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ABSTRACT

The expression of individual cytochromes P450 (P450s) has become a
valuable tool for studying the structure- function relationship of these proteins
and their metabolic capacities. A full-length cDNA encoding human CYP2A6
was expressed both in the baculovirus/Sf9 insect cell system and as a fusion
protein with the maltose binding protein (MBP) in Escherichia coli (E. coli)
cells. The expressed proteins were detected by SDS-PAGE and western
blotting. MBP-CYP2A6 fusion protein was located in the cell membrane
fraction of E. coli cells. In Sf9 insect cells transfected with a recombinant
baculovirus, CYP2A6 was located in the microsomal membranes.

MBP-CYP2A6 fusion protein expressed in E. coli was functionally
inactive towards the CYP2A6 substrate, coumarin. Although the degradation
of MBP-CYP2A6 was not detected by western blot analysis, spectral analysis
showed a strong P420 component suggesting misfolding of the polypeptide
due to the interaction with the MBP domain. Attempts to purify MBP-CYP2A6
from E. coli were not successful. Baculovirus expressed CYP2A6 was found to
be enzymatically active towards the metabolism of coumarin but not
testosterone. Endogenous NADPH-cytochrome P450 reductase in Sf9 cells
did interact with the expressed CYP2A6. However, the amounts of this protein
were not sufficient for the amount of CYP2A6 expressed and catalytic studies
required the addition of exogenous NADPH-cytochrome P450 reductase to
obtain maximum CYP2A6 activity. CYP2A6 was purified from Sf9 cells by
affinity chromatography.

A cDNA encoding a CYP2A was isolated from marmoset liver total RNA
by reverse transcription and PCR. When compared to the sequence of
CYP2A6, marmoset CYP2A cDNA contained a deletion of a nucleotide C after
the initiation codon which changed the reading frame. Although not useful for
heterologous studies, the cDNA was used as a probe for northern blot
analysis of marmoset liver total RNA isolated from the livers of untreated or
phenobarbital treated animals. CYP2A mRNA was induced 20-fold on
treatment of marmoset with phenobarbital.
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1.1  General characteristics of cytochromes P450

Cytochrome P450 (P450) was identified in mammalian liver

microsomes as a reduced pigment that had an absorption band with a Anax at

450nm after binding to carbon monoxide (Klingenberg 1958; Garfinkel 1958).
This pigment was further characterized, by Omura and Sato in 1964, as a
P450 haemoprotein. P450s are now known to be a family of proteins whose
members are present in biological sources as diverse as microorganisms,
plants and animals (Porter and Coon, 1991). In mammals, P450s are present
in almost all tissues (reviewed in Omura et al., 1993).

P450s share the following characteristics: i) they contain a
noncovalently bound haem; ii) they are intrinsic membrane proteins firmly
bound to intracellular membranes and iii) they use reducing equivalents from
NADPH (and sometimes NADH) and an atom of oxygen derived from
molecular oxygen to oxygenate substrates.The reducing equivalents are
transferred to P450 via a second enzyme. P450s can be divided into two
major classes based on their intracellular location and the enzyme from which
they receive electrons.

The mitochondrial P450s, first found in mitochondria isolated from the
adrenal cortex (Harding et al.,, 1964) are now known to be widely distributed
amongst animal organs. All steroidogenic organs and some non
steroidogenic organs including liver and kidney contain P450s in their
mitochondria. These enzymes are synthesized on membrane-free
polyribosomes (Nabi et al., 1983) as a large precursor and are then
transported into the mitochondria concomitant with the cleavage and the

removal of an NH -terminal extra peptide (Kramer et al., 1982). Mitochondrial
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P450s are bound to the inner mitochondrial membrane and receive electrons
from NADPH via two soluble redox proteins in the matrix, NADPH-
adrenodoxin reductase and adrenodoxin (Baron et al., 1972). Several
mitochondrial P450s have been isolated from various animal sources, and

their enzymatic and molecular properties have been elucidated. These

proteins include the cholesterol side chain cleavage enzyme, steroid 11-

hydroxylase, aldosterone synthase, and sterol 26 hydroxylase. Mitochondrial
P450s are involved in the metabolism of steroids and related physiological
substrates for example vitamin D3

