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ABSTRACT 

The objective of the research described in this dissertation was to characterize the 

function of four closely related cytochrome P450 2B enzymes in the rabbit. Although 

these enzymes display greater than 97% amino acid sequence identity, their expression is 

highly variable between different organs and in different individuals. Transient and 

stable heterologous expression systems were used to study the distinct catalytic properties 

of each P450 2B enzyme. Cytochrome P450 2B5 was found to have a unique pattern of 

catalytic activities in comparison to the P450 2B4, 2B-B 1, and 2B-Bx forms. The regio

and stereoselectivity of hydroxylation of androstenedione in hepatic microsomes 

depended upon whether the animal expressed cytochrome P450 2B5. Whereas the 

catalytic activities of P450 2B5 were characterized by high steroid hydroxylase activities, 

P450 2B4 had relatively low steroid hydroxylase activity and much higher activity 

towards the non-steroid substrates than 2B5. Androstenedione 15a-hydroxylation and 

benzyloxyresorufin O-debenzylation were identified as selective markers of the activity of 

P450 2B5 and 2B4, respectively. Phencyclidine selectively inactivated P450 2B4 in 

hepatic microsomes from phenobarbital-induced rabbits as well as the expressed enzyme. 

The basis for poor inactivation of P450 2B5 by PCP was determined to be the low 

maximal rate constant for this P450 2B form. N-Aralkylated l-aminobenzotriazole 

derivatives were found to be potent inactivators of both P450 2B enzymes and to be much 

less selective than phencyclidine. These results demonstrate that one or more of the 

amino acid differences in P450 2B5 are critical to its substrate specificities and selective 

inactivation. Rabbits which express P450 2B5 have the potential to exhibit different 

hepatic biotransformation pathways in comparison with animals that lack this enzyme. 



CHAPTER 1 

INTRODUCTION 

Xenobiotic Metabolism 

12 

Most organic drugs and other xenobiotic compounds are substrates for metabolic 

reactions in the body that change their physical and many times, their biological 

properties. The processes of metabolism generally are regarded as mechanisms to 

facilitate the excretion of xenobiotics from the body by converting lipid soluble, nonpolar 

compounds to more polar, hydrophilic compounds. Metabolic processes can therefore 

profoundly alter the distribution and excretion ofaxenobiotic and its metabolites from 

the body. Metabolism can greatly affect the therapeutic activity of a drug molecule by 

increasing or decreasing the binding affinity for a target receptor or enzyme. Drug 

metabolites can also bind to different receptors or enzymes than the parent molecule and 

thereby produce different pharmacologic responses than the parent molecule. In addition 

to affecting pharmacological responses, the processes of metabolism can also generate 

reactive products (a process referred to as bioactivation) which can lead to toxicity 

(Nelson and Harvison, 1987; Kadlubar and Hammons, 1987). More often, metabolic 

reactions lead to the detoxification ofaxenobiotic compound due to increased polarity 

and more rapid excretion. 

The enzymatic reactions involved in xenobiotic metabolism are often classified 

into Phase I and Phase II processes. Phase I processes consist of oxidative and reductive 

reactions which can alter or create new functional groups. A large number of metabolic 

conversions have been observed as a result of the oxidative Phase I reactions, including 

aliphatic and aromatic C-hydroxylations, N-oxidation and hydroxylation, N-, 0-, and S

dealkylations, epoxidations, sulfoxidations, and the formation of double bonds or 

-~'-"---
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aromatization reactions. Phase II processes are conjugative reactions in which the 

xenobiotic molecule or a phase I metabolite is coupled to an endogenous cofactor. The 

most common phase II conjugations include glucuronidation, sulfation, and acetylation of 

the parent or metabolite structure, although conjugation to other less common groups is 

possible. 

The Cytochrome P450 Dependent Monooxygenase System 

The oxidative Phase I metabolism of the majority of xenobiotic compounds as 

well as endogenous substrates such as steroid hormones and biologically active fatty acids 

is mediated by enzymes known collectively as cytochromes P450. The cytochrome P450 

enzymes comprise a superfamily of heme-containing monooxygenases, most of which are 

located in the endoplasmic reticulum in various cell types throughout the body. The 

primary site of metabolism after entry into the body is the liver, although organs such as 

the lung and small intestine can contribute significantly to the overall metabolism of a 

chemical. The cytochrome P450 enzymes require molecular oxygen and reduced pyridine 

nucleotide, NADPH, as cofactors in the oxidation of substrate molecules. Early studies 

on the solubilization and purification of liver cytochrome P450 found that catalytic 

activity required reconstitution of the hemoprotein with phospholipid and a flavoprotein 

called NADPH-cytochrome P450 reductase (Lu and Coon, 1968; Van der Hoeven et aI., 

1974). Multiple cytochrome P450 forms were subsequently purified from animal and 

human livers (Ryan and Levin, 1990). The discovery of multiple forms of cytochrome 

P450 helped explain the broad substrate specificities observed in early investigations of 

xenobiotic metabolism using subcellular fractions of liver tissue. Purification of several 

P450 1 forms also provided the framework for categorizing various forms into mUltiple 

1 See Appendix A for a list of abbreviations. 



gene families. Studies on the function of purified cytochrome P450 forms in different 

laboratories have shown that each of these forms has characteristic but sometimes 

overlapping substrate specificities for the metabolism of different xenobiotics and/or 

endogenous substrates. 

The Molecular Biology of Cytochromes P450 

14 

Over the past decade, the techniques of molecular biology have greatly expanded 

our understanding of the number, structures, and functions of the cytochrome P450 

monooxygenases. Isolation of multiple purified cytochrome P450 forms and preparation 

of specific antibodies against these enzymes were the foundations for the current 

knowledge of the molecular biology of these xenobiotic-metabolizing hemoproteins. 

Analyses of purified cytochromes P450 using peptide mapping techniques suggested that 

different enzymes could vary substantially in amino acid sequence and thus were most 

likely encoded by different genes. The advent of DNA cloning facilitated the discovery 

of what is now referred to as a "superfamily" of cytochrome P450 genes. Genes and 

cDNAs encoding P450 enzymes have been isolated from tissues such as the liver and 

characterized using hybridization or expression screening techniques, DNA sequencing, 

restriction enzyme mapping, and functional expression (Gonzalez, 1990). More than 200 

cytochrome P450 sequences from many species of animals and plants have been 

characterized to date. Alignment of complete amino acid sequences of purified 

cytochromes P450 and of deduced sequences of cDNAs or genes indicated that the amino 

acid sequence identity of cytochrome P450 enzymes ranged from less than 30% to greater 

than 95% within a single animal species. Two cytochrome P450 genes that arise from a 

common ancestral gene in different species are called "orthologous" genes (Nelson et a/., 
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1993). Orthologous P450 enzymes are closely related in structure but do not necessarily 

have similar catalytic activities for reasons described below. 

Cytochrome P450 Nomenclature 

The use of a functional nomenclature system for the cytochrome P450 

superfamily was problematic because of the large number of genes and overlapping 

substrate specificities of cytochromes P450. Various nomenclature systems for purified 

preparations of various P450 enzymes had been developed in different laboratories. 

Thus, the same enzyme could be named according to its electrophoretic mobility on SDS

polyacrylamide gels, the order of elution from ion-exchange columns during purification, 

or the order in which it was isolated in a particular laboratory (Ryan and Levin, 1990; 

Gonzalez, 1988). A new nomenclature system was implemented to categorize the ever 

increasing number of P450 primary amino acid sequences found using molecular 

biological techniques (Nebert et ai., 1987). The P450 gene superfamily is subdivided into 

families, subfamilies and individual forms based on similarities in their primary amino 

acid sequence. At this time, different P450 families are designated by Arabic numerals 

and subfamilies by capital letters (Nelson et ai., 1993). Individual P450 forms are 

denoted by the Arabic numeral just after the subfamily designation. P450 forms that 

demonstrate ~ 40% amino acid sequence identity are categorized as members of different 

families. Individual forms which display> 59% identity are assigned to the same gene 

subfamily. For example, P450 2B4 is a rabbit P450 enzyme categorized in the 

cytochrome P450 family 2 and the 2B subfamily since it has greater than 60% amino acid 

sequence identity to other P450 2B forms in the rabbit and in other species. Orthologous 

P450 forms from different species can be placed within the same subfamily. The current 

nomenclature system does not depend on the catalytic activities or function of the 

--~.--.--~---------.. ----"'----
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individual P450 forms. In fact, P450s from separate families and subfamilies can have 

the same catalytic activities. Cytochrome P450 forms designated as members of families 

I through 4 appear to be responsible for the majority of metabolic reactions on 

xenobiotic compounds. 

Molecular Aspects of Cytochrome P450 Regulation and Function 

The distinct properties of individual P450 forms and their differential regulation 

may lead to differences in xenobiotic metabolism between species, individuals, and 

tissues. Although knowledge of the extent of cytochrome P450 structural diversity still 

appears to be incomplete, a cytochrome P450 subfamily in a single species can be 

comprised of multiple highly related enzyme forms (microheterogeneity) arising as allelic 

variants or products of different genes. These variant P450 forms may differ in structure 

at only a few amino acid residues. This structural diversity is especially apparent in 

cytochrome P450 family 2. Polymorphic variation in the expression of individual 

enzymes has been shown to exist for several cytochrome P450 gene subfamilies including 

P450 2B, 2C, and 2D. Genetic polymorph isms have been demonstrated in different 

species to result from a variety of mechanisms. Regardless of the mechanistic basis of a 

P450 polymorphism, individual variation in the expression levels of these enzymes can 

lead to extreme variation in the metabolic pathways of a substrate and in metabolic 

capacity (rate of metabolism) between individuals of a particular species. Additionally, 

the expression of various P450 enzymes such as those in the P450 2B subfamily can be 

organ and cell type-specific. The levels of some P450 enzymes can be increased or 

induced in various organs by xenobiotic exposure leading to selective increases in the 

organism's capacity to metabolize chemical substrates. The advent of molecular 

biological techniques to study P450 genes has provided extensive information on the 
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highly diverse cytochrome P450 structure as well as the complex regulation of individual 

P450 forms. The characterization of the function of individual P450 forms is extremely 

important to determine the metabolic consequences of P450 structural 

microheterogeneity, i.e. whether small differences in amino acid sequence impart 

differences in catalytic activities. Equally important, knowledge of the function of 

various highly related forms within a P450 subfamily will give a better understanding of 

the consequences of the complex differential regulation of P450 forms. 

The research described in this dissertation involves the functional characterization 

of highly related cytochrome P450 2B forms and the consequences of their differential 

expression. The cytochrome P450 2B subfamily is present in multiple species including 

rodents, rabbits, dogs, and humans and is extremely complex with regard to the presence 

of structural microheterogeneity, polymorphic and tissue-specific expression, and 

inducibility by xenobiotics. The subsequent sections of this introductory chapter will 

discuss recent advances in the study of cytochrome P450 structure-function relationships 

and the methods used to characterize substrate specificities including heterologous 

expression and selective chemical inhibition. Separate sections will discuss the general 

areas of P450 induction and polymorphic expression in more detail. Final sections will 

introduce the complexity of the cytochrome P450 2B subfamily with regard to the 

specific research problem addressed in this dissertation. 

Structure-Function Relationships of Cytochromes P450 

One of the most remarkable aspects of the cytochrome P450 superfamily is the 

capacity of this related set of enzymes to metabolize chemical substances that have little 

structural similarity. Rapid progress has been made in recent years towards 

understanding the molecular basis for the diverse substrate specificity of individual 



members in the cytochrome P4S0 superfamily. The unique substrate specificity of an 

individual P4S0 form is determined by its active site environment, i.e. the amino acid 

residues which make up the enzyme's active site. Presently, no three-dimensional 

stmcture has been reported for a mammalian cytochrome P450, although recent 

investigations have begun to define the amino acid residues responsible for substrate 

binding (Lindberg and Negishi, 1989). 

18 

Models of the mammalian cytochrome P450 active site are currently based on 

sequence alignments to bacterial P4S0 (Poulos, 1986; Sligar and Murray, 1986). These 

stmctural models of cytochrome P4S0 have indicated potential substrate recognition sites 

(SRS) in mammalian enzymes (Laughton et al., 1990; Gotoh, 1992). Site-directed 

mutagenesis and the constmction of recombinant enzymes that are hybrid stmctures from 

two different enzymes have supplied important information on the regions of the P450 

enzyme which play roles in the diverse substrate specificity among related mammalian 

cytochromes P450. It is becoming increasingly evident that substrate specificity is 

determined by a small number of critical amino acid residues. Lindberg and Negishi 

(1989) showed that a single amino acid substitution at residue 209 was required to confer 

the steroid ISa.-hydroxylase activity of P4S0 2A4 on P4S0 2AS, while an additional two 

amino acid changes (residues 114 and 365) could completely eliminate coumarin 

hydroxylase activity. Kronbach and Johnson (1991) identified residue 113 as important 

for progesterone binding by P450 2C4 and 2C5. Substitution of this group alone was 

sufficient to significantly lower the Km for progesterone 2I-hydroxylation by P450 2C4. 

Studies on the stmctural determinants of the regio- and stereospecificity of steroid 

hydroxylation by rat cytochrome P450 2B 1 have revealed experimental evidence 

indicating the importance of five substrate recognition sites proposed for this P450 

including residues 114 (SRS-I), 206 (SRS-2), 302 (SRS-4), 363 and 367 (SRS-5), and 
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478 (SRS-6) (He et ai., 1994; Halpert and He, ] 993; Luo et ai., ] 993; Kedzie et al., 

199] a; Aoyama et at., ] 989). Hybrid enzymes constructed using partial sequences from 

both dog P450 2B 11 and rabbit cytochrome 2B5 have suggested that specific regions of 

P450 2B 11 are responsible for its unique ability to metabolize 2, 4, 5,2',4', 5'

hexachlorobiphenyl. Single point mutations engineered into P450 2B 11 at positions 114, 

290, or 363 significantly alter the metabolite profile for this polychlorinated biphenyl 

(Kedzie et al., ] 993; Hasler et at., 1994). 

Another valuable means of studying structure-function relationships among 

mammalian cytochromes P450 is through the comparison of highly related forms. Allelic 

variants are encoded by the same genetic locus in different strains or individuals but 

contain a few amino acid substitutions. Also, P450 forms that are thought to be products 

of different genetic loci due to different regulatory patterns but which have only a few 

amino acid substitutions can also be important tools to study structure-function 

relationships. The individual cDNAs that encode these highly related forms can be 

heterologously expressed for functional comparisons and to determine whether the small 

number of amino acid differences vary substrate specificity or turnover. 

Single or multiple amino acid substitutions can be introduced into each variant P450 by 

site-directed mutagenesis to determine which amino acid differences confer alterations in 

metabolite profile or catalytic activity. 

