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Research on cytochrome P450 polymorphism
has made an important contribution to the develop-
ment of modern pharmacokinetics, pharmacology
and pharmacogenetics, creating and extending the
possibility of developing optimal, individualized
pharmacotherapeutic strategies, using the know-
ledge of the individual differences in reactions of the
organism to a drug and the occurring interactions
between the administered drugs, their metabolites
and the food components and environmental toxins,
and all this under the conditions of natural variation
of the functional efficiency in differentiated physio-
logical and pathological states. These investigations
affect the strategy of new drug developement and
serve to ensure safe and effective pharmacotherapy,

adapted to individual physiological properties and
health requirements of the patient.

Development of knowledge about cytochrome P450
(CYP) enzymatic activity

The name cytochrome P450 was introduced
into the scientific literature in 1962 to describe a
pigment detected in the microsomal hepatocyte
fraction, which in a reduced form after binding car-
bon monoxide showed the ability to absorb electro-
magnetic radiation in the visible range (1). The
maximum of absorption at wavelength λ = 450 nm
was the source of the numerical symbol of the new
cytochrome. The appearance of a wavelength of
450 nm in the absorption spectrum of the microso-
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Abstract: Cytochrome P450, initially perceived as a type of cell pigment, was soon identified as a hemopro-
tein with an enzymatic activity characteristic for monooxygenases with an affinity for differentiated endo- or
exogenous substrates, including drugs. So far in the human organism 58 CYP isoenzymes belonging to 18 fam-
ilies have been described. Most from the CYP monooxygenases superfamily turned out to be integral elements
of hepatocytic reticular monooxygenase complexes which also contain NADPH-dependent cytochrome P450
reductase (CPR). Later investigations indicated the possibility of the participation in electron transport for retic-
ular CYP isoenzymes, alternative NADH-dependent reticular system composed of cytochrome b5 reductase
(CBR) and cytochrome b5. The demonstration of the activity of some CYP superfamily isoenzymes not only in
hepatocytes but also in many other cells of the human organism, numerous plant and animal tissues and even
in cells of fungi, protists and prokaryotes has contributed to the significantly increased understanding of the role
of CYP in biological systems. In addition, some CYP isoenzymes were found to be characteristic for the inner
mitochondrial membrane monooxygenase complexes which contain NADPH-dependent adrenodoxin reductase
(AR) and adrenodoxin (Ad), which is identical with ferredoxin-1 (Fd-1) and hepatoredoxin (Hd). 
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mal hepatocyte fraction after reduction and satura-
tion with CO had already been observed in 1958,
though the cause of this effect was unknown at the
time (2, 3).

Cytochrome P450, initially perceived as a type
of cell pigment, was soon identified as a hemopro-
tein with an enzymatic activity characteristic for
monooxygenases (mixed function oxidases) using
molecular oxygen and reductive equivalents sup-
plied by NADPH + H+ (3). Initially, in addition to
typical cytochrome P450, with an affinity for dif-
ferentiated small molecule substrates of endo- or
exogenous character, cytochrome P488 with a max-
imum absorption at slightly shorter wavelengths 
(λ = 448 nm) and an affinity for larger compounds
subject to monooxygenation was also isolated from
the liver microsome fraction. Experiments indicat-
ed that the former of the two then isolated
cytochromes ñ P450 ñ was induced by phenobarbi-
tal, and the latter ñ P448 ñ by polycyclic aromatic
hydrocarbons (4).

The initially isolated cytochromes P450 and
P448 were the first known isoenzymatic variants of
a very large hemoprotein superfamily now known
under the unified joint name cytochrome P450 and
designated by the abbreviation CYP (prev. CytP-
450, Cyt P450, cytP450) (5, 6). Most eukaryotic
hemoproteins from the CYP superfamily turned out
to be integral elements of reticular monooxygenase
complexes which also contain flavoprotein 1 (fp1)
with a cytochrome P450 reductase activity (CPR;
EC 1.6.2.4; syn.: NADPH ñ CytP-450 reductase,
NADPH : cyt P450 oxidoreductase, P450R). It con-
tains the diflavin system ñ FAD and FMN, as a pair
of prosthetic groups allowing the transport of elec-
trons from NADPH + H+ to the CYP, interacting
with the appropriate substrate. Further detailed
investigations indicated the role of the phospholipid
milieu of the endoplasmic reticulum (ER) mem-
branes in the activity of CYP family monooxyge-
nases with special emphasis on the role of phos-
phatidylcholine in the stabilization of interactions
between CPR and CYP (7).