The majority of P450s are of the second class, found primarily in the
endoplasmic reticulum membranes. These proteins are synthesized on
membrane-bound polyribosomes and inserted directly into the lipid bilayer via
the signal sequence recognition system (Bar-Nun et al., 1980; Sabatini et al.,
1982). Microsomal P450s receive electrons from NADPH via the flavoprotein,
NADPH-cytochrome P450 reductase (Lu et al., 1969) and in some cases, one
electron is derived from NADH via cytochrome bs (Pompon and Coon, 1984).

Microsomal P450s play a central role in the metabolism of endogenous
substances such as steroids and fatty acids (Guengerich et al, 1986), and in
the detoxification of foreign substances (xenobiotics) including plant toxins,
drugs and environmental pollutants (Guengerich et al., 1986) and in the
activation of procarcinogens (Guengerich, 1988). Most P450s, particularly
those found in the liver, function to convert hydrophobic substances to more
hydrophilic derivatives that can be easily eliminated from the body directly or
after conjugation with water soluble agents such as glucuronic acid and

glutathione (Jakoby and Ziegler, 1990). The hydrophilic, conjugated material
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is then easily passed from the body via urine or ‘bile. This is usually a
detoxification process, but in some instances, foreign substances are
converted to products with much greater cytotoxicity, mutagenicity and
carcinogenicity (Guengerich, 1988) This property of P450s emphasizes the
importance of understanding their multiplicity, substrate specificities, and

regulation.

1.2 Multiplicity of P450s and reactions catalysed by these proteins

The vast array of foreign substances to which organisms are exposed
makes it impractical to have one enzyme for each compound, or even each
class of compounds. Thus, while most cellular functions tend to be very
specific, metabolism of foreign substances requires enzymes with diverse
substrate specificity. Much of this role is assumed by P450s.

Partial purification of a form of P450 from phenobarbital treated rabbit
liver microsomes was first reported by Lu and Coon (1968). Over the next 20
years it became evident through protein purification experiments that multiple
forms of P450 exist in mammals and other species. Studies using systems of
purified P450s reconstituted with lipid and NADPH-cytochrome P450
reductase (for example, Haugen and Coon, 1976; Coon et al., 1975) revealed
that individual forms of P450 can exhibit either highly specific or less specific
overlapping substrate positional or {stereospecificitiess (reviewed by
Guengerich et al.,, 1986).

Most of the P450 mediated reactions begin w'ith transfer of electrons
from NAD(P)H to either NADPH-cytochrome P450 reductase in the
microsomal system or a ferredoxin reductase and a nonhaem iron protein in

the mitochondrial and bacterial systems, and then to P450. This leads to the
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reductive activation of molecular oxygen followed by the insertion of one
oxygen atom into the substrate. Reactions that have been demonstrated to be
catalysed by P450s include hydroxylation, epoxidation, peroxygenation,
deamination, desulfuration, dehalogenation and reduction (Nebert and
Gonzalez, 1987). Examples of P450 mediated reactions are shown in figure

1.1,

1.2.1 Mechanism of P450 catalysed reactions

The active site of P450 contains iron protoporphyrin IX bound in part by
hydrophobic forces. The fifth ligand is a thiolate anion provided by a cysteine
residue, a feature that contributes to the unusual spectral and catalytic
properties of P450s, and the sixth coordinate position may be occupied by an
exchangeable water molecule. Upon reduction of iron, molecular oxygen can
be bound in the sixth position (Poulos et al., 1987). Stoichiometric studies on .
monooxygenase reactions catalysed by P450 indicated the consumption of
one molecule each of NADPH and oxygen to introduce one oxygen atom to
the substrate molecule, indicating the supply of two electrons from NADPH to
one P450 molecule during one cycle of reaction (Cooper et al., 1977).