Characterizing Substrate Specificities of Cytochromes P450 

General strategies that are currently used for determining substrate specificities of 

individual P450 forms include 1) correlation of the catalytic activity with known marker 

activities or immunochemically determined levels of individual P450s, 2) selective 

inhibition or stimulation, 3) immunoinhibition, 4) enzyme purification and reconstitution, 

-~~-. ~----.--.--------
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and 5) heterologous expression (Guengerich and Shimada, 1991). Immunochemical 

techniques and chemical modifications of enzyme activity require characterization of the 

isozyme specificity of the probes before they can be used to define substrate specificities 

of individual forms. Many anti-P450 antibodies and chemical inhibitors can be used in a 

general sense to give some evidence of the particular P450 subfamily involved in the 

biotransformation of a compound of interest. The functional characterization of highly 

related enzymes is difficult with these tools, since a single antibody or chemical inhibitor 

may interact with several forms. Whereas protein purification was able to make 

significant initial advances in the investigation of catalytic activities, most purification 

techniques are highly labor intensive, and P450 forms with identical chromatographic 

behavior could contaminate purified preparations. Therefore, the specific catalytic 

activities of P450s with a high level of primary sequence identity could not be accurately 

determined. 

Heterologous Expression of Cytochromes P450 

Because of the ability to produce a single protein encoded by a specific DNA 

sequence, heterologous expression has been invaluable as a tool to study the function of 

individual cytochrome P450 forms. Heterologous expression involves the insertion of a 

single full-length eDNA sequence into an appropriate vector that contains the necessary 

elements for high level expression in a particular cell type. The vector containing the 

P450 cDNA can then be transfected into cells through a variety of means to allow the 

production/expression of the particular P450. Several cytochromes P450 have been 

heterologously expressed in both mammalian and non-mammalian cell types. The use of 

expression vectors with appropriate elements can be used to produce either transient or 

stable expression of these enzymes. For example, cytochromes P450 belonging to the 2B 

~-'---------'----
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subfamily have been expressed in yeast (Saccharomyces cerevisiae) (Kedzie et ai., 

1991 b), insect cells (SpodopteraJrugiperda) (Ohta et ai., 1991), monkey kidney (COS) 

cells (Kedzie et ai., 1991a), and in bacteria (Eschericia coii) (John et ai., 1994). Other 

cytochrome P450 forms from a variety of species including humans have been 

heterologously expressed in different mammalian cell types. The individually expressed 

P450 enzymes have been utilized to study their unique substrate specificities, investigate 

structure-function relationships, and determine the contribution of a particular P450 type 

to the metabolism of drugs and other xenobiotic chemicals. 

Cytochrome P450 Inhibition 

The inhibition of cytochromes P450 has been well documented to cause numerous 

metabolic interactions with drugs and endogenous compounds in both animals and man 

(Testa and Jenner, 1981; Murray, 1987). Inhibitors can also be useful in the elucidation of 

the catalytic specificities of various cytochrome P450 enzymes. The catalytic cycle of 

cytochrome P450 contains several steps which are vulnerable to inhibition: 1) substrate 

binding, 2) electron transport and the control of the P450 spin state, 3) the binding of 

molecular oxygen subsequent to first electron transfer, and 4) the catalytic step in which 

the substrate is oxidized. 

Mechanisms of Cytochrome P450 Inhibition. Cytochrome P450 inhibitors can be 

categorized into three categories based on their mechanism: I) compounds which bind to 

the P450 in a reversible fashion, 2) compounds which produce pseudo-irreversible 

complexes with the heme iron atom, and 3) compounds that bind irreversibly to either the 

protein or prosthetic heme group (Ortiz de Montellano and Reich, 1986). Cyanide and 

carbon monoxide are ligands that bind reversibly to the ferric and ferrous forms of P450, 



respectively, which occur at different steps of the P450 catalytic cycle. Due to their 

inhibitory mechanism, these ligands are general inhibitors of all P450 forms. 
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Reversible inhibitors compete with substrates for occupation of the lipophilic 

domain of the P450 active site. Because of the broad substrate specificity of cytochrome 

P450, this mechanism is probably the most common cause of metabolic dmg interactions 

in vivo. Certain P450 inhibitors simultaneously bind to lipophilic regions of the protein 

and to the prosthetic heme iron. Pyridine and imidazole containing compounds such as 

metyrapone and ketoconazole have been particularly notable for their effectiveness as 

inhibitors of P450 due to this dual interaction. The potency of inhibition by these agents 

is determined by their hydrophobic nature and the strength of the bond between their 

heteroatomic lone pair of electrons and the P450 heme iron. 

Several classes of P450 inhibitors require catalytic activation to products which 

inhibit the enzyme through irreversible or pseudo-irreversible mechanisms. Alkyl and 

aryl-methylenedioxy (dioxole) compounds, such as piperonyl butoxide (Hodgson and 

Philpot, 1974) and methylenedioxyphenyl compounds (Kumagai et aI., 1991), and some 

primary amine-containing compounds including the macrolide antibiotics (Delaforge et 

al., 1983), troleandomycin and erythromycin, are known to form metabolite intermediate 

complexes in which an oxidized product coordinates tightly with the P450 heme iron. 

The metabolite complexes formed after P450 catalysis hold the P450 enzyme in a 

nonfunctional state and are normally displaced only under special experimental 

conditions ill vitro. 

Mechanism-based inactivators are substrates for the target enzyme, which 

becomes irreversibly inhibited following catalytic conversion of the inhibitor to 

chemically reactive intermediates or products (Rando, 1984). Depending on the chemical 

class of inactivator, the irreversible inhibition of cytochrome P450 is caused by covalent 
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binding of the reactive intermediate or product to either prosthetic heme or the P450 

apoprotein. Aminobenzotriazole and other compounds with various functional groups 

including olefins and acetylenes, dihydropyridines, and cyclopropylamines, are 

metabolized to species which alkylate the prosthetic heme group (Ortiz de Montellano 

and Reich, 1986). Chloramphenicol and other structurally related compounds have been 

shown to elicit P450 destruction via modification of the P450 protein moiety (Halpert et 

al., 1985b; Halpert et aI., 1990). Recovery from mechanism-based inactivation requires 

de novo synthesis of P450 enzyme for restoration of xenobiotic metabolizing capacity. 

Inhibitors as Tools to Study the Function of Individual Cytochrome P450 Forms. 

Chemical inhibitors can be also useful tools for studying the contribution of a particular 

P450 form to the biotransformation ofaxenobiotic or endogenous compound in vitro. 

Specific chemical inhibitors can also be used to probe and modulate the function of 

different P450 forms ill vivo (Halpert et aI., 1985; Sesardic et al., 1990; Mathews and 

Bend, 1993). Mechanism-based inactivators are among the most specific enzyme 

inhibitors, since inactivation is due to both the binding and catalytic specificity of the 

enzyme, in contrast to reversible inhibition which requires only binding. As an additional 

advantage in vivo, decreased enzyme activity persists after a mechanism-based inactivator 

is cleared from the body. In contrast, an inhibitor working via a reversible mechanism 

must be present in an organ or cell continuously to maintain its inhibitory effect (Halpert 

et al., 1994). 

Although chemical inhibitors, and especially mechanism-based inactivators, can 

be very useful in the elucidation of catalytic specificities of cytochromes P450, the 

selectivity of the inhibitor needs to be defined. Halpert et al (1985a) first reported a 

systematic approach to characterize the selectivity of chloramphenicol as an inactivator of 

several P450 forms in rat liver. The determination of inactivator selectivity was made 
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possible by the use of diagnostic markers for the activity of individual P450 forms such as 

the regio- and stereospecific hydroxylation of testosterone, androstenedione, and 

progesterone (Halpert and Stevens, 1991). In designing mechanism-based inactivators of 

cytochrome P450, selectivity is often increased by introducing or altering the appropriate 

functional groups into substrates that are metabolized in a specific fashion by a particular 

P450 form. Specific inactivators, such as 21-chlorofluoroprenenolone for P450 2C5 

(Halpert et ai., 1989), N-(2-p-nitrophenethyl)chlorofluoroacetamide for P450 2B 1 

(Halpert et aZ., 1990), and N-a-methyl-l-aminobenzotriazole for P450 2B4 (Mathews and 

Bend, 1986) have been identified using this approach. These mechanism-based 

in activators were synthesized based on the pregnenolone or chloramphenicol substrates, 

or the non-selective in activator, l-aminobenzotriazole, respectively. In this dissertation, 

the kinetics and selectivity of mechanism-based in activators towards highly related 

cytochrome P450 2B enzymes were investigated in order to 1) assess the effects of 

differences in enzyme structure on inactivation kinetics (what enzymes previous 

investigators were observing), and 2) identify probes that can be utilized to investigate the 

effects of modifying critical amino acid residues through molecular biological 

techniques(structure-function). 

Cytochrome P450 Induction 

The levels of P450 enzymes in a tissue such as liver can be controlled by a variety 

of regulatory mechanisms including hormonal up- or down-regulation (Murayama et ai., 

1991) and induction by exposure to foreign compounds (Waxman and Azaroff, 1992; 

Okey, 1990). Enzyme induction by xenobiotic chemicals was first discovered by virtue 

of its effects on pharmacological and toxicologic responses. Chronically administered 

phenobarbital was found to reduce the sedative action of barbiturates by enhancing 
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metabolism and clearance (Rem mer and Merker, 1963). In another laboratory, 

administration of 3-methylcholanthrene was shown to reduce the carcinogenic activity of 

aminoazo dyes that were administered concomitantly (Conney, 1967). Since that time, 

numerous examples have been discovered where the induction of specific forms of 

cytochrome P450 has altered pharmacologic or toxicologic responses to xenobiotics. The 

altered response in vivo is generally related to an increase in cytochrome P450 activity 

measured in subcellular fractions from the induced animals. Administration of the 

inducing agent increases the concentration of specific cytochrome P450 proteins in 

endoplasmic reticulum. In most cases, the increase in cytochrome P450 levels is based 

on de novo protein synthesis. 

Increased levels of individual P450 enzymes can alter the metabolic disposition of 

a drug or environmental chemical. The change in the levels of functionally distinct P450 

enzymes can be an important determinant of pharmacological efficacy. Significant 

increases in the clearance of many drugs, such as phenytoin, warfarin, and steroid-based 

contraceptives, have been shown in humans chronically receiving phenobarbital (Park 

and Breckenridge, 1981). In many cases, induction of cytochromes P450 may be of little 

clinical significance, although the more rapid metabolism of drugs could compromise 

efficacy. Cytochrome P450 inducing agents dramatically increase the levels of specific 

cytochrome P450 forms. In rodents, phenobarbital significantly increases enzymes in 

the cytochrome P450 2B subfamily, although P450 2C and 3A forms also increase to 

some extent. Phenobarbital also increases the levels of epoxide hydrolase and Phase II 

enzymes such as UDP-glucuronosyl transferases (Owens, 1977) and glutathione S

transferases (Hales and Neims, 1977). Cytochrome P450 induction has the potential to 

create an imbalance between the rates at which pharmacologically active or potentially 

toxic reactive metabolites are generated and the rates at which these Phase I metabolites 



are inactivated and removed by conjugation (Okey, 1986). The overproduction of a 

pharmacologically active metabolite due to P450 induction could result in an increased 

response or altered pharmacological profile if the metabolite binds to different receptor 

types than the parent molecule. 
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Induction of cytochrome P450 enzymes can increase the generation of reactive 

metabolites potentially leading to toxicity and carcinogenicity. Alternatively, induction 

may lead to increased inactivation and clearance of a toxic compound. Thus, cytochrome 

P450 induction is neither universally detrimental or beneficial to animals or humans 

exposed to drugs and environmental chemicals. Important factors that need to be defined 

include the P450 enzymes induced, the metabolic routes and rates of the substrate 

involved, timing of inducer administration relative to metabolized substrate, and the 

genetic potential of the animal for response to the inducer (Okey, 1990). Knowledge of 

the catalytic specificities and regulation of the expression of individual P450 forms is of 

paramount importance in predicting or rationalizing species, strain, or individual 

differences in xenobiotic metabolism and possible metabolic interactions between two 

compounds. 

Polymorphic Expression of Cytochrome P450 Genes 

The expression of cytochrome P450 enzymes from several subfamilies in rodents, 

rabbits, and man can be highly variable. Various P450 subfamilies are subject to genetic 

polymorphisms which cause significant variation in the expression of P450 genes 

between individuals or different strains of a species. This variable expression causes 

marked differences in rates of metabolism as well as modified metabolite profiles 

between individuals or different strains of a species. Genetic polymorphisms for 

cytochromes P450, in general, can be caused either by a defect in the regulatory 
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mechanisms that direct transcription of the genes, by gene deletions, or by direct 

mutations of the P450 genes. 
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One of first known P450 polymorphisms found in rodents was the differential 

expression of benzo[a]pyrene hydroxylase (currently known to reflect P450 lA I) after the 

inductive administration of 3-methylcholanthrene (Nebert and Gelboin, 1969). Different 

strains of mice were identified that were either responsive or refractory to P450 1 A 1 

induction by methylcholanthrene. Further studies led to the discoveries of the Ah locus 

and the AH receptor which binds polyaromatic hydrocarbon (PAH) ligands, translocates 

into the nucleus, and stimulates transcription of the P450 I A 1 gene (Poland and Glover, 

1975). Unresponsiveness to P450 lAl inducers was found not to be caused by the 

production of a defective P450 IAI protein but by a defective receptor with significantly 

decreased affinity for PAH inducers. 

Enzymes in the P450 2 family appear to be highly polymorphic in rodents and 

man. The genetic polymorphism involving the P450 2D subfamily is probably the first 

known and most studied genetic cytochrome P450 polymorphism involving the variable 

expression of a P450 in man. The P450 2D polymorph isms found in rats and humans are 

now known to be caused by separate mechanisms. In rats, five cDNAs in the P450 2D 

gene subfamily were isolated and found to have 80 - 98% sequence identity (Matsunaga 

et (//., 1989). Based on heterologous expression, only one form (P450 2D 1) demonstrated 

the ability to metabolize the prototype substrate, bufuralol. Dark Agouti rats are poor 

metabolizers of bufuralol and were shown to express three P450 2D forms but not the 

2D I form. Sprague-Dawley rats express four 20 forms including P450 2D I and 

demonstrate efficient metabolism of bufuralol. In humans, a single P450 2D enzyme 

(2D6) is known to exist where the poor metabolizer phenotype affects 6 to 10% of 

Caucasians. The "debrisoquine/sparteine" or P450 2D6 polymorphism in man is based on 



the presence of a mutant 2D6 allele leading to production of defective mRNA which is 

not translated into protein (Gonzalez et aI., 1988). 

