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Abstract

Cytochromes P450 play a central role in the synthesis of endogenous compounds,

such as steroids and fatty acids, and in the metabolism of many foreign compounds,
including dietary components, therapeutic drugs and carcinogens. The expression of
several cytochromes P450 is increased considerably upon exposure to certain
xenobiotics. For example, treatment with the antiepileptic drug phenobarbital causes a
dramatic increase in the abundance in rat liver of mRNAs encoding two members of the
CYP2B subfamily, namely CYP2B1 and CYP2B2. Until recently, however, the
phenobarbital response could not be reproduced in culture and therefore studies of the
regulation of the expression of CYP2B1/2 have been hampered by the absence of a
suitable cell culture system.

We have developed culture conditions for both primary rat hepatocytes and a
highly differentiated rat hepatoma cell line, FAZA 967, that support the induction of
CYP2B gene expression by phenobarbital. Using the RNase protection method we found
that the induction of CYP2B1/2 mRNAs is comparable in magnitude to that observed in
vivo. We found also that in these cell systems, as is the case in rat liver, CYP2B1/2 gene
expression is induced by the barbiturate-antagonist picrotoxin, at levels comparable to
those observed using phenobarbital as the inducer.

The expression and induction by phenobarbital of other drug-metabolising
enzymes, namely P450 reductase, FMO1, GST1-1/2-2, 3-3/4-4, and GST7-7, has also
been monitored using immunoblotting, and found to reflect the in vivo situation.

To demonstrate the possibility of using the primary hepatocyte system in promoter
mapping studies, we have developed a highly efficient protocol for the transfection of
DNA into these cells, based on lipofection. We demonstrated that in this system the
immediate early promoter of human cytomegalovirus can promote the expression in large
amounts of catalytically active B-galactosidase and luciferase enzymes. In initial attempts
aimed at defining regions of the CYP2B2 gene promoter important for its regulation, we
found that a DNA fragment located between -368 and -4 of the 5'-flanking region of a
CYP2B?2 gene was not sufficint to drive the expression of the Juciferase gene.

Finally, we have attempted to establish a conditionally immortalised hepatocyte cell
system by isolating hepatocytes from the livers of transgenic mice, harbouring a mutant,
temperature sensitive form, of the SV40 virus large T antigen, whose expression is under
the regulation of a promoter that is responsive to y-interferon. These cells could be kept
in culture for longer than a month, could be passaged and secreted albumin.
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Chapter one

Introduction




1.1 Pathways of drug metabolism

All living organisms are continually exposed to an incredibly wide array of foreign
chemical compounds (xenobiotics) that have the potential to interact with cellular
macromolecules (DNA, RNA, and proteins) and thus cause various cytotoxic and
genotoxic effects. This has pressured organisms (from bacteria to plants to humans) to
evolve complex systems of detoxification that collectively achieve the neutralization of
xenobiotics. Two major detoxification systems have evolved. One is the non-catalytic
multidrug resistance system (MDR) that utilises P-glycoproteins, large integral proteins
belonging to the superfamily of "traffic ATPases", to transport harmful compounds to
the extracellular space, at the expense of ATP hydrolysis (Endicott & Ling, 1989). The
other detoxification system requires the metabolic activities of several enzyme systems
that collectively convert lipophilic harmful compounds into hydrophilic, excretable
compounds. The latter system is by far the most complex and is the one studied in this
investigation. Drug metabolism is normally divided into two phases, phase I (or
functionalisation reactions) and phase II (or conjugative reactions). Generally speaking,
phase I reactions are considered to be the preparation of the drug which is then acted on
by phase II enzymes. For example a phase I reaction might produce or uncover
chemically reactive groups, such as -OH, -NH,, -SH, -COOH. etc. (Guengerich, 1990).

The chemical reactions associated with phase I and phase II metabolism are
shown in Table 1.1, and a simplified overview of xenobiotic metabolism is given in

Figure 1.1.
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Table 1.1 Reactions classed as Phase | or Phase Il metabolism

Phase | Phase 11

Oxidation Glucuronidation

Reduction Sulfation

Hydrolysis Methylation

Hydration Acetylation

Dethioacetylation Amino acid conjugation

Isomerisation Glutathione conjugation
Fatty acid conjugation
Condensation

Reproduced from Gibson & Skett (1994).

