic organisms acquired the genes-encoding
adrenodoxin and its reductase from the prokaryotic
symbiont that became mitochondria.

The evolutional relationship between prokaryotic
and eukaryotic P450s is not clear. Whether or not
the most ancestral P450 gene, from which all of the
present P450 genes were derived, was present in some
prokaryotic organism before the emergence of eukar-
yotes is still an open question. High mutation rates of
bacterial genes and possible horizontal gene transfer
from eukaryotic organisms to prokaryotes make this
problem difficult to analyse. P450 BM-3 in bacteria is
possibly eukaryotic origin (86, 87). In the case of
CYP51, one paper (102) suggested its prokaryotic
origin, whereas another paper proposed that
Mycobacterium tuberuculosis obtained its Cyp51�like
gene from some eukaryotic organism, possibly from
a plant, by horizontal gene transfer (106).

P450 genes have diversified by gene duplications and
mutations to many genes coding different molecular
species of P450, whereas the partner of the microsomal
P450 enzyme system NADPH-P450 reductase is coded
to a single gene in animals (107). Plants and fungi seem
to have two genes-encoding NADPH-P450 reductase
(108, 109). The reductase is apparently a fusion enzyme
produced by the fusion of an FAD-containing flavo-
protein and an FMN-containing flavoprotein (110).
The reductase supplies electrons not only to P450s
but also to some microsomal enzymes, haeme oxyge-
nase, squalene epoxidase, etc., and is essential for the
embryonic development of animals since the disrup-
tion of the gene coding NADPH-P450 reductase is
embryonic lethal in mice (107). The evolutional
origin of NADPH-P450 reductase, the partner of
microsomal P450s, is also an interesting problem to
be clarified.
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