Microheterogeneity in the Cytochrome P450 2B Subfamily 
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The expression of genes in the P450 2B subfamily is highly polymorphic in 

several species including mice, rats, rabbits, and possibly humans. Phenobarbital (PB) 

and other structurally diverse chemicals are able to induce cytochrome P450 2B enzymes 

in most mammalian species. The mechanism of P450 2B induction by phenobarbital and 

other xenobiotic compounds is increased transcription of specific genes leading to 

enhanced synthesis of the apoproteins. Elevated levels of specific mRNAs can be 

detected soon after treatment of animals with phenobarbital (Adesnik and Atchison, 

1985). Advances in cDNA cloning and protein expression technology have begun to 

reveal new insights into the expression patterns and catalytic activities of individual P450 

2B forms. Investigations into the function of cytochromes P450 2B have been 

complicated by both the presence of multiple highly-related forms and their differential 

expression in mice, rats and rabbits (Noshiro et aI., 1988; Rampersaud and Walz, 1983; 

Gasser et al., 1988). Multiple cytochrome P450 2B mRNA transcripts were found in 

human liver by screening with rat cDNA probes (Miles et al., 1988; Yamano, 1989). The 

human P450 2B6 was recently partially purified and characterized (Mimura et al., 1993). 

Immunoblotting analysis of a large number of human livers revealed that P450 2B6 was 

only expressed in approximately 25% of samples. Therefore, the P450 2B subfamily in 

humans appears to involve individual variation in expression of mUltiple enzyme forms. 
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Cytochromes P450 2B in Rats 

Phenobarbital induces P450 2B 1 and 2B2 in rats, which are derived from separate 

genetic loci. They exhibit >97% amino acid sequence identity and are 

chromatographically and electrophoretically distinguishable (Guengerich et at., 1982). 

The substrate specificities of 2B 1 and 2B2 are similar although purified 2B 1 generally 

has 5 - 10 fold higher catalytic activities than 2B2 (Guengerich et al., 1982; Ryan et al., 

1982). One exception to this general rule involves dimethyl benzanthracene, where 

microsomal P450 2B2 catalyzes 12-hydroxylation while P450 2B 1 catalyzes 7-

hydroxylation (Christou et ai., 1989). P450 2B 1 but not 2B2 has been found in lung 

tissue, while both proteins are expressed in intestinal epithelium. These 2B forms 

demonstrate different regulatory patterns (constitutive expression vs. PB inducible) in 

extrahepatic tissues (Omiecinski, 1986; Traber et at., 1988; Frieberg et ai., 1990). 

Multiple allelic variants have been shown to characterize the CYP2BJ and 2B2 

loci (Rampersaud and Walz, 1983; 1987; Atchison and Adesnik, 1983). Two

dimensional gel electophoretic analysis of liver microsomal protein from outbred rats 

revealed the presence of four allelic forms of 2B 1 and two alleles of 2B2. Inbred rat 

strains were identified that express the individual 2B forms after phenobarbital 

administration. A null phenotype is expressed in the Marshall 520 inbred rat strain where 

the P450 2B2 gene has been deleted (Omiecinski et al., 1992). Regio- or stereochemical 

differences in steroid hydroxylation have been demonstrated for some of the rat P450 2B 

variants, suggesting that allelic variation may have some physiological significance 

(Christou et al., 1989; Aoyama et al., 1989). Kedzie et al. (1991 a) showed that 

microsomes from PB-induced Wistar-Munich rats had altered stereoselectivity for 16-

hydroxylation of the steroid substrate, androstenedione, compared to other strains 



expressing different allelic variant forms of P450 2B 1. This finding was confirmed in 

reconstituted systems containing the purified variant 2B 1 protein (P450 2B 1-WM). 

Cytochromes P450 2B in Rabbits 

cDNA cloning and restriction enzyme analysis from PB-induced liver tissue has 

identified multiple transcripts from the P450 2B subfamily in the rabbit. (Gasser et aI., 

1988; Komori et al., 1988). Three types of cDNAs were defined by restriction analysis 

Table 1.1: Nomenclature for the rabbit cytochromes P450 2B 

cDNAName # Amino acid Encoded Other Protein 

differencesa Protein Name Designationsb 

BO 2B4 LM2, isozyme 2 

Bx 4 2B-Bx 

Bl 6 2B-Bl 

B2 11 2B5 

aThe amino acid differences relative to P450 2B4. 
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bUnless phenotyped, purified preparations from different rabuits contain various 
numbers of each of the 4 P450 2B forms and cannot be classified as a single form. 

with Bst Ell and were classified as BO, B 1, or B2 depending on the number of restriction 

sites. Table 1.1 shows the corresponding designations for the rabbit P450 2B cDNAs, the 

P450 enzyme encoded by the cDNAs, and the names used historically for the purified 

P450 forms. The deduced amino acid sequence of the BO cDNA was determined to be 

identical to the published primary sequence of purified 2B4 (also known as LM2 or 

isozyme 2) (Tarr et al., 1983). A fourth cDNA was subsequently identified and was 

called Bx (Ryan et al., 1993). 



Table 1.2: Amino acid alterations in rabbit P450 2B enzymes.a 

Enzyme Form 

Residue # 2B4 (BO) 2B-Bl 2B-Bx 2B5(B2) 
35 ser ser ser pro 
39 val ile val val 
57 arg gin arg arg 

114 ile ile iIe phe 
120 arg arg arg his 
174 ile val iIe val 
221 pro pro ser pro 
246 gly gly thr gly 
248 ser ser ser thr 
286 gIn gIn gIn arg 
290 leu ile leu leu 
294 ser ser ser tllr 
314 met leu met met 
363 ile ile ile val 
367 val val val ala 
370 thr thr thr met 
403 glu glu lys glu 
417 asn asn asn asp 
420 leu met leu leu 
435 ile ile val He 

a All comparisons are made to P450 2B4-BO. Differences are shown in italics. 

Although the B2 cDNA (encodes P450 2B5) is 98% identical to the BO cDNA 

(encodes P450 2B4), it is thought to be a product of a different gene due to its different 

tissue-specific regulatory patterns. The expression of specific mRNAs encoding the 

various P450 2B forms in liver, lung, and kidney from untreated and phenobarbital-

31 

treated rabbits was investigated using cDNA and also oligonucleotide probes specific for 

a particular P450 2B (Gasser and Philpot, 1988; Ryan et al., 1993). From those 

investigations, not all P450 2B forms were expressed simultaneously in a given 
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individual. In fact, from a limited number of animals, five different P450 2B phenotypes 

can exist in hepatic tissue from different animals. The mRNA transcript encoding P450 

2B5 is constitutively expressed in liver and is inducible by phenobarbital along with the 

other variant forms (see Table 1.3). P450 2B4, 2B-Bx, and 2B-B I but not 2B5, can be 

expressed constitutively in pulmonary tissue, whereas 2B-B 1 and 2B5 do not occur in 

renal tissue. The P450 2B forms found in lung are not induced by phenobarbital, while 

the levels of P450 2B4 and 2B-Bx transcripts in kidney are much higher after 

phenobarbital administration. 

Table 1.3: Tissue-specific expression of P450 2B forms in rabbits 

cDNA Constitutive/PB-inducible 
Name Liver Lung Kidne~ 

BO (2B4)a -/+ +/- +/+ 

Bx (2B-Bx) -/+ +/- +/+ 

B I (2B-B I) -/+ +/- -/-

B2 (2BS) +/+ -/- -/-

a The designations in parentheses are those given to the CYP2B protein products. 

Thus, the P450 2B polymorphism in rabbits is also complicated by tissue-specific 

expression and inducibility by phenobarbital. These forms are not separable by SDS-

polyacrylamide gel electophoretic methods, and therefore, their expression has not been 

studied at the protein level. 

---------
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Research Problem Addressed in This Dissertion 

The basis for the research described in this dissertation is the hypothesis that the 

phenotypic expression of variant cytochrome P450 2B forms can affect the 

metabolic disposition of xenobiotic or endogenous substrates that are metabolized 

by "phenobarbital-inducible enzymes". Using the rabbit as a model species where 

multiple cytochrome P450 2B forms exist, the objective of this research was to 

investigate the catalytic functions of the four rabbit P450 2B and determine how their 

differential expression might affect metabolism by these enzymes. The specific aims of 

this investigation and the subject of the research described in the following chapters were 

I) to purify or express the four rabbit P450 2B forms in heterologous systems, 2) to 

investigate the catalytic functions of the expressed or purified rabbit cytochrome P450 2B 

forms using various substrates, and 3) to assess the selectivity of known mechanism

based inactivators towards the rabbit P450 2B forms using marker activities i. e., 

determine if any "P450 2B4 inactivators" are selective for single variant P450 2B forms. 

Significance and Implications 

Several key features of the P450 2B subfamily make the investigation of the 

regulation and catalytic activities of the rabbit enzymes extremely valuable. The P450 2B 

polymorphism is based on both expression of several highly related enzyme forms and 

variability in their expression levels in different individuals. These highly related P450 

2B can be expressed simultaneously in various organs, whereas some individuals lack the 

ability to express one or more P450 2B forms (null phenotypes). Thus, the cytochrome 

P450 2B expression profile may modify the metabolic disposition of a substrate. 

Interindividual differences in the expression of a catalytically distinct P450 2B form, as 

with other known P450 polymorphisms, could cause variable rates of metabolism or 

~-. ----~---..,.......---



altered metabolic profiles. Furthermore, the expression of the P450 2B forms is tissue

specific. Chemicals which are metabolized to reactive or toxic products by one of these 

forms could cause organ or cell-specific toxicity. 
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Although "P450 2B4" in the rabbit has been the subject of much study over many 

years, the catalytic functions of the individual P450 2B forms have not been previously 

characterized. The genotype of an individual will dictate its complement of P450 

enzymes available to metabolize drugs and other xenobiotics. Environmental factors 

such as induction by xenobiotics will also affect the levels of these enzymes. Differential 

expression of P450 2B forms in individual animals in response to "phenobarbital-type" 

inducing chemicals could give rise to altered metabolic disposition of xenobiotics and 

therefore, to differences in the duration or intensity of a pharmacological response or 

susceptibility to chemical toxicity between individuals. The results of these 

investigations will also give new insights into whether "phenobarbital-type induction -

i.e., induction of the P450 2B subfamily" affects all members of the species equally or 

only particular individuals depending on their P450 2B phenotype. 

Characterization of substrate specificities and the mechanism-based inactivation 

of these highly related proteins is also important for relating aspects of their protein 

structure to catalytic function, knowledge important to understanding structure-function 

of cytochromes P450 in general. With one exception (amino acid residue 174), the 

position in the primary sequence for each of the amino acid differences among the four 

rabbit P450 2B forms is unique i. e., a amino acid substitution in one 2B form is not 

found in another. A total of 20 amino acid differences from the published P450 2B4 

protein sequence (Tarr et al., 1983) are present in the 2B-Bx, 2B-B 1, and 2B5 forms. 

Therefore, these variant forms are valuable models to further our knowledge of the key 

------ -~---.-. ._--------



amino acid residues involved in forming the active site environment and determining 

catalytic selectivity. 

Organization of Dissertation 
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The specific aims of my research have been addressed in the following chapters of 

this dissertation. Chapter 2 addresses purification of P450 2B4, transient heterologous 

expression of the four rabbit cytochrome P450 2B forms, and initial investigation of the 

substrate selectivity of each enzyme. The incidence of the P450 2B5 null phenotype and 

its functional consequences in rabbit hepatic microsomes are described in Chapter 3. 

Chapter 3 also describes a novel stable expression system for P450 2B4 and 2B5 using 

human kidney 293 cells. This expression system allowed me to conduct a focused 

evaluation of the catalytic selectivity of P450 2B5 and P450 2B4, the latter serving as a 

representative of the three functionally similar P450 2B enzymes (P450 2B4, 2B-B 1 and 

2B-Bx). The research described in Chapters 2 and 3 identified specific marker activities 

that can be used in hepatic microsomes to distinguish P450 2B5 from the other rabbit 

P450 2B forms. Stably expressed P450 2B4 and 2B5 and the specific markers for 2B4 

and 2B5 activities in microsomes were used to investigate the selectivity of phencyclidine 

and aminobenzotriazole analogs as mechanism-based inactivators of these enzymes 

(described in Chapter 3 and 4, respectively). The following three chapters describe my 

research contributions to four manuscripts (Kedzie et al., 1991 b; Ryan et ai., 1993; 

Grimm et al., in press, 1994; and Grimm et al., submitted, 1994). Each chapter will 

contain its own introductory statements regarding the research problem addressed in that 

chapter, methods, results, and a discussion of the results with respect to existing 

knowledge in the area. A final summary chapter contains a discussion of the major 

conclusions of my work. 



CHAPTER 2 

FUNCTIONAL COMPARISONS OF PURIFIED AND HETEROLOGOUSL Y 

EXPRESSED RABBIT CYTOCHROMES P450 2B4, 2B-BX, 2B-Bl, AND 2B5 

Background 
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The following chapter describes my research contributions to two manuscripts 

published in peer-reviewed scientific journals as well as some previously unpublished 

research. In order to evaluate the potential metabolic consequences of the expression of 

multiple forms of cytochrome P450 2B, the tools necessary to compare their function 

needed to be established. Alternative methods for obtaining preparations of each P450 

2B form with enough purity to investigate their unique catalytic activities were 1) protein 

purification techniques and 2) heterologous expression. Many laboratories have purified 

"p450 2B4" over the past 20 years without knowledge of the other nearly identical forms 

from this subfamily that might contaminate the preparations (Van der Hoeven et ai., 

1974; Haugen and Coon, 1976; Imai et ai., 1980). The functional evaluation of P450 2B4 

was complicated by conflicting reports as to the regio- and stereospecificity of steroid 

hydroxylase activities in various purified preparations (Johnson and Schwab, 1987). As 

evidence for the presence of multiple P450 2B forms2 became available using molecular 

2 The accepted cytochrome P450 nomenclature (Nelson et ai., 1993) lists two 2B forms 
(2B-BO and 2B-B 1) as allelic variants of CYP2B4, and 2B-B2 as a product of CYP2B5. 
The presence of the 2B-Bx form was established after publication of this nomenclature. 
The 2B-B2 form will be referred to in this dissertation as P450 2B5 and the 2B-BO form 
as 2B4 because of its identical deduced amino acid sequence to that of the purified P450 
2B4 (Tarr et al., 1983). The other two rabbit 2B forms will be continued to be referred to 
as 2B-B 1 and 2B-Bx since the gene assignments of the four forms are still uncertain at 
this time. For the hepatic microsomal activities discussed in this paper, the term "p450 
2B4" will refer to the combined activity of P450 2B4, 2B-B 1, and 2B-Bx because of the 
lack of specific markers to distinguish them. I-Ieterologously expressed P450 2B4 will 
refer to the single form encoded by the BO cDNA. 
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cloning techniques, investigators began to examine their chromatographic methods for 

differential retention behavior. Parandoosh et al. (1987) found three fractions with 

different retention on anion exhange chromatography using DEAE-cellulose. In this 

chapter, the steroid hydroxylase activities of these purified P450 2B fractions were 

compared with a hepatic P450 2B4 preparation that was isolated during this investigation. 