Later investigations in eukaryotes indicated the
possibility of the participation in electron transport
for reticular CYP isoenzymes, alternative to CPR,
using NADH+H+, a reticular system composed of
flavoprotein 2 (fp2) with a cytochrome b5 reductase
activity (CBR; EC 1.6.2.2; syn.: NADH- Cytb5

reductase, NADH : cyt b5 oxidoreductase, B5R) and
cytochrome b5 (6, 8).

In addition to numerous CYP variants local-
ized in the ER in hepatocytes some isoenzymes from
this superfamily were found to be characteristic for

the inner mitochondrial membrane e.g. CYP24A1,
CYP27A1 (6). The presence of CYP molecular
species identical to isoenzymes present in the ER in
the external membrane of the nucleus was demon-
strated, which confirms the developmental relation-
ship of these biological membranes. According to
some authors unfavorable relationships are possible
between some active metabolites (e.g. epoxides)
formed with the participation of these CYP family
monooxygenases and mRNA transported from the
nucleus to the cytoplasm (9, 10).

The demonstration of the activity of some CYP
superfamily isoenzymes not only in hepatocytes but
also in many other cells of the human organism,
numerous plant and animal tissues and even in cells
of fungi, protists and prokaryotes has contributed to
the significantly increased understanding of the role
of CYP in biological systems (11). So far several
hundred CYP isoenzymes have been described.
Many of them occur in several or even several dozen
isoforms, generally as the result of genetic polymor-
phisms, i.e. the occurrence of differentiated alleles
of CYP genes due to point mutations of precursor
genes. In some cases the CYP molecular species are
the result of differentiated transcription initiation
mechanisms of one gene common for these forms
(6, 12-14). 

X-ray diffraction crystallography has permitted
the analysis of the molecular structure of numerous
CYP isoenzymes, from prokaryotic and mitochondr-
ial forms to the fundamentally important eukaryotic
reticular enzymes, whose analysis became possible
after elaboration of a method of separating of the N-
terminal domain anchoring CYP in reticular mem-
branes (10).

Molecular mechanisms of the enzymatic activity of
CYP superfamily monooxygenases

The basic requirement for CYP superfamily
monooxygenase activity, in addition to the availabili-
ty of molecular oxygen (O2), is the coupling of the
cytochrome with an enzymatic system capable of
effectively providing electrons indispensable for the
heme system interacting with the oxidized substrate.
For the CYP5A1 isoenzyme, showing tromboxane A
synthase 1 (EC 5.3.99.5) activity and CYP8A1,
showing prostacyclin synthase (EC 5.3.99.4) activity,
the availability of molecular oxygen is not required,
as the structure of substrates for these enzymes, i.e.
PGH2, contains two partially reduced oxygen mole-
cules of the endoepoxide system (11, 15).

In human cells, similarly as in all eukaryotes,
the main electron transport system for CYP super-
family monooxygenases is the previously men-
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tioned cytochrome P450 reductase ñ CPR. It is one
of the four diflavin proteins occurring in humans
and other mammals, i.e. a protein containing FAD
and FMN as prosthetic groups linked to a single
polypeptide chain. The other three are: nitrogen
oxide synthase ñ NOS (EC 1.14.13.39), methionine
synthase reductase ñ MSR (EC 1.16.1.8), and the
NR1 protein. The pre-CPR with a molecular weight
of 76 kDa and containing 677 amino acids is encod-
ed by the nuclear POR gene (locus 7q11.2; 15
exons). The C-terminal region of CPR with closely
located FAD and FMN binding domains (flavoxin-
like domain) has the catalytic activity. Tryptophan,
the penultimate ñ 676th amino acid (Trp-676) of the
CPR polypeptide chain is crucial for FAD binding.
The N-terminal CPR sequence binds CYP, thus is
the C-terminal domain of each of the reticular com-
plexes of CYP superfamily monooxygenases. The
molecular forms of CYP anchored through their N-
terminal domains in the reticular membrane on the
cytoplasmic side are typical for the ER. Reduction
equivalents derived from NADPH + H+ are trans-
ported by CPR, with the successive use of FAD
and FMN, so that finally the electrons are directed
to the CYP, interacting with the proper substrate
(7, 10). 