Xenobiotics
(inactive)

Phase | enzymes

(e.g. P450s) Phase Il
enzymes
Attack on i

Actlva?ecl_ (¢.9-GST) Inactivated

cellular < Xxenobiotic .
o xenobiotic

macromolecules (electrophilic)
Cytotoxic and genotoxic Excretion
effects
Fig. 1.1 Simplified overview of xenobiotic metabolism
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1.2 Enzymology of Phase | and Phase Il metabolism

In quantitative terms, the liver is the main organ responsible for both phase I and
phase II metabolism, although drug metabolising enzymes have also been found in lung,
kidney, gut, skin and other tissues (Connelly & Bridges, 1980; Kappus, 1986). Studies
on isolated sub-cellular hepatocyte compartments and isolated enzymes have shown that
the endoplasmic reticulum and the cytosol are the two most important sub-cellular
organelles in drug metabolism. Phase I enzymes are almost exclusively localised in the
endoplasmic reticulum (ER), whereas phase II enzymes are localised in the cytosol
(Jakoby, 1980). However, exceptions to this general statement exist in the form of
cytosolic epoxide hydrolase (phase I enzyme; Schladt et al., 1988) and of microsomal
glutathione transferase (phase I enzyme; Morgenstern et al., 1985). Moreover, UDP-
glucuronosyl transferases (phase II enzymes) are localized in the ER (Tephly & Burchell,
1990). Most of the phase I reactions are catalysed by the cytochrome P450-dependent

mixed-function oxidase system.

1.2.1 Cytochrome P450-dependent mixed-function oxidase system

Cytochromes P450 (P450s) are the terminal oxidases of an electron transfer system
known as the P450-dependent mixed function oxidase system (Lu & Coon, 1968; Fig.
1.2). In addition to P450s, this system is comprised of NADPH dependent cytochrome
P450 reductase (P450 reductase), NADH dependent cytochrome b5 reductase (bs
reductase), and cytochrome &5. In this system electrons are donated from NAD(P)H to a
flavoprotein reductase (P450 reductase and/or b5 reductase) (Gunsalus & Sligar, 1977).
Reducing equivalents are then passed to clusters of cytochromes P450 either directly or

via Cytochrome bs (Fig. 1.3 and 1.4). The general reaction catalysed by this system

19
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As well as hydroxylation reactions, both aliphatic and aromatic, the mixed-function
oxidase system also catalyses epoxidation, N-dealkylation, O-dealkylation, S-
dealkylation, oxidative deamination, N-oxidation, S-oxidation, phosphothionate

oxidation and dehalogenation (Fig. 1.5).

R—cHa b 4 R—cHon

ALIPHATIC OXIDATION

el [faRvat

ARQMATIC HYDROXYLATION

R—NH—CHz = [R—NH—CH20H] = R—NH, + HCHO
N-DEALKYLATION

R—0—CHz = [R—0—CHOH} = R—OH + HCHO
0-DEALKYLATION

R—S—CH; = [R-=S—CHOH] — R—SH + HCHO

S-DEALKYLATION
o 0
R—CH—CHg — | R—C—CH3 | -» R—C—CH3 + NH3
NH, NH,

OXIDATIVE DEAMINATION

Ht +

Ri—S—R;—|_ OH ¢ .
Ri—$—Ry] — Ry—S—Ry + H
SULFOXIDE FORMATION

H+ +
(CH3)aN _.[(CH3)3N—0H] —> (CHa)sN* —0~ + H*

N-OXIDATION

9“
R1—NH—R2 b Ri—N—Rz
N-HYDROXYLATION

OH
Ry—CH—X—> n,—(lE-x —>Ry—C=0 + HX
OXIDATIVE DEHALOGENATION

Ra e Rs Hw+ R
Ry=C=X = |Ry=Ce +X~| = Ry—CH + HX
| |
Ry Ry Ry

REDUCTIVE DEHALOGENATION

Fig 1.5 Examples of the chemical reactions catalysed by the mixed function
oxidase system. Reproduced from Nebert & Gonzalez (1987).
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1.2.1.1. Components of the cytochrome P450-dependent mixed-function
oxidase system.

) Cytochromes P450: multiplicity and nomenclature

Cytochromes P450 are classified as haemoproteins, with iron protoporphyrin IX
as the prosthetic group (Fig. 1.6). They belong to a very large family of closely related
isoenzymes that havé molecular weights of approximately 45,000 - 55,000. The haem is
non-covalently bound to the apoprotein and the name Cytochrome P450 derives from the
fact that the cytochrome (or pigment) shows a Soret peak at 450 nm, when reduced and
complexed to carbon monoxide (Omura & Sato, 1964; Omura & Sato, 1964b). The
haemoprotein serves as both the oxygen- and substrate binding locus for the mixed

function oxidase reaction.