In initial attempts to define the steroid hydroxylase activities of the rabbit P450 

2B forms, the cDNAs encoding P450 2B4 and 2B5 were expressed in the yeast 

Saccharomyces cerevisiae (Kedzie et aI., 1991b). A catalytic difference in steroid 

hydroxylase activities between these rabbit P450 2B variants was first detected in the 

yeast expression system. Relatively low levels of steroid hydroxylase activity were 

detected in yeast membranes, although regio- and stereospecific differences in activity 

were observed. 

Although S. cerevisiae is able to express functional cytochromes P450 and target 

them to the yeast endoplasmic reticulum, there is some concern as to whether mammalian 

P450s produced in non-mammalian expression systems accurately reflect the full range of 

catalytic activities observed in mammalian microsomal membranes. This concern led to 

the use of mammalian cells in culture as an alternative expression system. In this study, 

cDNAs encoding the P450 2B4, 2B-B 1, 2B-BX, and 2B5 were subcloned into the COS 

cell expression vector pBCI2BI. Plasmids containing CDNA inserts were used to 

transfect COS-7 (green monkey kidney) cells. Microsomes from COS cells that 

transiently expressed each P450 2B form were evaluated for the ability to metabolize 

androstenedione and testosterone. 

Specific oligonucleotide probes for the BO (P450 2B4), B 1, and B2 (P450 2B5) 

transcripts were synthesized using non-homologous sequences from the 3'-noncoding 

regions of the four 2B cDNAs (Gasser and Philpot, 1988). Microsomal fractions were 

~----'----------'---
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prepared from livers with different phenotypes. The phenotyped microsomal preparations 

were evaluated here to compare their metabolic activities towards androstenedione and 

testosterone. 

The high degree of homology among members of the P450 2 family has 

complicated studies on the expression of individual cytochromes P450. Specific 

oligonucleotides and monoclonal antibodies have been developed to discriminate P450 

mRNAs and proteins, respectively. However, the production of specific monoclonal 

antibodies requires particular expertise as well as the screening of large numbers of 

hybridomas. Site-specific antibodies have been developed against defined variable 

peptide sequences by several investigators to distinguish highly related P450 forms. 

Oesch et al (1989) produced antigens for the generation of site-specific antibodies against 

rat P450 2B 1 using fusion protein technology. Antipeptide antibodies to specific surface 

regions ofP450 lAll1A2 and P450 2B1I2B2 have been successfully used to study the 

expression and function of these related pairs of inducible P450s (Edwards et al., 1989; 

Frey et aI., 1985). An anti peptide antibody was produced here in an attempt to study the 

expression and function of P450 2B5 in the presence of the other rabbit P450 2B forms. 

Materials and Methods 

Materials 

Polyclonal anti-P450 2B4 IgG, full-length cDNA clones encoding 2B4, 2B-B 1, 

and 2B5, a near full-length cDNA for the 2B-BX form were obtained from Dr. R. Philpot, 

National Institutes of Environmental Health Sciences (Raleigh, NC). Thin-layer 

chromatography plates (Baker silica gel, 250 !lm, Si 250 PA (l9C» were obtained from 

Baker Chemicals (Phillipsburg, NJ). 6B-Hydroxy-androstenedione was purchased from 

Steraloids (Wilton, NH). 15a-Hydroxy-androstenedione was obtained from Dr. N. Kirk 

-.------~----, 
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(University of London, London, England). 4-[ 14C] Androst-4-ene-3, 17-dione and 4-

[14C] testosterone were purchased from NEN-DuPont (Wilmington, DE). Restriction 

endonucIeases, DNA-modifying enzymes, DMEM, and penicillin/streptomycin were 

purchased from GIBCO-Bethesda Research Laboratories (Bethesda, MD). The Gene 

Clean kit was purchased from Bio 101 (La Jolla, CA). Bluescript KS- was purchased 

from Stratagene (San Diego, CA). Growth media for Escherichia coli were obtained 

from Difco Co. (Detroit, MI). Fetal bovine serum was purchased from HycIone Labs 

(Logan, UT). DNA isolation kits were purchased from Qiagen (Chatsworth, CA). 

Electrophoresis reagents were purchased from Bio-Rad (Richmond, CA) and 

International Biotechnologies (New Haven, CT). Alkaline phosphatase-conjugated rabbit 

anti-goat IgG, NBT, BCIP, NADPH, androstenedione, testosterone, DLPC, 16a.-OH 

androstenedione and 16a.-OH testosterone were purchased from Sigma Chemical Co. (St. 

Louis, MO). All other materials not listed were obtained from standard commercial 

sources. 

Animals, Treatments, and Microsome Preparation 

A single male New Zealand White rabbit (1.8 kg) was administered phenobarbital 

(0.1 %) in drinking water ad libitum for S days. The rabbit was killed by intracardiac 

injection of phenobarbital. Microsomes were prepared from liver tissue according to 

methods described previously (Halpert et al., 1983). 

Strains and Media 

The E. coli strain used for plasmid isolations and genetic constructions related to 

heterologous expression was DHSa. (Hanahan, 1983). DHSa. was grown in Luria broth at 



37°C. Strains containing a plasmid were cultivated in LB supplemented with 50 Ilglml 

ampicillin. 

COS-7 Cell Expression Plasmids 
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The plasmid vector used to express the four 2B forms in COS cells was pBC 12BI 

(Cullen, 1987). cDNAs encoding P450 2B4 and P450 2B5 were subcloned from yeast 

expression constructs YEpBO and YEpB2, respectively (Kedzie et ai., 1991 b) into 

pBC 12BI using HindIII. The full length 2B-B 1 eDNA and a partial eDNA encoding 

P450 Bx (missing the first two bases) were excised from pBS and subcloned into 

Bluescript KS- using EcoRI. A full length Bx eDNA was generated by substituting a 380 

bp ApaI fragment from the BO cDNA in Bluescript KS- for the 378 bp ApaI fragment 

removed from the partial BX cDNA. The ApaI restriction fragments from the BO and Bx 

cDNAs did not contain any base differences other than the missing AT of the start codon. 

The full length cDNAs were subcloned into pBC 12BI via YEp51 (Broach et al., 1983), in 

order to gain an additional HindIII site. All restriction fragments were isolated from 

agarose gels and purified using the Gene Clean kit. Ligations were performed using 

standard methods. Plasmid DNA for COS cell transfections was isolated and purified 

using Qiagen columns. 

Expression of the P450 2B Forms in COS Cells 

COS-7 cells were grown in monolayer culture at 37°C and 5% C02 in Dulbecco's 

modified Eagle's media (DMEM) supplemented with 10% fetal bovine serum, 100 Vlml 

penicillin, and 100 Ilglml streptomycin. The cells were transfected with plasmid DNA at 

90 to 100% confluency using DEAE-dextran as described previously (Kedzie et al., 

1991 a; Cullen, 1987). After transfection, the cells were maintained in medium containing 



5% fetal bovine serum. COS cell microsomes were prepared at 72 hours as described 

(Kedzie et ai., 1991 a) and stored at -70°C until used. Microsomal protein content was 

evaluated by the method of Lowry (Lowry et al., 1951). Sham-transfected microsomes 

were prepared as described above, although no plasmid DNA was utilized. 

Cytochrome P450 Purifications 
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Lung and liver P450 2B preparations were purified as described previously 

(Serabjit-Singh et ai., 1979; Parandoosh et af., 1987). P450 2B43 fractions were purified 

from liver microsomes from a phenobarbital-treated rabbit with very low P450 2B

specific androstenedione 15a-hydroxylase activity using a method modified from that 

described for the isolation of dog liver P450 2B 11 (Guengerich and Martin, 1980; 

Duignan et al., 1987). Approximately 650 mg of microsomal protein containing 2100 

nmol P450 was solubilized with 0.6% sodium cholate (w/v) in Buffer A (0.1 M 

potassium phosphate, pH 7.5, 0.1 mM EDT A, and 20% glycerol (v/v)), containing 0.4 

mM phenylmethylsulfonylfluoride, 0.02 mM BHT, and ImM dithiothreitol. The mixture 

was centrifuged at 1 OO,OOOg. The supernatant was applied to a 25 x 3.2 cm column of n

octyl-amino-Sepharose 4B. After washing, fractions were eluted with 0.06% (w/v) 

Lubrol PX and 0.33% (w/v) sodium cholate in Buffer A. Pooled fractions were applied to 

a lOx 3.2 cm column of hydroxyapatite C (Hypatite). The column was washed with 0.04 

M potassium phosphate, pH 7.25, with 20% glycerol (v/v), 0.3% (w/v) Lubrol PX. 

Fractions containing P450 2B4 were eluted with 0.09 and 0.18 M potassium phosphate 

(containing 20% glycerol (v/v), 0.3% (w/v) Lubrol PX, and 0.1 mM EDTA). Pooled 

3 The rabbit liver tissue which was the source of this purified fraction was not 
phenotyped for the four cytochrome P450 2B forms. Therefore, we do not know whether 
the purified fraction contains P450 2B4, 2B-B 1, and/or 2B-Bx. 



fractions from hydroxyapatite were dialyzed to remove detergent then applied to a 44 x 

1.0 cm column of DEAE-Sephacel equilibrated with Buffer B (10 mM potassium 

phosphate, pH 7.S), containing 0.1 % (w/v) Lubrol PX, 0.2% (w/v) sodium cholate, 0.1 

mM EDT A, and 20 % (v/v) glycerol. The applied P4S0 pool was not retained on the 
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. DEAE-Sephacel column. Pooled fractions were applied to a 2.S-ml bed of CM

Sepharose. After washing the column with SO mM KCI in S mM potassium phosphate, 

pH 6.S, containing 20% glycerol, 0.2% Emulgen 911, and 0.1 mM EDTA, P4S0 2B4-

containing fractions were eluted with 80 mM KCI containing buffer. After a dialysis 

step, Emulgen 911 was further removed from the final P4S0 2B4 preparation by applying 

the pooled sample to a 1-ml bed of hydroxyapatite (Biogel HT), elution with 300 mM 

potassium phosphate, pH 7.2S, 20% glycerol, and 0.2% sodium cholate, then overnight 

dialysis against 2x I liter 10 mM Tris acetate pH 7.S, 20% glycerol, and O. I mM EDT A. 

Final liver P4S0 2B4 preparations purified from two hydroxyapatite pools were 

electrophoretically homogeneous and had specific contents of IS.7 and 16.8 nmol/mg 

protein. 

Steroid Hydroxylase Assays in Liver Microsomes 

Microsomal protein was incubated with 1 mM NADPH and 2SIlM 

[4-1 4C]androst-4-ene-3,17-dione in a final volume of 1 ml of SO mM HEPES, pH 7.6, IS 

mM MgCI2, and 0.1 mM EDT A. Purified P4S0 2B proteins were reconstituted with a I.S 

molar excess of NADPH-cytochrome P4S0 reductase and DLPC for 20 min at room 

temperature prior to incubation. Reactions with reconstituted protein or liver microsomes 

were allowed to proceed for S min at 37°C. 

COS cell microsomes were preincubated with rat liver NADPH-cytochrome P4S0 

reductase (O.S U/mg microsomal protein) at room temperature for S min prior to the 
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addition of incubation mixtures. Incubation mixtures contained 50 mM HEPES buffer 

pH 7.6,1.5 mM MgCI2, and 0.1 mM EDTA with 25 /-tM 4_[14C] androst-4-ene-3,17-

dione or 200 /-tM 4-[ 14C] testosterone in a final volume of 0.1 m!. Reactions were started 

with the addition of 1 mM NADPH and allowed to proceed for 30 minutes. 

The reactions were stopped with addition of 50 /-tl tetrahydrofuran. Aliquots 

(50 /-tl) of the final 0.15 ml reaction mixture were spotted onto the preabsorbent loading 

zone of a TLC plate. Metabolites were separated by developing TLC plates twice in 

either chloroform/ethyl acetate (1/2, v/v) for androstenedione or dichloromethane/acetone 

(411, v/v) for testosterone and to resolve the 15a-hydroxy-androstenedione metabolite. 

The radiolabelled metabolites were detected by autoradiography and identified by 

comparison of Rf to unlabelled standards. The metabolites of interest were scraped from 

the plate into scintillation vials and quantitated by liquid scintillation counting. 

Measurement of ECOD Activity in COS Microsomes 

COS microsomes (0.3 mg protein) were incubated with 0.3 mM ethoxycoumarin 

in 50 mM HEPES pH7.6, 1.5 mM MgCI2, and 0.1 mM EDTA containing an NADPH

regenerating system (1.0 mM NADP+, 2.5 mM glucose-6-phosphate, and 0.5 Vlml 

glucose-6-phosphate dehydrogenase). COS microsomes were pre-incubated for 10 

minutes with 0.5 Vlmg NADPH-cytochrome P450 reductase prior to the addition of 

substrate. Reactions were stopped by addition of 0.1 ml 2N HCI and the samples were 

extracted with 2 ml MTBE. The MTBE layer was collected and evaporated under a 

nitrogen stream. The sample residues were dissolved in 0.05 ml methanol and 1.95 ml 30 

mM sodium borate. 7-Hydroxycoumarin was detected f1uorimetrically at an excitation 

wavelength of 366 nm and emission wavelength of 454 nm (Greenlee and Poland, 1987; 

Miller and Halpert, 1986). 
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Immunoinhibition Experiments 

Liver microsomes were incubated with pre-immune or goat anti-rabbit P450 2B4 

IgG (10 f..Lg IgG/ug microsomal protein) for 20 minutes prior to the assay of 

androstenedione hydroxylase activities as described above. 

Immunoblot Analysis 

SDS-polyacryamide gel electrophoresis (7.5%) was conducted as described 

(Laemmli, 1973). COS microsomal samples were placed in boiling water for 5 to 10 

minutes before the samples were loaded onto gels. Purified P450 2B4 was not boiled 

prior to electrophoresis. The separated proteins were transferred electrophoretically to 

nitrocellulose in 25 mM Tris pH 8.2, 192 mM glycine, and 20% methanol. The 

electrophoretic transfer time was 45 minutes at a constant 70 V (0.4 to 0.5 A) using a 

refrigerated cooling unit. Detection of immobilized proteins was as described (Kedzie et 

al., 1991 b). Nitrocellulose membranes were blocked following transfer in 3% nonfat dry 

milk in TTBS, then incubated for 1 hour with primary antibody (goat anti-rabbit lung 

P450 2B4 IgG, 15 f..Lg/ml). After washing, membranes were incubated with rabbit anti

goat IgG conjugated to alkaline phosphatase. IgG-bound proteins were visualized with an 

alkaline phosphatase catalyzed reaction using NBT and BCIP. 