Stoichiometry of the P450 catalyzed hydroxylation reaction:

P450
RH + O, + NADPH + H* » NADP* +H,0 +ROH [1]

RH represents the substrate.
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ALIPHATIC OXIDATION

SaS|Fa et

AROMATIC HYDROXYLATION

R—NH—CH; — [R—NH—-CH,0H| —> R—NH, + HCHO
N-DEALKYLATION

R—0~CH3 —> [R—0—CH,0H] = R—OH + HCHO
O-DEALKYLATION

R—S—CHz — [R—S—CH,0H] —» R—SH + HCHO
S-DEALKYLATION

OH 0
|
R—CH—CHz — | R—C—CH3 | —>R—C—CHj + NH,
NH, NH,

OXIDATIVE DEAMINATION
H + +
R1 —_ S - RZ e 4 QH ? +
R1—S—R2 > R]—S—Rz + H
SULFOXIDE FORMATION

H+ +
(CH3)3N -—)[(CH3)3N-—0H] —-> (CH3)3N+—0— + H+
N-OXIDATION
OH

|
R]'—'NH'—RZ —> R,—N—Rz
N-HYDROXYLATION

OH
Ry—CH—X—> R,—(::—X —>R—C=0 + HX
R, Ry Ry
OXIDATIVE DEHALOGENATION
Ry e R Wt R
Ry~C=X = [Ry—Ce +X | — Ry—CH + HX
Rz Ry Ry

REDUCTIVE DEHALOGENATION

igure 1.1 Examples of reactions catalyzed by cytochromes P450
Fla ?Reproduced from Nebert and Gonzalez; 1987)
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A cyclic mechanism for P450 catalysed monooxygenation was

postulated in accordance with the known stoichiometry of the hydroxylation
| reaction (equation 1) and on the basis of observations of substrate induced
spectral changes and spectral detection of the oxygenated form of P450
(Estabrook et al., 1971). Further insight into the mechanism has also been
gained from studies of the crystallized form of P450¢,m from Pseudomonas
putida (Poulos et al., 1992). A schematic diagram of the overall P450 reaction
cycle is shown in figure 1.2.

The first step in the reaction cycle is the binding of substrate to the
active site of P450 resulting in the conversion of low- spin ferric haem in the
enzyme to a high spin-ferric state. This facilitates the uptake of one reducing
equivalent from the electron transfer system (in microsomes, this electron is
transferred by NADPH-cytochrome P450 reductase from NADPH) to form a
substrate- bound ferrous form (step 2).

Substrates that undergo reduction rather than oxygenation such as
epoxides, N-oxides, nitro and azo compounds and lipid hydroperoxides,
accept two electrons in stepwise manner as shown to give RH(H),, To initiate
the oxidative reactions the ferrous enzyme reacts with molecular oxygen to
form a ternary complex of oxygen , substrate and ferrous P450 commonly
referred to as Oxy-P450. Introduction of a second reducing equivalent into the
Oxy-P450 (step 4) is mandatory for the oxygenation reaction to occur. In
microsomes, the second feducing equivalent is provided by NADPH
cytochrome P450 reductase or in some cases, cytochrome bs (as an
additional electron donor) (Pompon and Coon, 1984). The next step (5) is not
well understood but involves splitting of the 0-0 bond with the uptake of two

protons and the generation of “activated oxygen” and the release of water.
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ROH RH

Fe3d*
(ROH)Fe®* T 1 (RH)Fe _
; RH(H),
6 o\
(R)(Fe-OH)" <~ _____.-° (RH)Fe?*
2e-, 2H* 7/ X e, 2H’
& XOH XOOH 3 |0,

H,0 <~<— RH(Fe-0)*"

(RH)Fe¥(03) 4 (RH)Fe3*(03")