CH, CH=CH,

CH, CH,

COOHCH,CH, CH=CH,

COOHCH,CH, CH,

Fig. 1.6 Structure of ferric Protoporphyrin IX
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After several laboratories had managed to successfully purify cytochromes P450 to
homogeneity, it became evident that different forms of cytochromes P450 exist, not only
across species but also within an organism. The large number of cytochromes P450
characterised and the large number of laboratories involved have contributed in the past
to the confusing nature of cytochromes P450 nomenclature: often the same cytochrome
P450 was designated with different names. However, with the advent of molecular
biology, an explosion in the number of available cDNAs has lead to a rapid accumulation
of amino acid sequences. Cytochromes P450 are classified into gene families and
subfamilies (Nebert et al., 1987). In this system two cytochromes P450 belong to
different families if their primary amino acid sequence shares an identity of < 36 %.
Within a gene family, cytochromes P450 can be further divided into sub-families, where a
protein of one subfamily shares 40 to 65 % sequence identity with a protein of another
subfamily (i.e. two cytochromes P450 belong to the same gene subfamily if > 65 % of
their amino acids are identical). The use of the italicized root symbol "CYP" ("Cyp" for
the mouse) to denote cytochrome P450 genes is recommended in the latest update to the
nomenclature system (Nelson et al., 1993). The non-italicized root symbol instead is used
to indicate cytochromes P450 proteins, mRNAs and cDNAs. An Arabic number is used
to designate a cytochrome P450 gene family, a letter to indicate the subfamily, and an
Arabic number is used to represent the individual gene. With mouse genes or cDNAs, the
final number is generally preceded by a hyphen. For example, "CYPIAI" ("Cypla-1" for
the mouse gene) indicates the cytochrome P450 gene 1, belonging to the subfamily A of
the family 1. If no second subfamily or second gene exists, the subfamily and gene
number can be omitted, e.g. CYP5 or CYP19.

The very large number of cytochromes P450 [more than 200 different cytochromes
P450 have been cloned and/or isolated (Nelson et al., 1993)] and the equally large
number of chemical reactions they catalyse, makes this enzyme system the most versatile

biological catalyst known. Cytochromes P450 are involved in the oxidative metabolism
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of steroids (cytochromes P450 involved in steroidogenesis are localised in the
mitochondria), fatty acids, leukotrienes, prostaglandins, pheromones, plant metabolites,
and many drugs, environmental pollutants and chemical carcinogens [reviewed in Nebert
& Gonzalez (1987); Gonzalez (1990); Porter & Coon (1991)].

Studies using reconstituted systems of purified cytochromes P450 established that
different forms of P450 can exhibit either highly specific or less specific overlapping
substrate specificities (Guengerich, 1987). For example, a single form of P450 can have a
low Ky, for one substrate and a high Ky, for another substrate. Moreover, cyclic
compounds, such as testosterone, can be specifically hydroxylated at different ring

positions by different P450 isoenzymes.

1.I) Cytochromes P450: overview of the gene superfamily and of the regulation
of the expression of its genes

At the end of December 1992 (Nelson et al., 1993), the cytochrome P450 gene
superfamily comprised 36 families, of which 12 are mammalian. These twelve families
comprise twenty-two mammalian subfamilies, of which seventeen and fifteen have been
mapped to the human and murine genome, respectively. Cytochromes P450 that belong
to families 1 to 4 are involved in drug metabolism. Those belonging to the remaining
families are primarily involved in steroidogenesis.

Although catalytic activity of the mixed function oxidase system requires the
presence of the flavoprotein and lipids, it is the haemoprotein cytochrome P450 that
confers substrate specificity to the system. Genetic differences in activity levels have been
shown to be solely associated with the cytochrome P450 protein (Haugen et al., 1976).
Many factors (these include age, sex, dietary components, health status, ontogenic
development, hormones, and exposure to xenobiotics) influence the expression pattern of
individual cytochromes P450 (Gonzalez, 1989). Variations in the pattern of expression of

cytochromes P450 explain, at least in part, the wide qualitative and quantitative
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differences observed among species and individuals with respect to their drug
metabolising capacity. In humans, for example, the debrisoquine hydroxylation
polymorphism has been well defined and linked to CYP2D6 polymorphism (reviewed in
Cholerton et al, 1992). The number of people that lack the ability to metabolise
debrisoquine (poor metabolizers) ranges from 5 % to 10 % in Caucasians (Fig. 1.7). In
Oriental subjects, however, individuals that cannot metabolise debrisoquine have yet to

be identified (Eichelbaum & Gross, 1990).

N—CiNH _C/NH
HO
Debrisoquine 4- Hydroxydebrisoquine

‘Extensive metabolizers’

‘Poor

metabolizers'
-

Number of people

Debrisoquine 4-hydroxylation

Fig. 1.7 The distribution of the rate of metabolism of
debrisoquine in the Caucasian population. Reproduced from Gibson &
Skett (1994).
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