Anti-P450 2B5 Antipeptide Antibody 

An II-mer peptide was synthesized on an ExCell Peptide Synthesizer (MilliGen, 

Miliford, MA) with the following amino acid sequence corresponding to P450 2B5 

between residues 362 and 371 plus an N-terminal cysteine for protein conjugation: H2N

CLVPFGAPHMV-CONH2. The C-terminal valine was attached to the peptide as the 

--.,---.----~------.----
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amide to more closely mimic the P4S0 2BS primary sequence. Semi-preparative reverse

phase HPLC was used to purify 32 mg of the peptide which was subsequently conjugated 

to keyhole limpet hemocyanin. 

The peptide conjugate was injected into a goat using a standard large animal 

immunization protocol (Pelfreez Biologicals, Rogers, AR). The antisera and affinity-· 

purified IgG was used to detect microsomal proteins from liver and COS cell 

homogenates to determine the isozyme specificity. 

Results 

Androstenedione Hydroxylase Activity in PB-Treated Rabbit Hepatic Microsomes 

The association of specific androstenedione hydroxylase activities for P4S0 2B4 

and 2BS expressed in the yeast, Saccharomyces cerevisiae, led to the examination of liver 

microsomes from phenobarbital-treated rabbits. Hepatic microsomes from four rabbits 

were analyzed for various steroid hydroxylase activities (Table 2.1). Three of these 

rabbits had been phenotyped by Northern blot analysis for the presence of 2B4, 2B-B I, 

and 2BS mRNAs using specific oligonucleotides (Gasser and Philpot, 1988). Liver 

microsomes from the three phenotyped rabbits demonstrated readily detectable 

androstenedione 16a- and 1 Sa-hydroxylase activities. The ISa- and 16a-hydroxylase 

activities were much lower in microsomes from the BO homozygote rabbit (PB4) and the 

unphenotyped (SWG) rabbit. Microsomes from the livers that expressed 2BS mRNA 

(PB3 and PB6) had much higher activity. Each microsomal sample also hydroxylated 

androstenedione in the 6B- and 16B-positions, although these activities were much less 

variable among the individual animals. 



Table 2.1: Androstenedione hydroxylase activities in phenobarbital-treated rabbit 
liver microsomes. 

Androstenedione Hydroxylase 
Microsomes (nmol x min- 1 x mg protein-I) 
(phenotype) 15a-OH 6~-OH 16~-OH 16a-OH 
PB3 0.29a 1.02 0.91 1.01 
(BOIB 11B2) 0.32 1.06 0.99 0.96 

PB4 (BO) 0.17 0.74 0.74 0.56 
0.15 0.69 0.72 0.36 

PB6 (B 1/B2) 0.40 1.11 0.63 1.50 
0.38 1.19 0.68 1.43 

PB-SWG (not 0.12 1.03 1.65 0.28 
phenotyped) 0.11 1.06 1.58 0.42 
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aValues are the results of duplicate incubations performed as described in the Materials 
and Methods. 

Antibody Inhibition of Androstenedione Hydroxylase Activities 

Antibody inhibition experiments were carried out to determine the contributions 

of P450 2B enzymes to the observed androstenedione hydroxylase activities. The 

microsomes were incubated with a single concentration of either control (preimmune) 

IgG or goat anti-rabbit P450 2B4 IgG prior to the measurement of androstenedione 

metabolism (Figure 2.1). The goal of this experiment was to generate a profile of anti-2B 

inhibitable activities, rather than to completely titrate out each hydroxylase activity. 

Since anti-2B4 IgG is polyclonal, it was assumed that this antibody would cross-react 

with all P450 2B forms in liver microsomes. A number of observations can be made in 

regards to the profile of inhibitable hydroxylase activities. First, the 16~-hydroxylase 

activity that was inhibited by anti-2B4 was essentially equivalent in both microsomal 

samples. The anti-2B4 IgG inhibited approximately 50% of the 16~-hydroxylase activity 
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in each sample. This result suggested that this activity was common to the P450 2B 

forms but also that P450 forms unrelated to P450 2B4 contribute to the 16~-hydroxylase 

activity in rabbits. 

2.0,------------------------, 
o controllgG 
o anti-2B4 IgG 

PB6 (B1/2B5) SOO 

Figure 2.1: Antibody inhibition of androstenedione hydroxylation in PB-induced 
rabbit liver microsomes. The results represent the average of duplicate assays. PB6 
microsomes were phenotyped by Northern blotting to contain the P450 2B-B I and 2B5 
forms. The SWG microsomes were not phenotyped. 

Second, the 15a-hydroxylase activity in PB6 microsomes was inhibited by the anti-P450 

2B IgG to a level equivalent to the non-inhibitable 15a-hydroxylase activity in the 

unphenotyped sample. Similarly, while both microsomes demonstrated 16a-hydroxylase 

activity, the sample phenotyped to have 2B-B I and 2B5 mRNA (PB6) had much higher 

16a-hydroxylase activity inhibitable by anti-2B4 IgG. The inhibitable 16a-hydroxylase 



activity in PB6 microsomes was approximately 5-fold higher than the 15a-hydroxylase 

activity. The inhibition of androstenedione 15a- and 16a-hydroxylase activities in 

microsomes that contain 2B-B 1 and 2B5 suggested that P450 2B enzymes contribute 

significantly to these activities although there are minor contributions to 15a- and 16a

hydroxylation from other non-P450 2B enzymes. Overall, these data suggest functional 

heterogeneity at the level of microsomes as a result of the polymorphic expression of 

multiple P450 2B enzymes. 

Androstenedione Hydroxylase Activities in Various Purified P450 2B Fractions 

The androstenedione hydroxylase activities of different purified preparations of 

P450 2B were determined in an effort to detect activities associated with P450 2B5 
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(Table 2.2). Three fractions were separated by chromatography on DEAE-cellulose 

during the purification of "isozyme 2" from phenobarbital-induce rabbit liver (Parandoosh 

et aI., 1987). Another P450 2B fraction was isolated from lung microsomes. Since P450 

2B5 is not expressed in pulmonary tissue, the activities observed in lung P450 2B 

preparations do not reflect contributions from P450 2B5. A fourth fraction was purified 

from PB-induced liver by a different method as described in the Methods section. All of 

the purified 2B P450s hydroxylated androstenedione primarily at the 16P position and 

exhibited very low or undetectable 15a-hydroxylase activity. The ratio of 16P: 16a 

hydroxylase activities in the SWG preparation was very similar to P450 2B4 isolated 

from pulmonary tissue. This result suggests that this rabbit did not express P450 2B5 in 

liver. The addition of cytochrome bs to reconstituted P450 2B4 (SWG preparation) 

increased the 16a-hydroxy lase acti vity by a factor of 2 (decreased the 16P: 16a ratio from 

12.5 to 6.3) without changing the 16P-hydroxylase activity (data not shown). 



Table 2.2: Androstenedione hydroxylase activities of purified rabbit P450 2B 
fractions. 

Purified (nmol/min/nmol)a Ratio 

Fraction 168-0H 16a-OH 15a-OH 166: 16a 
Lv (DV)b 0.93 0.12 0.022 7.8 

Lv (DA)b 0.70 0.09 0.039 7.8 

Lv (DB)b 0.65 0.12 0.028 5.4 

Lung 2B4c 0.43 0.03 e 14.3 

Lv (SWG)d 1.25 0.10 e 12.5 

(/ Results represent the average of duplicate incubations. 
b Purified hepatic P450 2B fractions separated by DEAE-cellulose chromatography 
(Parandoosh et ai. 1987). 
c Purified pulmonary P450 2B4. 
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d P450 2B protein (specific content 16.5 nmol/mg) isolated from PB-treated rabbit liver 
microsomes devoid of 15a-hydroxylase activity (SWG microsomes, Kedzie et ai. 1991 a). 
e not detected. 

Expression of Rabbit P450 2B cDNAs in COS-7 Cells 

The four rabbit P450 2B cDNAs were transfected into COS-7 cells using DEAE-

dextran. To investigate the expression levels and P450 activities for each 2B form, 

microsomal fractions were prepared at 72 hours after transfection. COS cell microsomal 

proteins were resolved on SDS-polyacrylamide gels and electrotransferred to 

nitrocellulose. P450 2B proteins were detected with goat anti-rabbit P450 2B4 and a 

color reaction catalyzed by alkaline phosphatase (Figure 2.2). A single prominent protein 

band was observed for each P450 2B form (lanes 4-7), while no immunoreactive protein 

was detected in sham-transfected microsomes (Lane 3). COS cells transfected with the 

cDNAs encoding P450 2B4, 2B-B 1 and 2B-BX expressed equivalent amounts of P450 

2B protein (Lanes 4-6), whereas cells transfected with P450 2B5 cDNA (lane 7) 

expressed much lower amounts. 
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An identical Western blot developed with rabbit anti-rat P450 2B 1 as the primary 

antibody demonstrated that the four rabbit 2B forms were expressed in COS cells at 

different levels, and the apparent lower expression level of P450 2B5 did not reflect any 

A 

1 2 3 4 5 6 7 8 9 

- - ---

B 

1 2 3 4 5 6 7 8 9 

Figure 2.2: Immunoblots of four forms of rabbit cytochrome P450 2B expressed in 
COS-7 cells. Proteins separated by SDS-PAGE and transferred to nitrocellulose 
membranes were detected with A) goat anti-P450 2B4 IgG, or B) rabbit anti-P450 2B 1 
IgG. PB-induced rabbit hepatic microsomes - 0.1 J.lg protein (lanes I and 9); 0.1 pmol 
purified cytochrome P450 2B4 (lanes 2 and 8); 25 J.lg microsomal protein from sham
transfected COS cells (lane 3); from transfected COS cells (2B4, lane 4; 2B-BX, lane 5; 
2B-B I, lane 6; 2B5, lane 7). 

lower immunoreactivity with anti-2B4 IgG. The differential expression levels do not 

appear to be related to differences in degradation of the proteins, as low molecular weight 
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bands were observed with similar intensity in each lane that contained microsomes from 

transfected COS cells. 

Steroid Hydroxylase Activities of the COS-Expressed P4S0 2B Forms 

All four COS-expressed 2B proteins demonstrated the ability to catalyze the 

hydroxylation of androstenedione and testosterone. COS microsomes containing P450 

2B4, 2B-BX, and 2B-B 1 catalyzed the 16-hydroxylation of androstenedione at similar 

rates and with similar stereoselectivities (Table 2.3). COS microsomes expressing P4S0 

2BS exhibited much higher androstenedione 16-hydroxylase activities despite containing 

lower levels of immunoreactive protein (Figure 2.2). The catalytic differences between 

the expressed P450 2B5 and the other P450 2B forms is dramatically evident in the 

stereoselectivity for 16-hydroxylation. COS microsomes expressing P4S0 2B5 also 

demonstrated a relatively high androstenedione 1 Sa-hydroxylase activity, confirming 

previous results obtained with P450 2BS expressed in yeast (Kedzie, Philpot, and Halpert, 

1991). Androstenedione I Sa-hydroxylase activity was not detected in COS microsomes 

expressing P450 2B4, 2B-B I, or 2B-BX. 

Regio- or stereoselectivity in the formation of hydroxylated metabolites were not 

observed when testosterone was used as the substrate. All four expressed forms of rabbit 

P4S0 2B hydroxylated testosterone at the 16a-position although the activity of the P4S0 

2B5 microsomal preparation was significantly higher (405 pmol x 30 min-I xmg protein

I) than the activity of 2B4, 2B-B I, or 2B-BX (range: 3 to II pmol x 30 min- I x mg 

protein-I). Testosterone 15a-hydroxylation was not observed with any COS microsome 

preparation, including those containing P4S0 2B5. In addition, none of the phenotyped 

hepatic microsome samples exhibited testosterone 15a-hydroxylase activity. 
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Table 2.3: Activities of rabbit P450 2B expressed in COS cellsa 

Rate (pmol metabolite/30 min/mg protein) 

Androstendione Hydroxylation ECOD 
16a 1613 lig 1613: 16a 

P4502B4 15 69 b 4.6 4260 

P450 2B-B 1 11 84 b 7.6 1650 

P4502B-BX 25 107 b 4.3 2970 

P4502B5 1950 51 576 0.03 45 

a Results represent the average of 2 to 4 assays. Corresponding dpms from sham
transfected samples were used as blanks. 
b not detectable. 

These studies indicate that 2B4-BO, 2B4-B 1 and 2B4-BX have only low steroid 

hydroxylase activities, despite adequate levels of expression determined by immunoblot 

analyses (Figure 2.2). 7-Ethoxycoumarin O-deethylase (ECOD) activities in the COS 

microsome preparations were evaluated to determine whether the activities of the 

expressed P450 2B preparations were low for other non-steroid substrates. In contrast to 

their low steroid hydroxylase activities, P450 2B4-BO, 2B4-B 1 and 2B4-BX efficiently 

catalyzed the deethylation of 7-ethoxycoumarin, while P450 2B5-B2 had relatively little 

ECOD activity (Table 2.3). 

P450 2B5-Specific Antipeptide Antibody 

In an attempt to produce a site-specific antibody against P450 2B5 protein, a 

peptide of eleven amino acid residues was synthesized to match the most variable region 

of the P450 2B5 primary sequence. The peptide encompassed 10 amino acid residues in 

"---------_._---_. ------~--.-.--
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2B5 including residues 362 to 371 which contains three differences from the other rabbit 

P450 2B forms. The sequences of the 2B5 peptide compared to the same region in P450 

2B4 are; 

Residue: 363 367 370 
P4502B5: Leu-Val-Pro-Phe-Gly-Ala-Pro-His-Met-Val 
P4502B4: Leu-Ile-Pro-Phe-Gly-Val-Pro-His-Thr-Val 

Antiserum was produced against the conjugated peptide in a goat. The titer of the specific 

anti peptide antibody in the antiserum was relatively low compared to the antibody 

response to keyhole limpet hemocyanin (the antigenic protein used as a conjugate). The 

specificity of the antiserum and the anti-peptide IgG purified by affinity chromatography 

was checked on Western blots of the COS-expressed 2B proteins. Various COS cell 

proteins across a broad molecular weight range appeared to bind the antibodies. Proteins 

at molecular weights corresponding to P450 2B were observed for each COS preparation 

when compared to blots developed using polyclonal anti-2B4 IgG. No specific response 

was gained through manipulation of the blotting procedure conditions or through different 

purification techniques. Retrospectively, the production of a site-specific antibody may 

not have been successful for several possible reasons including the low antigenic 

potential of the amino acids within the region, residues 362 to 371, and the high 

crossreactivity between other proteins in COS cell microsomes. 