2H*.~$\;/ 0{:

H,0,

(RH)Fe?*(0,)

2H*

Figure 1.2 Mechanism of P450 catalyzed reactions

Fe represents the heme iron atom at the active site, RH the substrate,
RH(H), a reduction product, ROH a monooxygenation product and XOOH
a peroxy compound that can serve as an alternative oxygen donor
(Reproduced from Porter and Coon, 1991)
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Oxygen insertion into the substrate (step 6) is believed to involve hydrogen
abstraction from the substrate and the recombination of the resulting transient
hydroxyl and carbon radicals to give the product (Groves et al, 1978).
Dissociation of the product, ROH, then restores the P450 to the ferric state
(step 7).

Also indicated, in figure 1.2, is the way in which a peroxy compound
may substitute for molecular oxygen and reducing equivalents in what is
termed as the peroxide shunt. Homolytic cleavage is envisioned with the
formation of an iron- bound hydroxy! radical capable of hydrogen abstraction
from the substrate (White and Coon, 1980).

Much remains to be learned about the factors controlling regio and
stereo specificity in P450 catalysed reactions. Heterologous cDNA based
expression of large amounts of individual P450s will greatly aid such studies.
Some of the systems that have been used for the heterologous expression of

P450s are described in section 3 of this thesis.

1.2.2 Nomenclature

The confusing nature of P450 nomenclature has been one of the
hallimarks of P450 research. Most laboratories involved in the purification of
P450s developed their own system of nomenclature, often based on enzyme
characteristics, which included typical P450 inducing agents or substrates for
the purified enzyme or the sequential order in which a particular research

group had purified a particular series of P450s. For example, CYP1A1 has
been designated P-450-C, P450NF-B, P-448;, P-450MC-1, P-450 isozyme 6

etc (Gonzalez, 1989). Such nomenclature systems proved to be inadequate
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as a result of the ever increasing number of P450s to be isolated and the
broad and overlapping substrate specificity of these enzymes.
Characterization based on full length amino acid sequences was impeded by
technical difficulties and the required labour intensive procedures inherent in
this biochemical approach.

A major breakthrough in the structural analysis of P450s came with the
application of recombinant DNA technology (Fujii-Kuriyama et al,, 1982)
which subsequently resulted in the isolation and sequence determination of
many individual P450 forms. Sequence analysis has provided the basis for a
unified nomenclature system (Nebert et al., 1991).

in the P450 gene superfamily, families and subfamilies have been
defined on the basis of amino acid sequence similarity. A P450 protein
sequence from one gene family is defined as usually having less than or
equal to 40% amino acid identity to a P450 protein from any other family.
Within a single family, the P450 protein sequences are > than 40% identical.
Sequences of P450 proteins within the same subfamily are > 55% identical
within the same species.

Recommendations for naming a P450 gene or cDNA include the root
symbol CYP (cyp for the mouse) denoting P450, an Arabic number
designating the P450 family, a letter indicating the subfamily and an Arabic
number representing the individual gene. With the mouse genes or cDNAs,
the final number is generally preceded by a hyphen. P (p in mouse) after a
gene number is used to denote a pseudogene. The same nomenclature is
recommended for the corresponding gene product (enzyme). For example,
CYP1A1 (cyp1a-1, in mouse) for the gene and cDNA, and CYP1A1 for the

mRNA and protein in all species including mouse.
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One of the problems with the P450 nomenclature system is in
distinguishing allelic variants of one protein from closely related P450 forms.
For example, rodent P450 genes can differ by only a few bases. Allelic
variants can be distinguished by genetic crosses in rodents when the
enzymes can be resolved by two dimensional electrophoresis (Rampersaud
and Walz, 1987). Allelic variants can also be distinguished by direct analysis
of genomic DNA using the polymerase chain reaction (PCR) or Southern
blotting following genetic crosses of rodents and by linkage studies using
large pedigrees in humans.