An electron transport system alternative to
CPR for reticular monooxygenases in man and most
other eukaryotic organisms is the NADH+H+-
dependent reticular system of cytochrome b5 reduc-
tase (CBR) and cytochrome b5 (cyt b5) (11, 16). The

pre-CBR has a molecular weight of 34 kDa and con-
tains 301 amino acid residues. It is encoded by the
nuclear CYB5R3 gene (locus 22q13.2; 9 exons) (6,
17). This protein has a C-terminal catalytic domain
which interacts with NADH+H+, whose reductive
equivalents are transferred to the FAD, bound in the
vicinity. Then the electrons are made available to the
heme system of cyt b5, bound to CBR through two
histidines. Cyt b5 occurs in two isoforms: a basic one
ñ CYB5A.1, which binds to ER membranes, and a
soluble one ñ CYB5A.2, which occurs in erythro-
cyte cytoplasm (11, 16). Isoforms are the result of
differential splicing of the nuclear CYB5A gene
(locus 18q23; 6 exons). Single electrons may be
transferred through cyt b5 to CYP (12, 17).

In the case of mitochondrial CYP isoenzymes
electron transport is performed by adrenodoxin
reductase (AR; EC 1.18.1.2; syn.: NADPH : adren-
odoxin oxidoreductase, ferredoxin reductase, ferre-
doxin-NADP+ reductase, AdR, FR, FdR), present in
the matrix (16). The pre-AR with a molecular
weight of 58 kDa contains 491 amino acids and is
encoded by the nuclear FDXR gene (locus 17q24-
q25; 12 exons; syn. ADXR) (6). This protein, which
is a flavoprotein, allows transfer of reductive equiv-
alents from NADPH+H+, and also NADH+H+, to
FAD which is the AR prosthetic group. Electrons
from FAD are then transferred to adrenodoxin (Ad),
which is identical with ferredoxin-1 (Fd-1) and
hepatoredoxin (Hd), a soluble iron sulfur proteins
(Fe2S2) of the mitochondrial matrix (11, 16). Pre-Ad

Figure 1. The enzymatic activity cycle of CYP superfamily monooxygenases. A ñ substrate, A-OH ñ product (oxidized substrate) (7, 8).
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has a molecular weight of 19.4 kDa, contains 184
amino acids and is encoded by the nuclear FDX1
gene (locus 11q22.3-q23.1; 4 exons; syn. ADX) (6,
13). Ad mediates electron transport to mitochondri-
al CYP isoenzymes anchored through their N-ter-
minal domain in the matrix side of the mitochon-
drial inner membrane. An analogous system to the
eukaryotic mitochondrial AR/Ad/CYP system has
also been observed for CYP monooxygenase
complexes in bacteria, where the role of Ad is
played by: putidaredoxin, terpredoxin or rodocox-
in (11, 16). 

An electron transferred through one of the
three above-mentioned routes to CYP(Fe3+), inter-
acting with the proper substrate, reduces Fe3+ in the
heme system to Fe2+, allowing a consequent interac-
tion of the CYP(Fe2+)-substrate complex with O2

(Figure 1). The second transferred electron allows
for transformation of the O2-CYP(Fe2+)-substrate
complex into a form with an anion potentialized
reactive oxygen species -O2-CYP(Fe2+)-substrate,
permitting destabilization of the bond between the
atoms of the oxygen molecule to form a bond of one
of the oxygen atoms with the substrate. The second
oxygen atom is reduced to H2O by the above-men-
tioned reductive equivalent transport systems (CPR,
CBR/cyt b5, AR/Ad ) (4, 8,16).

The progress of knowledge about molecular
mechanisms of the enzymatic activity of CYP
superfamily monooxygenases and their role in drug
biotransformation, is the basis of modern pharma-
cokinetics, used for the elaboration of optimal phar-
macotherapeutic profiles and shaping of new drug
development strategies. In the next part in this
series we will analyze the participation of CYP
molecular species in drug and endogenous sub-
stance metabolism and the influence of cyp genetic
polymorphism on differentiation of drug metabo-
lism phenotype.
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