Discussion 

The observation of a potentially unique profile of steroid hydroxylase activities 

for yeast-expressed rabbit P450 2B5 was confirmed in this investigation by expression of 

the four highly related P450 2B forms in mammalian cells. Significantly higher 
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expression levels in the COS cell expression system allowed the examination of these 

differences with more precision. With the steroid and non-steroid substrates evaluated 

here, the 2B4, 2B-BX, and 2B-B 1 forms are functionally indistinguishable. All four 

forms of P450 2B catalyze 16a-hydroxylation of androstenedione and testosterone. 

However, the 16a-hydroxylase activity of P450 2B5 is at least 100-fold greater than that 

of the other forms. Thus, P450 2B5 appears not only substantially more active towards 

testosterone and androstenedione, but also exhibits a decidedly different stereoselectivity. 

The 16~: 16a hydroxylation ratio for 2B4, 2B-B I, and 2B-BX ranges from 4 to 8, while 

for 2B5, the ratio was 0.03. In contrast to the high steroid hydroxylase activity of P450 

2B5, this P450 2B form exhibits only trace levels of 7-ethoxycoumarin O-deethylase 

activity. The other three forms catalyze the O-deethylation of this substrate with similarly 

high activity. Although it is still possible that the 2B4, 2B-B 1, and 2B-BX P450 forms 

may metabolize another substrate differently, this possibility is not very likely due to 

recent information on the positions of specific substrate recognition sites (SRS) within 

the P450 2B sequence (Ootoh, 1992). Residue 290 of P450 2B-B I (lie) is the only amino 

acid relative to P450 2B4 or 2B-Bx (Leu) that can be mapped to a putative substrate 

recognition site (SRS-4). The Leu ~ lie substitution between these enzymes may not be 

sufficiently different to modify the substrate specificities. In contrast, several of the II 

amino acid differences in P450 2B5 are within SRS including residues 114 (lie ~ Phe) 

and 120 (Arg ~ His) in SRS-I, residues 286 (Oln ~ Arg) and 294 (Ser ~ Thr) in SRS-

4, and residues 363 (lie ~ Val), 367 (Val---7 Ala), and 370 (Thr ---7 Met) in SRS-5. 

The androstenedione hydroxylase activities in hepatic microsomes from 

phenobarbital-treated rabbits that expressed different phenotypes also showed different 

metabolite profiles. The 15a-hydroxylase activity associated with P450 2B5 was largely 

inhibitable by polyclonal anti-P450 2B4 IgO. The 16~-hydroxylase activity was also 
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inhibited by anti-2B4 although not nearly as completely. This result suggests that other 

non-2B enzymes contribute to this activity in PB-induced hepatic microsomes. The 

inhibitable 16B-hydroxylase activity was remarkably constant for both of the individual 

microsomes assayed. One might speculate that the rabbit used for subsequent P4S0 2B 

purification could influence the formes) isolated. Thus, the protein identified as P4S0 

2B4 in one laboratory could exhibit different substrate specificities from a P4S0 2B4 from 

another laboratory depending on the rabbit used as the source of microsomal protein. 

This may explain some of the conflicting reports in the literature on the activities of P4S0 

2B4, especially with regard to steroid hydroxy lases. 

Separation of P4S0 2BS from the other 2B4-related P4S0s by conventional protein 

purification techniques has not been reported. In this study, the androstenedione 

hydroxylase activities were evaluated in various purified preparations. Androstenedione 

I Sa-hydroxylase activity was very low or not detectable in the preparations from lung 

and Ii ver tissue. In the future, it may be possible to monitor androstenedione ISa

hydroxylase activity as an aid in the isolation of a purified P4S0 2BS preparation. 

The actual structural basis for the distinct catalytic acitivities for P4S0 2BS is the 

subject of other research at this time. Out of the ten amino acid differences from the 

other three rabbit P4S0 2B forms, residue 114 has been demonstrated to be critical for the 

activity of a number of enzymes in P4S0 gene family 2 including rat P4S0 2B 1 (Christou 

et aI., 1992; Halpert and He, 1993), dog P4S0 2B II (Kedzie et aI., 1993; Hasler et ai., 

1994), and mouse P4S0 2A4 (Lindberg and Negishi, 1989). Residues 363, 367, and 370 

also map to putative substrate recognition site on P4S0 2B enzymes (Gotoh, 1992) and 

experimental evidence has now shown that amino acid residues in this region of the rat 

P4S0 2B I are important in determining substrate specificity and regio- and 

stereoselectivity (He et ai., 1994). 



CHAPTER 3 

CATALYTIC SELECTIVITY AND MECHANISM-BASED INACTIVATION OF 

STABLY EXPRESSED AND HEPATIC CYTOCHROMES P450 2B4 AND 2B5. 

IMPLICATIONS OF THE CYP2B5 POLYMORPHISM 

Background 
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The rabbit has been shown to express at least four cytochrome P450 2B forms 

exhibiting >97% amino acid sequence identity (Gasser et al., 1988; Ryan et al., 1993). 

Other cDNA sequences have been published for rabbit P450 2B forms, but they appear to 

be allelic variants rather than additional genes (Nelson et al., 1993; Imai et at., 1988). 

The cDNAs studied in our laboratories were designated 2B-BO, 2B-B 1, 2B-B2, and 2B

Bx based on restriction analysis and sequencing. The 2B-BO cDNA was shown to have a 

deduced amino acid sequence identical to that reported for the purified P450 "LM2" 

enzyme (Tarr et at., 1983), and we have therefore designated the gene product as P450 

2B4. The 2B-B2 cDNA is designated here as P450 2B5 based on its tissue-specific 

expression. The possibility of at least five different P450 2B phenotypes in rabbit liver 

was recently described (Ryan et at., 1993) based on mRNA analysis in various tissues. 

Results from those investigations showed that some animals may lack the ability to 

express the 2B5 form. 

Functional characterization of variant P450 2B forms is important for several 

reasons including the potential to 1) pinpoint the structural elements that might alter 

catalytic function and 2) investigate the metabolic and toxicologic consequences of 

individual variation and organ specificity in P450 expression patterns. The presence of 

multiple highly related P450 2B forms in liver tissue has made protein purification 

techniques less desirable as a means to characterize the structure and function of an 

,--,--~-----.-,---. ---.-~---
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individual rabbit P450 2B form. In fact, most preparations of P450 "LM2" purified from 

rabbit liver likely contain multiple P450 2B forms (Roberts et at., 1994). The four rabbit 

P450 2B forms were recently studied in our laboratories by transient expression in COS-7 

cells. Three of these forms, P450 2B4, 2B-B 1, and 2B-Bx, were functionally 

indistinguishable based on their steroid hydroxylase activities (Ryan et af., 1993). In 

contrast, the P450 2B5 form was found to catalyze the hydroxylation of androstenedione 

with distinct regio- and stereospecificity. Androstenedione 15a-hydroxylase activity was 

proposed as a potential specific marker of P450 2B5 activity. Since the P450 2B4, 2B

Bx, and 2B-B 1 forms appear to be functionally identical, phenotypes with one or more of 

these three P450 2B variants would not be expected to be functionally different. In 

contrast, rabbits which express the 2B5 form may demonstrate altered hepatic metabolism 

compared with rabbits that do not express this form. 

Benzphetamine, 7-ethoxycoumarin, and certain 7-alkoxyresorufins are frequently 

used to determine the activity of cytochrome 2B enzymes in microsomes and purified 

preparations (Serabjit-Singh et af., 1979; Schwab and Johnson, 1987; Lubet et af., 1990). 

Androstenedione and testosterone have been utilized more recently as specific probes, 

because they are hydroxylated with pronounced regio- and stereoselectivity by many P450 

enzymes (Waxman, 1988). Cytochrome P450 2B enzymes are also involved in the 

metabolism of other compounds such as methylenedioxybenzene (MOB) and 

phencyclidine (PCP). Metabolism of MOB by P450 2B produces catechol, a potentially 

toxic metabolite (Kumagai et af., 1991). MOB metabolism can also inhibit drug 

metabolism due to the formation of a metabolite intermediate complex (Kumagai, 1992). 

PCP, a frequent drug of abuse with significant toxicologic risk, can also inhibit drug 

metabolism due to the metabolism-dependent inactivation of P450 2B enzymes (Osawa 

and Coon, 1989). Based on our previous investigations showing the regio-and 



stereoselective hydroxylation of androstenedione by P450 2B5 compared with the other 

2B forms in rabbit, we sought to evaluate the selectivity of these enzymes toward 

commonly studied P450 2B substrates. 

In this investigation, the incidence and the functional consequences of the P450 

2B5 nuIl phenotype in hepatic tissue were examined. A novel stable expression system 

for P450 2B4 and 2B5 has been established using human kidney 293 cells. This 

expression system has all owed us to further evaluate the catalytic selectivity of these 

highly related enzymes and to identify a specific substrate for P450 2B4. Stably 

expressed P450 2B4 and 2B5 and specific markers for their activities in microsomes 

allowed the investigation of the selectivity of PCP as a mechanism-based inactivator of 

these enzymes. 

Materials and Methods 

Materials 
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DNA isolation kits were purchased from Qiagen (Chatsworth, CA). Restriction 

endonucleases, DNA modification enzymes, DMEM, penicillin/ streptomycin, and 

Geneticin™(G418 sulfate) were purchased from Gibco BRL (Bethesda, MD). NuSerum 

IV was purchased from CoIlaborative Biomedical (Bedford, MA). Growth media for 

Escherichia coli were obtained from Difco (Detroit, MI). The plasmid, pRc/CMV was 

purchased from Invitrogen (San Diego, CA). A control cDNA probe for glyceraldehyde -

3- phosphate dehydrogenase was obtained from Clontech (Palo Alto, CA). ')'-End 

labeling and nick translation kits were purchased from Boehringer Mannheim 

(Indianapolis, IN). All SDS-PAGE reagents were purchased from BioRad (Richmond, 

CA). [4- 14C]-Androst-4-ene-3, 17-dione and [32p]-ATP were obtained from New 

England Nuclear (Boston, MA). Thin layer chromatography plates (silica gel, 250 Jlm, Si 



250 PA (19C) were purchased from Baker Chemicals (Phillipsburg, NJ). NADPH, 

androstenedione, 16a-hydroxyandrostenedione, 7 -ethoxycoumarin, umbelliferone, 

benzphetamine, resorufin, and pentoxy- and benzyloxyresorufin were purchased from 

Sigma (St. Louis, MO). Methylenedioxybenzene, catechol, and sesamol were obtained 

from Aldrich (Milwaukee, WI). All other reagents and supplies were obtained from 

standard commercial sources. 

Animals, Treatments, and Preparation of Microsomes 

Male New Zealand White rabbits (1.5-2 kg) were purchased from Hazleton 

Laboratories (Denver, PA) and were administered phenobarbital (0.1 % w/v) in the 

drinking water for 5 days. The rabbits were killed by pentobarbital overdose. Liver 

tissue was removed and frozen in liquid nitrogen for subsequent preparation of RNA. 

Separate pieces of liver were processed immediately to prepare microsomes using 

previously described methods (Halpert et at., 1983). Microsomal suspensions were 

stored in 10 mM Tris-acetate pH 7.4, 0.1 mM EDTA, and 20 % glycerol at -80°C. 

Northern Blot Analysis of Total Hepatic RNA 
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Total RNA was prepared from 0.1 to 0.3 g liver tissue using an acid guanidinium 

isothiocyanate-phenol:chloroform extraction method (Chomczynski and Sacchi, 1987; 

Siebert and Chenick, 1993). Lithium chloride was used to remove glycogen from an 

initial RNA pellet before final purification. Total RNA (20 Ilg) from each of the 10 

phenobarbital-treated rabbits was separated by electrophoresis on 1 % agarose gels 

containing formaldehyde. Separated RNA was transferred to positively charged nylon 

membranes (Boehringer Mannheim, Indianapolis, IN). The nylon membranes were 

washed in 2X SSC (0.3 M NaCl, 0.030 M sodium citrate, pH 7.0) and UV crosslinked for 
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35 seconds. Membranes were incubated for 3 hours at 48°C in hybridization solution (5X 

SSPE, pH 7.4, 5X Denhardt's solution, 0.1 % sodium pyrophosphate, 0.1 % SDS, and 50% 

formamide, and 90 flg sheared salmon sperm DNA). The blots were probed overnight at 

48° or 55°C in hybridization solution containing [32p] 5' end-labeled oligonucleotides 

(2B44 probe = 5'-AATGACCAGGGGTCCCTGTGGCC-3'OH; and 2B5 probe = 5'

ACGACCAGGGCGGTGCGGTGGGG-3'OH) specific for the P450 2B-BO and -B2 

forms, respectively. Hybridized blots were washed three times for 30 minutes in IX 

SSC/O.2% SDS at the hybridization temperature and then subjected to autoradiography at 

-70°C. 

Transient Expression of the Rabbit P450 2B Forms in COS-7 Cells 

The cDNAs encoding the four known rabbit P450 2B forms (2B4, -Bx, -B 1, and 

2B5) were transfected into COS-7 cells using DEAE-dextran as previously described in 

Chapter 2 (Kedzie et ai., 1991). 

Stable Expression in Human Kidney 293 Cells 

Human kidney-derived 293 cells (HK293) were grown in DMEM containing 10% 

NuSerum IV at 37°C and 5% C02' The cDNAs encoding the 2B4 and 2B5 forms were 

bidirectionally subcloned using HilldIII from the COS cell expression vector, pBC 12BI, 

into the multiple-cloning site of the eukaryotic expression vector pRc/CMV. The 

pRc/CMV vector contains the cytomegalovirus promoter for high level expression and a 

4 Complementary 23-mer oligonucleotide probes (CYP2B4 bases 1495 to 1517 and 
CYP2B5 bases 1498 to 1520) specific for CYP2B4 and CYP2B5 were synthesized based 
on sequence regions 3' to their stop codons. Much of the 2B5 probe sequence 
corresponds to deletions in the 3'-flanking regions of the CYP2B4, 2B-B1, and 2B-Bx 
forms (Ryan et af., 1993). The 2B4 oligonucleotide does not detect the 2B-B 1 and 2B
Bx forms. 
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neomycin resistance gene for selection for cells that have incorporated the plasmid genes. 

Insertion of the cDNAs into the pRc/CMV vector was determined by polymerase chain 

reaction. The correct orientations of the 2B4 and 2BS cDNAs in pRc/CMV were checked 

using ApaI digestions and fragment length analysis. Plasmid DNAs containing cDNA 

inserts in the correct orientation were isolated and purified for HK293 transfections using 

Qiagen columns. 

The reSUlting plasmids, pRcBO and pRcB2, were transfected into HK293 cells 

using a calcium phosphate precipitation method (Transfinity kit, Gibco BRL). After a 24 

hour incubation with precipitated plasmid DNA, the cells were washed and grown for an 

additional 24 hr in fresh DMEM containing 10% NuSerum IV. The cells were split on 

the third day 1 :20 and 1 :SO into DMEM media containing 10% NuSerum IV and 0.8 

mg/ml G418 sulfate for selection of cells containing the neomycin resistance gene. 