Another problem faced by the P450 nomenclature system is a
reasonable method to determine orthologous P450s. Genes or proteins in two
or more species are said to be orthologous if both are believed to have
evolved from a single ancestral gene present at the time of divergence of the
species. This is problematic when multiple forms of P450s exist in certain
subfamilies. For example rats, mice, rabbits and humans contain many P450s
in the CYP2C subfamily, however, no two P450s between these different
P450s display the same catalytic activities. In addition, a single CYP2C P450
in rat does not have significantly higher sequence similarity with a single P450
in the same subfamily in humans than with the other P450s in the human
CYP2C subfamily. The same applies when comparisons are made between
other species. Thus P450 forms in the CYP2C family are given individual form
designations. In contrast, in the CYP2E subfamily, most species except rabbits
contain a single P450 form designated CYP2E1 that has qualitatively similar
catalytic activities across species (Gonzalez, 1984). A recent update of the
P450 nomenclature, and genes isolated, has been published by Nelson et al.,

1993.
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1.2.3 Evolution of P450s

Based on the existence of two distinct classes of P450s, the possible
| pathways of evolution giving rise to mammalian P450s can be hypothesized.
The mitochondrial P450s may have arisen from bacterial P450s such as

P450.am (CYP101) from Pseudomonas putida and other prokaryotes that use

an iron sulphur protein and flavoprotein as electron donors. Microsomal
P450s might have evolved from the mitochondrial forms by transfer of genetic
material from the mitochondrial genome to the nucleus. Alternatively, P450
and NADPH cytochrome P450 reductase may have arisen from a fusion
protein such as that found in Bacillus megaterium followed by the separation
of the two domains. In fact, the mammalian CYP3 gene family and NADPH-
cytochrome P450 reductase are both found on human chromosome 7
(Yamano etal ., 1989).

Much of the insight into the evolution of P450s has come from a
correlation of catalytic activities of the P450s with the information obtained
from the examination of phylogenetic trees of the P450s. Construction of the
phylogenetic tree is based on amino acid sequence relatedness of different
P450 forms. The percentage differences calculated after pairwise sequence
comparisons are converted to evolutionary distance in units defined as
accepted point mutations (Nelson and Strobel, 1987). Evolutionary distance
(d) is a mathematical approximation of the number of mutations per 100 amino
acids that have occurred since a divergence event. The tree (figure 1.3) is
constructed using the unweighted-pair-group method of analysis (UPGMA).
Proper interpretation of data in a phylogenetic tree requires calibration of d
values with real time. This is generally achieved by using divergence times

from early in evolution (for example, bird-mammalian split at 300 million years

26



%1&,$ 4);H

; %,

"%,

KLILKLKKLKLKKLKKLKKLKL



ago) and more recent divergence times (for example, mammalian radiation at
about 80 million years ago and rat-mouse divergence at 17 million years ago).
From an analysis of the P450 phylogenetic tree (figure 1.3.), it appears

that the oldest mammalian P450s closely related to the bacteria and yeast

P450s, are the cholesterol 7a-hydroxylase (CYP7) and the P450 aromatase

(CYP19) involved in bile acid and oestrogen synthesis respectively.

Two other “old” P450s are the cholesterol 27-hydroxylase (CYP27) and
the cholesterol side chain cleavage enzyme (CYP11A1). These are related to
P450s that metabolize fatty acids such as the lauric acid hydroxylases of the
CYP4 family. Cholesterol and fatty acid metabolizing P450s are thought to
have been involved in the maintenance of membrane integrity of early
eukaryotes.(Gonzalez, 1989). A later evolutionary event, about 900 million
years ago, was the formation of the drug metabolising P450s. These diverged
into major drug and carcinogen metabolising enzymes of the CYP1, CYP2
and CYP3 families. More recently, between 400 and 600 million years ago, a
tremendous expansion in the CYP2 gene family has occurred. The reason for
the increase in the number of P450 genes during the past several million
years may be related to environmental factors including dietary components
and toxins.

An interesting feature of P450 gene evolution is the occurrence of
multiple genes, within a particular subfamily, that in many cases are present in
some species but not in others. These are thought to have arisen through the
process of gene duplication and the fixation of duplicated genes through
natural selection. For example, rabbits, rats and humans are known to have

diverged about 75 million years ago. The CYP2E subfamily in rats and
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humans contains a single gene, whereas two highly similar genes (CYP2E1
and CYP2E2) are present in rabbits (Gonzalez, 1989). On the basis of amino
acid sequence similarity of the two rabbit proteins, it is predicted that a gene
duplication occurred in this species about 10 million years ago, long after the
rabbit-rat-human speciation.

The net result of recent gene duplications and gene conversion events
is that individual species contain their own unique P450 genes. A scheme for
the formation of P450 gene families, subfamilies and gene conversion is
shown in figure 1.4 Gene duplication, conversion or gene loss probably
account for some of the major interspecies differences in drug and carcinogen
metabolism that have been observed over the years. Although humans have
more recently been exposed to a vast number of man made chemicals, it is
apparent, given an average unit evolutionary period for P450s of 4, that
human P450s cannot evolve rapidly enough to meet this challenge. This may
be an important factor underlying the increase in chemically induced diseases

such as cancer.

1.3 Regulation, tissue specific expression and catalytic activities
of cytochromes P450.

221 P450 genes and 12 putative pseudogenes have been
characterized (Nelson et al., 1993). These genes have been described in
eleven prokaryotes and thirty one eukaryotes (including eleven mammalian
and three plant species). Of the thirty six gene families described, twelve
families exist in all mammals examined.

The mammalian P450 families can be functionally subdivided into two

major classes; those involved in the synthesis of steroids and bile acids and

29



*$ %% *$ %% 3

$)$ (&*-% +"%]/) $)$ (&*-% +"%/)

$)$ (&*-% +"%]/) &"+"%]/)
( (%2$,1$) $

$)$ 1)2%, %/) $)$ -/

%1&,$ 4;  2/-&"%/) /. 1$)$ &*$,.+'%-!

HI["#$"% +- #3$'$ % #/@) %) @#% # "@/ *$ %$ +)( 3 $2/-2%

1$)$ 5 $)$ (&*-% +"%/) | &, %)($*3$)($)"-! %) /"# *$ %S ; $/)( 1$)$

(&*-% +"%/) #+ | &,$( %) *$ %$ @#%-$ + '&"+"%/) = > #+ $-%'%)+"$
%) *$ %$ 3; C%"#%) "#$ *$ %S .+'%-! + 1$)$ #+ (%2$,1$( ../" "#$ [
(&$ "/ #+)1$ %) $0&S$) $ +)( )+"&,+- $-$ "%/); #% 1$)$ ,$*,$ $)"$( +
"L%*rS( .8 "+)1-$ @+ "#S$) %)2/-2$( %) + 1$)$ /)2%, /) @%"# "#$ )$%
1$)$; ."$, + *$,%/( /. "%'$ *$ %S +)( 3 #+2$ $2/-2$( "#$%, /@) (% "%
/. 1$)$ ;



those that primarily metabolize xenobiotics.

1.3.1 P450s involved in the metabolism of xenobiotics
CYP1 family

The CYP1 family comprises of two genes (CYP1A1 and CYP1A2) in
every mammalian species so far examined. In humans CYP1A genes are
located on chromosome 15 (Jaiswal et al., 1987). CYP1A1 is associated with
high aromatic hydrocarbon hydroxylase activity and its expression is
dependent on the presence of inducers such as benzo (a) pyrene and can be
demonstrated in almost all tissues of an animal. The induction of the CYP1A1
gene is mediated through a cytosolic receptor called the Arylhydrocarbon
hydroxylase (Ah) receptor, that dimerises with the protein Arnt (Ah receptor
nuclear translocator), to initiate transcription of this gene by binding to
xenobiotic responsive elements (XREs) located in the 5' flanking sequences
of this gene (Gonzalez et al., 1993).