Resistant cell foci were isolated using cloning rings after an 18 - 21 day selection period. 

Isolated cell foci were expanded into 6-well plates containing the selection media. Cell 

lines expressing high levels of P4S0 2B4 or 2BS were chosen for subculture using 

immunoblotting and ethoxycoumarin O-deethylase or androstenedione ISa-hydroxylase 

activity assays, respectively. The cells were routinely subcultured once per week. Cells 

were detached using fresh serum-free culture media. Trypsin was used, after gently 

rinsing the plates with PBS, to detach cells and break up cell aggregates on every third 

passage. 

Human kidney 293 cells could be removed from culture dishes without digestive 

enzyme treatment by washing the plates with cold phosphate-buffered saline, pH 7.4. 

Cells were pelleted by refrigerated centrifugation in PBS. The pelleted cells from 8-16 

plates (IS cm diameter) were sonicated on ice for IS seconds (2x) in 0.2S M sucrose, 

1 mM EDT A. Cell debris were removed by centrifugation for S minutes at 10,000 x g. 

-~........,.----.----. 
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Microsomes were pelleted by centrifugation at 101,000 x g for 30 minutes and then were 

resuspended in buffer containing 10 mM Tris acetate pH 7.5, 0.1 mM EDTA, and 20% 

glycerol and stored at -70°C. 

Catalytic Activities of P450 2B4 and 2B5 

Androstenedione hydroxylase activities were determined by incubating 25 /-lM 

[14C] androstenedione for 5 minutes with 25/-lg liver microsomes or 30 minutes with 

200 /-lg HK293 microsomes. Incubations included 1 mM NADPH and incubation buffer 

(50 mM HEPES, pH 7.5, 0.1 mM EDTA, and MgCI2 - 15 mM for liver microsomal 

incubations; 3 mM for HK293 microsomes). Exogenous reductase was not added to 

HK293 cell microsome incubations. 

Benzphetamine N-demethylation was determined by assaying for formaldehyde 

formation (27). Benzphetamine incubations were carried out for 30 minutes using 1 mM 

substrate, 1 mg HK293 microsomal protein, 33 mM phosphate buffer, pH 7.4,5 mM 

MgCI2, and an NADPH-generating system containing 10 mM glucose-6-phosphate, 

1 mM NADP+, and 1 unit Iml glucose-6-phosphate dehydrogenase. 

Ethoxycoumarin O-deethylase activity (ECOD) was determined by incubating 200 

/-lg HK293 microsomal protein for 5-15 minutes with 0.3 mM 7 -ethoxycoumarin, 

incubation buffer (as described for AD incubations), and 1 mM NADPH. The reactions 

were terminated by adding 0.1 ml 2N HCI and extracted with 2 ml methyl t-butyl ether 

(MTBE). The MTBE layer was back-extracted against 30 mM sodium borate. 

Hydroxycoumarin was determined fluorimetrically at 454 nm with an excitation 

wavelength of 366 nm (Greenlee and Poland, 1978). 

The formation of catechol from methylenedioxybenzene (MDB) was measured by 

incubating microsomal preparations (1 mg protein) were incubated with 1 mM MDB and 
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50 units superoxide dismutase in incubation buffer (described above for AD incubations) 

for 15 minutes at 37°C. The reaction products, catechol and sesamol, were separated and 

quantitated by reverse phase HPLC and UV detection at 23! nm. Incubations (0.5 ml) 

were extracted with 2 ml MTBE. Redissolved sample residues were injected onto a 250 

x 4.6 mm Zorbax SB-C8 column (MacMod, Chadds Ford, PA) with a mobile phase of 

20% acetonitriIe:water at a 1.5 ml/min flow rate. Retention times for catechol, sesamol, 

and methylenedioxybenzene were 4.5,6.5, and 10 minutes, respectively. 

Pentoxyresorufin (10 /lM) or benzyloxyresorufin (10 /lM - 250x dilution from a 

DMSO stock solution) was incubated in buffer (described above for AD incubations) 

with 0.1 - 0.2 mg HK293 microsomes for 15 minutes. Incubations were started by the 

addition of I mM NADPH. Liver microsomes (20 /lg) were incubated under the same 

conditions for 2 minutes after the addition of NADPH. Reactions were stopped by the 

addition of 1.5 ml methanol. Precipitated protein was removed by centrifugation. The 

fluorescent product, resorufin, was measured at an excitation wavelength of 550 and 

emission wavelength of 585 nm. 

Immunoblot Analysis 

SDS-polyacrylamide gel electrophoresis (10%) was conducted using standard 

conditions (Laemmli and Favre, 1973). Separated proteins were transferred 

electrophoretically to nitrocellulose as described previously (Kedzie et at., 1991 b). After 

blocking, the nitrocellulose membranes were incubated with goat anti-rabbit lung 2B4 

IgG (20 /lg/ml in 3% non-fat dry milk) then alkaline phosphatase-conjugated rabbit anti

goat IgG. IgG-bound protein was detected using alkaline phosphatase catalyzed 

NBT/BCIP reaction (SigmaFast, Sigma Chemical Co.). 
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Immunoinhibition Experiments 

Untreated or phenobarbital-induced microsomes were incubated at room 

temperature with preimmune or goat-anti-rabbit lung 2B4 IgG (10 Ilg/Ilg microsomal 

protein) for 30 minutes prior to addition of the incubation components for assay of 

androstenedione hydroxylase or benzyloxyresorufin O-debenzylase activity as described 

above. 

Mechanism-Based Inactivation of P450 2B4 and 2B5 by Phencyclidine 

For inactivation experiments with heterologously expressed P450 2B4 and 2B5, 

primary incubations contained 0.1 mM phencylidine with 5 mg/ml HK293 microsomes, 

50 mM HEPES, pH 7.5,3 mM MgCI2, 0.1 mM EDTA, and 1 mM NADPH at 37°C. The 

mixtures were preincubated with the inhibitor for 3 minutes before the addition of 

NADPH to start the reaction. Aliquots containing 200 Ilg expressed protein were 

removed at various time points and added to secondary incubations containing 50 mM 

HEPES pH 7.5, 3 mM MgCI2, 0.1 mM EDTA, 1 mM NADPH, and 0.3 mM 7-

ethoxycoumarin (P450 2B4) or 25 IlM androstenedione (P450 2B5). In phenobarbital

induced hepatic microsomes, various concentrations of inhibitor were preincubated to 37° 

C with liver microsomes (1 mg protein/ml) in buffer containing 50 mM HEPES, pH 7.5, 

15 mM MgCI2, and 0.1 mM EDT A. Reactions were started by adding NADPH to a final 

concentration of 1 mM. Aliquots containing 20 or 25 Ilg microsomal protein were 

transferred at various times to secondary incubations containing 25 IlM 

[14C]androstenedione or 10 IlM benzyloxyresorufin in 50 mM HEPES, pH 7.5,15 mM 

MgCI2, and 0.1 mM EDT A. Secondary incubations were allowed to proceed for 5 

minutes for the expressed 2B forms or 2 minutes for hepatic microsomes before 



quenching the reaction. Metabolite formation for each substrate was assayed as 

described above. 

Inactivation Data Analysis 
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The kinetic parameters for inactivation of microsomal P4S0 2B4 and 2BS were 

estimated using a non-linear regression analysis program (ENZFITTER, Cambridge, UK). 

Miscellaneous Methods 

Cytochrome P450 content was determined by measuring the reduced carbon 

monoxide difference spectrum (absorption coefficient of 91 mM-l cm- 1 ) between 450 and 

490 nm (Omura and Sato, 1964). NADPH-cytochrome P4S0 reductase was assayed in 

each cell line by measuring reduction of cytochrome c using a standard colorimetric 

method (Williams and Kamin, 1962). Microsomal protein was measured using 

bicinchoninic acid reagent (Smith et aI., 1985) using bovine serum albumin standards. 

Results 

Effects of Polymorphic P4S0 2B5 Expression on Androstenedione Metabolism 

Previous investigations in our laboratories suggested that rabbits treated with 

phenobarbital can exhibit at least five P450 2B phenotypes in liver and that some animals 

may not express CYP2B5 (Ryan et aI., 1993). Androstenedione lSa- and 16a

hydroxylation were identified in yeast and COS cell expression systems as activities of 

P4S0 2BS, while the other three rabbit P450 2B forms catalyze 16B-hydroxylation with 

little 16a- and no 15a-hydroxylase activity. In this study, I sought to 1) determine the 

incidence of the P4S0 2B5 null phenotype, 2) determine the effect of individual variation 
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in P4S0 2BS expression on the metabolism of androstenedione in hepatic microsomes, 

and 3) substantiate the use of androstenedione 1 Sa-hydroxylase activity as a marker of 

P4S0 2BS activity. Total hepatic RNA and microsomal fractions were prepared from ten 

phenobarbital-treated rabbits. The total cytochrome P4S0 levels in the induced 

microsomal fractions varied from 2.3 to 3.1 nmol P450/mg protein. On a Western blot, 

little variation was observed in the levels of immunoreactive protein among the induced 

animals using a polyclonal anti-P450 2B4 IgG which detects all P450 2B forms in the 

rabbit (Figure 3.1). The four rabbit P450 2B forms are not separable by conventional 

SDS-PAGE methods so that the contribution of each form to the total P450 2B response 

could not be assessed on the immunoblot. 

p 1 2 3 4 5 6 7 8 9 10 

Figure 3.1: Immunoblot of microsomes prepared from ten individual phenobarbital 
treated rabbit livers. Lane P contains 0.3 pmol purified P450 2B4. Microsomal protein 
(0.3 Ilg) from each sample was separated on a denaturing 7.5% SDS-polyacrylamide gel 
and transferred to nitrocellulose. P450 2B were detected with goat anti-rabbit P450 2B4, 
rabbit anti-goat IgG conjugated to alkaline phosphatase, and BCIPINBT color reagents. 

Northern blot analysis was performed to evaluate the incidence of the null 

phenotype, i. e., animals devoid of P4S0 2B5. Blots hybridized with oligonucleotides 

that specifically detect 2B4 or 2B5 mRNA each contained a single major band of 

approximately 2.4 kilobases in size. (Figure 3.2A). 
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Figure 3.2: Hepatic cytochrome P450 2B4 and 2B5 expression and microsomal 
androstenedione metabolism. (A) Northern blots of total RNA recovered from ten 
individual phenobarbital treated rabbit livers (lanes 1 through 10). Total liver RNA 
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(20 I-lg) was separated on agarose gels and hybridized with 32P-labeled oligonucleotides 
specific for the 2B4 and 2B5 forms of cytochrome P450 2B. (B) Autoradiogram of 
hydroxylated androstenedione metabolites from incubations with 10 individual rabbit 
liver microsomes. Microsomes (25 I-lg protein) were incubated with 25 I-lM [14C]
labelled androstenedione for 5 minutes before being stopped by the addition of 
tetrahydrofuran. Aliquots (1/3 total volume of sample) were separated on a TLC plate. 
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Minor additional bands at -2.7 and 3.2 kb were also detected using the 2B5 

oligonucleotide. The P450 2B5 oligonucleotide hybridized with mRNA in only 6 of the 

10 rabbit livers, while four animals contained no detectable 2B5 mRNA, indicating that 

the null phenotype is common in rabbits. RNA isolated from one animal (RAB#4) that 

expressed P450 2B5 did not hybridize with the P450 2B4-specific oligonucleotide, while 

three animals had considerably weaker 2B4 bands than the remaining animals. Since 

P450 2B5 has never been shown to be expressed in liver without the presence of other 

CYP2B forms, rabbit #4 likely also expressed the P450 2B-B I and/or 2B-Bx forms. The 

rabbit 2B-B 1 and 2B-BX forms have similar catalytic activities to P450 2B4 (Ryan et al., 

1993). Therefore, any functional changes that might occur due to differences in the 

expression levels of P450 2B4 in microsomes would depend on whether or not the animal 

also expressed the 2B-B 1 or 2B-Bx form. 

The regio- and stereoselective hydroxylation of androstenedione was monitored in 

the rabbit hepatic microsomes to determine the functional consequences of polymorphic 

expression of P450 2B5. Significant interanimal variation was clearly evident in the 

androstenedione metabolite profiles for the ten phenobarbital-treated animals (Fig. 2B). 

Whereas little variation was observed between animals for androstenedione 613- and 1613-

hydroxylase activities, the 15a- and 16a-hydroxylase activities were highly variable. 

Four animals (rabbits 2,5,6, and 10) exhibited very low 15a- and 16a-hydroxylase 

activity. The remaining six animals had much higher 15a- and 16a-hydroxylase 

activities. The androstenedione 15a-hydroxylase activities in each sample were 

significantly correlated (r = 0.91) with the amount of 2B5 mRNA estimated by laser 

densitometry (Figure 3.3). A correlation can also be made between 2B5 expression and 

the 16a-hydroxylase activity in microsomes, although P450 forms other than those in the 

2B subfamily also contribute to this steroid hydroxylase activity (Schwab and Johnson, 



1987). Androstenedione 15a-hydroxylase activity might be used in the future as a 

microsomal marker of P450 2B5 expression in liver when investigators are interested in 

the contribution of this P450 2B form to the metabolism of drugs or other chemicals. 
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Figure 3.3: Correlation between androstenedione 15a-hydroxylase activity and 
P450 2B5 mRNA in phenobarbital-treated rabbit livers. The level of mRNA 
hybridized with a 2B5-specific oligonucleotide was estimated using laser densitometry. 
Liver RNA from four animals (rabbit 2, 5, 6, and 10) did not hybridize with the P450 
2B5-spf!cific oligonucleotide. These four animals had microsomal lSa-hydroxylase 
activity of 0.04 nmol/min/mg. 

Stable Heterologous Expression of P4S0 2B4 and 2BS 

Stable expression of P4S0 2B4 and 2BS was employed as a means to study the 
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catalytic activities of these structurally similar but functionally different 2B forms in more 

detail by providing a continuous source of the individual enzymes. Human kidney 293 
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cells (HK293) were chosen for stable expression of P450 2B4 and 2B5 because of the 

available vectors for high level expression and the presence of sufficient NADPH

cytochrome P450 reductase to support P450 catalysis. Androstenedione hydroxylase 

activities were not detected in the native HK293 cell line in initial evaluations of these 

cells as a candidate for cytochrome P450 expression (data not shown). The cDNAs 

encoding the P450 2B4 and 2B5 were transfected into HK293 cells using the pRc/CMV 

expression vector. After a period of stringent selection with a neomycin analog, resistant 

cell foci were individually expanded. In situ assays for steroid hydroxylase (2B5 

containing cells) or ECOD (2B4 containing cells) were performed on 40-50 clones 

containing each recombinant P450 2B form to facilitate the subculture of those cell lines 

exhibiting the highest enzyme activity. A 5- to 10-fold variation in enzyme activity was 

observed between different clonal cell lines when substrate was incubated in situ. This 

difference in activity is probably due to the copy number of each gene incorporated into 

the cell genome, although this possibility was not investigated. The 3 or 4 cell lines that 

exhibited the highest activity were subcultured. Microsomes were prepared from the 

subcultured cell lines for further analysis. For each cell line, the amount of protein 

detected on immunoblots was found to correlate well with catalytic activity measured in 

microsomal fractions. 