Expression of the CYP1A1 gene has been correlated with development
of polycyclic aromatic hydrocarbon- associated cancers in rodents (Nebert,
1989). High and low-inducibility phenotypes have been found in humans
(Petersen et al., 1991). A restriction fragment length polymorphism near the
CYP1A1 gene was found to be associated with increased lung cancer risk in
Japanese smokers (Nakachi et al., 1993), however, the same association was
not found in a cohort study of Norwegian lung cancer patients (Tefre et al.,
1991). The biochemical basis of lung cancer association with CYP1A1 is not
known.

Human CYP1A1 cDNA has been isolated from a human liver cDNA

library (Quattrochi et al., 1986) and its expression in COS cells produced an
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enzyme capable of N-hydroxylating acetylaminofluorine, hydroxylating
benzo(a)pyrene, and activating the food derived promutagen 2-amino-1-
methyl-6-phenylimidazo [4,5-b] (PhIP) (McManus et al., 1990).

CYP1A2 is constitutively expressed in the liver and is responsible for
the activation of numerous promutagens and procarcinogens including
aflatoxin B1, heterocyclic arylamine promutagens and the drugs phenacetin
and caffeine (Guengerich and Shimada 1991). Gene regulation studies
demonstrated that a heterologous CYP1A2 promoter is activated by 3-
methylcholanthrene in human hepatoma HepG2 cells and a region of DNA
that supports Ah receptor binding and promoter specific induction has been
identified (Quattrochi et al., 1994).

A human CYP1A2 cDNA has been cloned (Jaiswal et al,, 1987) and its
expression in B-lymphoblastoid cells (Crespi et al., 1990) produced an
enzyme capable of metabolically activating aflatoxin B1. The activity was
higher than other human P450s known to metabolize this compound. CYP1A2
therefore may be the principal enzyme functional in vivo under typical human

exposure concentrations of aflatoxin B1.

CYP2 family
CYP2 is the largest of the 12 mammalian P450 families and is divided

into 10 subfamilies.

CYP2A subfamily

The CYP2A subfamily has been extensively studied in rodents. Rats
and mice possess three CYP2A (CYP2A1, CYP2A2 and CYP2A3) and two
CYP2A (CYP2A4 and CYP2A5) subfamily members respectively (Nelson et
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al., 1993). CYP2A1 is highly specific for testosterone 7 a— hydroxylase activity.

In contrast, CYP2A2 exhibits a high testosterone 15a- hydroxylase activity.

CYP2A1 and CYP2A2 are liver specific, but they are regulated differently.
CYP2A1 production is increased in young male and female rats but the
expression of this gene is suppressed in males at the onset of puberty. In
contrast, CYP2A2 is never expressed in females and the gene is activated
only when males reach puberty (Matsunaga et al.,, 1988). CYP2A3 is
constitutively expressed in the rat lung and absent from the liver. The mRNAs
encoding this protein are induced 3 fold by treatment of rats with 3-
methylcholanthrene (Kimura et al., 1989 a).

The two P450s in the mouse CYP2A subfamily bear a high sequence

similarity with the rat CYP2A3 have been characterized (Lindberg and

Negishi, 1989). CYP2A4 carries out testosterone 15a-hydroxylation whereas

CYP2A5-Cohh and CYP2A5- Cohlare allelic variants having high and low
coumarin 7-hydroxylase activities respectively and differing at only a single
nucleotide associated with the codon 117, Ala117 in CYP2A5- Coh! and
Val117 in CYP2A5-Cohh (Lindberg and Negishi; 1989). The expression of the
Cyp2a-5 gene is induced by phenobarbital (Aida and Negishi; 1991) whereas
CYP2A3 gene expression is induced by 3-methylcholanthrene (Kimura et al.,
1989 a) suggesting that the regulatory elements controlling the CYP2A genes
have evolved differently in rats and mice. In humans, two distinct cDNAs have
been isolated, one of which (CYP2A6) encodes a P450 capable of
hydroxylating coumarin (Yamano et al,, 1990). A second cDNA (CYP2A?7) also
isolated from a human liver library (Yamano et al., 1990) encoded a protein

that contained a complete reading frame and was 94% similar in amino acid
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sequence to CYP2AG. Interestingly, CYP2A7 did not incorporate haem when
the cDNA was expressed using a vaccinia virus based system (Yamano et al.,
1990). It is possible that CYP2A7 contains an amino acid substitution that
renders it unstable. The most conspicuous feature of CYP2AG6 is the extremely
large inter-individual variations observed at the protein, mMRNA and enzyme
activity levels (Yamano et al., 1990, Palmer et al., 1990, Rounio et al., 1988).
Large interspecies variation in COH activity has also been observed
(Pelkonen et al., 1985).

Depending on the human livers analysed, 40 to 100 fold differences in
COH activity were detected. Palmer et a/ 1990 found that the expression of
CYP2A6 mRNA varied 1000-fold between the individual samples they
analysed. In 10% to 20% of livers with high COH activity, CYP2A6 represents
only about 1% of total P450 indicating that CYP2A6 is a low abundance P450
(Yun et al., 1991). In a number of human livers, only trace amounts of CYP2A6
protein and associated enzyme activities were observed suggesting that the
protein may be inducible by some dietary components or drugs. Several
compounds have been reported to increase COH activity in mouse liver after
adminstration in vivo (Hahnemann et al.,, 1992). Examples include
phenobarbital, pyrazole and cobalt. As yet, inducibility of CYP2A6 by similar
compounds has not been demonstrated in humans. It is possible that the
CYP2A6 gene is polymorphically expressed in humans and that the mutant
alleles in the population cause the marked variation in expression similar to
the findings with the CYP2D6 allele and the debrisoquine/sparteine
polymorphism (Kimura et al., 1989 b). This idea is supported by the presence
of CYP2A6yv, a variant cDNA that was isolated from a human liver cDNA

library. The protein expressed from this cDNA did not show COH activity
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(Yamano et al., 1990). As yet, it is not established whether this variant is
common within the human population and whether it accounts for the lack of
CYP2A6 protein activity observed in some human liver samples.

Coumarin has been used as an in vivo metabolic probe to test for the
presence of CYP2A6 polymorphism in humans (Cholerton et al., 1992). These
studies have presented evidence for a wide inter-individual variation in 7-
hydroxylation of coumarin. In the light of the possibility that a CYP2A6
polymorphism exists in humans, it will be interesting to determine whether the
expression of CYP2A6 is associated with an increased risk for chemically
induced cancer since CYP2A6 is capable of metabolically activating aflatoxin
B1, N-nitrosodiethylamine (Crespi et al, 1991 a), and 1,3-butadiene
(Duescher and Elfarra; 1994). It would be interesting to determine whether
CYP2A6 is expressed in human lung, the site of tobacco smoke and air
pollution associated with carcinogen exposure. As yet, human CYP2A genes
have not been isolated, but a cluster is known to exist on human chromosome

19 (Phillips et al., 1985).

CYP2B subfamily

The cDNAs for CYP2B1 and CYP2B2 in rats were the first P450 cDNAs
to be isolated and completely sequenced (Fujii-Kuriyama et al., 1982).
CYP2B1 and CYP2B2 proteins exhibit 97% amino acid sequence similarity.
These enzymes have similar broad and overlapping substrate specificities but
CYP2B1 has two to ten fold higher activity (depending on the substrate) than
does CYP2B2 when these enzymes are purified and analysed for activity in a
reconstituted system (reviewed by Gonzalez, 1984). A third cDNA in the rat

CYP2B subfamily designated CYP2B3 has also been isolated and shown to
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