HK293 microsomal proteins were resolved on SDS-polyacrylamide gels, 

transferred to nitrocellulose and detected with a polyclonal antibody to rabbit P450 2B4 

and an alkaline phosphatase-catalyzed color reaction (Figure 3.4). A single protein band 

was detected for each P450 2B form, while no immunoreactive protein was detected in 

sham-transfected cells (Lane 6). Densitometric estimation of the amounts of each P450 

2B form in microsomes was performed using mUltiple standard levels of purified P450 

2B4. P450 2B5 was expressed at approximately 100 pmol per milligram of microsomal 
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Figure 3.4: Immunoblot analysis of P4S0 2B4 and 2BS expressed in HK293 cell 
microsomes. Microsomal protein from each sample was separated on a 10% SDS
polyacrylamide gel and transferred to nitrocellulose. The expressed proteins were 
detected with goat anti-rabbit P450 2B4, rabbit anti-goat IgG conjugated to alkaline 
phosphatase, and BCIPINBT color reagents. Lanes 1-5 : 1.0, 0.3, 0.3, 0.1, and 0.05 pmol 
purified P450 2B4; Lane 6: 20 IlRsham-transfected HK293 microsomes; Lanes 7-9: 5, 
10, and 20 Ilg microsomal protein from HK293 cells expressing P450 2B4; Lanes 10-12: 
5, 10, and 20 Ilg microsomal protein from HK293 cells expressing P405 2B5. 

protein, a relatively high level in mammalian expression systems. The 2B4 form was 

expressed at approximately 30 pmol per milligram in this cell line. Degradation to lower 

molecular weight fragments did not appear to be a factor contributing to the difference in 

maximal expression levels for each form. Near constant expression levels for the two 

P450 2B proteins were observed over a period of approximately nine months with weekly 

passage of cells. The levels of expression as well as the extremely stable nature may 

make the human kidney 293 cells an excellent candidate for stable expression of other 

P450 enzymes. 

Catalytic Activities of Stably Expressed P450 2B4 and 2B5 

Until recently, little was known about the multiplicity of P450 2B forms and the 

functional uniqueness of P450 2B5. The objective in further characterizing the substrate 

specificities of P450 2B4 and 2B5 was to measure their contributions to the metabolism 
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of some of the substrates most commonly used to measure the activity of purified 

preparations of P4S0 2B4 and to monitor the induction or inhibition of P4S0 2B enzymes 

in microsomes. Additionally, like the androstenedione I Sa-hydroxylase activity for P4S0 

2BS, I sought to identify a substrate that could be used to monitor P4S0 2B4 activity 

without interference from P4S0 2BS or P4S0s from other subfamilies. 

In order to validate the HK293 expression system, the metabolism of 

androstenedione by 2B4 and 2BS expressed in HK293 cells was compared to that 

observed in the COS expression system (Ryan et at., 1993). The regio- and stereospecific 

hydroxylations of androstenedione observed after expression in HK293 cells were similar 

TABLE 3.1: Androstenedione hydroxylase activities ofP450 2B4 and P450 2B5 
expressed in HK293 cells. 

Androstenedione hydroxylase activity 

Expressed P450 2B ISa-OH 16a-OH 16P-OH 6P-OH 

Sham nda nd nd nd 

2B4 nd 6 (7) 66 (73) nd 

2B5 1770 (590) 2850 (950) nd 720 (240) 

a "nd" means the activity was not detected. 
Microsomes (0.2 mg) were incubated with [14C]androstenedione (25 11M substrate) in 
the presence of I mM NADPH. Reactions were carried out for 30 minutes at 37°C. 
Hydroxylated metabolites and unmetabolized AD were separated by thin layer 
ch.romatography. The activities are expressed as pmol/30 min/mg protein and are the 
average of duplicate determinations using pools from the HK293 cell lines. The 
numbers in parentheses are turnover numbers (pmol/min/nmol) based on densitometric 
estimation of the amount of protein on a Western blot using goat anti-P450 2B4. 



to those observed for the 2B forms expressed in COS cells (shown in Table 2.3). P450 

2B4 expressed in HK293 cells catalyzed the hydroxylation of androstenedione 

exclusively at the 16-position, with a pia ratio of about 10 (Table 3.1). The 16p:a 

hydroxylation ratio is slightly different from that reported for COS-expressed P450 2B4 

(p:a = 5). This difference is probably due to the inaccuracy involved in measuring the 

very low 16a-hydroxylase activity for 2B4 in these expression systems. P4SO 2B4 

purified from either lung, where P4SO 2BS is not present, or liver tissue that did not 

contain 1 Sa-hydroxylase activity, has 16p:a ratios of 12 to 14 (Ryan et aI., 1993). 

HK293-expressed P450 2B5 catalyzed 16a-, 15a-, and 6p-hydroxylation, while 16P 
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-hydroxylation was not observed for this form. 6P-Hydroxylase activity was occasionally 

observed in COS cells expressing P4SO 2B5 but was not previously quantitated due to 

high background levels in the native cell line. 

As previously shown with the P450 2B forms expressed in COS cells, the stably 

expressed P450 2B4 had much higher 7-ethoxycoumarin O-deethylase activity than 2B5 

(Table 3.2). The 14-fold difference in activity for the 2B4 form could make 

7-ethoxycoumarin a good candidate as a selective 2B4 marker. However, the use of 

7-ethoxycoumarin as a specific 2B4 marker in liver microsomes is precluded by the fact 

that P450s from other families and subfamilies also metabolize this compound (Schwab 

and Johnson, 1987). 

Benzphetamine N-demethylation, probably the most common reaction used to 

determine P450 2B activity in microsomes and reconstituted systems, was catalyzed by 

both P450 2B4 and 2B5. The N-demethylase activity of 2B4 was approximately four-

fold higher than that of 2B5. Therefore, benzphetamine will probably continue to be a 

useful marker of P450 2B4 function in lung microsomes, where 2B5 is not expressed. In 

liver tissue, however, the significant contribution of 2B5 to benzphetamine 

. -------_._------ -----.-~-
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N-demethylation makes this marker less useful as a marker of P450 2B4 activity without 

first determining the P450 2B phenotype of the donor animal. Similar to the selectivity of 

the two P450 2B forms towards benzphetamine, 2B4 catalyzed the dealkylation of 

pentoxyresorufin at a five-fold higher rate than the 2B5 form. This substrate has 

frequently been used in rat liver microsomes to determine the induction of P450 2B. 

Based on these findings, some consideration should be given to the multiplicity of P450 

2B forms in rabbits when using 

TABLE 3.2: Catalytic activities of HK293-expressed P450 2B4 and 2B5. 

P4502B4 P4502B5 Substrate 
pmol/minl nmol/minl pmol/minl nmol/minl Selectivity 

Substrate mg nmolQ mg nmol (2B4:2BS)b 

Benzphetamine 980 32.7 760 7.6 4.3 

Ethoxycoumarin 115 3.5 25 0.25 14.0 

Methylenedioxybenzene 155 5.5 33 0.35 15.7 

P~ntoxyresorufin 14 0.47 9 0.09 5.2 

Benz~lox~resorufin 27 0.90 0.6 0.006 160 

Substrate concentrations: (benzphetamine, 1 mM; ethoxycoumarin, 0.3 mM; 
methylenedioxybenzene, 1 mM; pentoxyresorufin, 10 11M; benzyloxyresorufin, 10 11M). 
No exogenous cytochrome P4S0 reductase was added to the microsomes. Each value is 
the average of duplicate determinations in pooled microsomes from each cell line. 
a Turnover numbers were calculated based on the amount of enzyme expressed 
determined using densitometry on a Western blot with purified P4S0 2B4 as standards. 
b The values for substrate selectivity are based on the ratio of 2B4 vs. 2BS turnover 
numbers. 

pentoxyresorufin to monitor phenobarbital-type induction. P4S0 2B4 expressed in 

HK293 cells catalyzed the formation of catechol from methylenedioxybenzene (MDB), 
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whereas the expressed 2B5 metabolized MDB at a 16-fold lower rate. Therefore, one 

might expect MDB to be metabolized in all cell types that express P450 2B4 and be little 

influenced by the polymorphic expression of P450 2B5 in liver. 

The HK293-expressed P450 2B4 was extremely selective over the 2B5 form 

towards benzyloxyresorufin (160-fold differential). In an effort to determine whether the 

rabbit P450 2B-BX and 2B-B 1 forms also catalyze the O-dealkylation of 

benzy loxyresorufin, microsomes from COS-7 cells expressing each of the four P450 2B 

forms were incubated under identical reaction conditions to the HK293-expressed 

enzymes. The P450 2B4, 2B-Bx, and 2B-B 1 forms expressed in COS-7 cells catalyzed 

benzyloxyresorufin O-dealkylation (BROD; 32, 57, and 25 pmol x min-1 x mg-1 , 

respectively) while this activity was not observed with the COS-expressed 2B5 form. 

These results in the expression systems demonstrate that benzyloxyresorufin 

debenzylation could be used as a selective marker for the P450 2B4, -Bx, and -B 1 forms 

without interference from P450 2B5. 

Antibody Inhibition of BROD Activity in Rabbit Liver Microsomes 

Antibody inhibition experiments were performed in rabbit liver microsomes to 

determine whether the BROD activities observed with recombinant 2B4, 2B-Bx, and 2B

B 1 forms were specific to enzymes in the P450 2B subfamily (Table 3.3). Untreated or 

phenobarbital-induced microsomes were incubated with a single concentration of 

preimmune IgG or anti-P450 2B4 IgG prior to assessing BROD activity. In untreated 

rabbit microsomes, BROD activity was inhibited by 89% when anti-2B4 IgG was added. 

In phenobarbital-induced microsomes, greater than 97% of the BROD activity was 

inhibited with anti-2B4 IgG. The high extent of inhibition of BROD activity by anti-2B4 

IgG demonstrates that benzyloxyresorufin can also be used in both untreated and induced 
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microsomes to monitor P450 2B4 activity without interferences from P450 forms in other 

subfamilies. 

TABLE 3.3: Antibody inhibition of benzyloxyresorufin O-debenzylase activity in 
untreated and phenobarbital-treated rabbit liver microsomes. 

IgG added % 

Microsomes Nonea Preimmune Anti-2B4 Inhibitionb 

Untreated 0.25 0.28 0.03 89.0 
0.27 0.25 0.03 

PB-treated 3.69 3.21 0.09 97.4 
3.65 3.30 0.08 

Microsomes (20 /-Lg) were incubated at 37°C with 10 /-LM benzyloxyresorufin, 50 mM 
HEPES buffer pH 7.6, and 1 mM NADPH for 2 minutes in a final volume of 0.5 m!. 
The production of resorufin was determined fluorimetrically. Samples receiving antibody 
were incubated with 10 /-Lg IgG//-Lg microsomal protein for 30 minutes at room 
temperature prior to addition of substrate, buffer, and NADPH. Incubations without IgG 
added were preincubated for 30 minutes at room temperature with an equivalent volume 
of PBS. 

aActivity units are nmol/min/mg, the activity for each duplicate is shown. 
bRepresents the difference in activity between microsomes incubated with preimmune 
and anti-2B4 IgG. 

Inactivation of Recombinant P450 2B4 and 2B5 by Phencyclidine 

Several laboratories have studied the metabolism of phencyclidine (PCP) and the 

corresponding mechanism-based inactivation of cytochromes P450 (Osawa and Coon, 

1989). In the rabbit, the activities that were inhibited by PCP were those catalyzed by the 

P450 2B subfamily. Knowledge of the functional differences between P450 2B4 and 

P450 2B5 led us to investigate whether the two 2B forms could be differentially 

inactivated by PCP. Kinetic inactivation experiments were performed using the HK293-



expressed 2B4 and 2B5 forms (Figure 3.5). At an initial PCP concentration of 0.1 mM, 

the recombinant 2B4 appeared to be selectively inactivated over the 2B5 form. P450 

2B4, measured in the HK293 expression system using 7-ethoxycoumarin, exhibited 

biphasic inactivation with a rate constant of 0.12 min- 1 for the initial fast phase. The 
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reason for this apparent biphasic time course is uncertain at this time. The expressed 2B5 

form appeared to be inactivated at a slow but detectable rate (ki = 0.03 min-I) using 

androstenedione 15a-hydroxylase activity as a marker. 

HK293 EXPRESSED P450 28 
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Figure 3.5: Inactivation by PCP of P450 2B4 and 2B5 expressed in human kidney 
293 cells. Incubations were performed with 0.1 mM PCP in microsomal fractions (5 
mg/ml) from the HK293 cell lines expressing recombinant 2B4 and 2B5. Aliquots were 
removed at various times to assay for ethoxycoumarin O-deethylase (for expressed 2B4) 
or androstenedione 15a-hydroxylase (for expressed 2B5) activities. 
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PCP Inactivation of P4S0 2B4 and 2BS in PB-Induced Hepatic Microsomes 

Phenobarbital-induced hepatic microsomes, which contained both P4S0 2B4 and 

2BS as judged by Northern blot analysis, were incubated with various concentrations of 

PCP to compare the inactivation of P4S0 2B4 and 2BS in a more integrated system. 

Furthermore, specific marker activities allowed us to investigate the basis for the poor 

inactivation of P4S0 2BS (Figure 3.6). Benzyloxyresorufin was used in these experiments 

to monitor the inactivation of P4S0 2B4 and the other two functionally related CYP2B 

forms (P4S0 2B-B I and 2B-Bx) that might be present in the microsomes. The 

androstenedione I Sa-hydroxylase activity in the microsomes was used as a specific 

marker for P4S0 2BS. Benzyloxyresorufin O-debenzylation was inactivated in the liver 

microsomes by PCP and exhibited biphasic kinetics at the higher concentrations similar 

to those observed with recombinant P4S0 2B4. Inactivation of androstenedione ISa

hydroxylase displayed first order kinetics, although little increase was observed in the 

inactivation rate constant for P4S0 2BS over the concentration range. In addition to the 

low inactivation of l5a-hydroxylase activity, pre-incubation with PCP caused losses in 

other androstenedione hydroxylase activities (6P-hydroxylase and an unidentified 

activity) in PB-induced hepatic microsomes, an observation that suggests that PCP 

inactivates P4S0 forms from other subfamilies (data not shown). The observed rate 

constants were used to calculate apparent KI values for P450 2B4 and 2B5 in the 

microsomal system of 124 /lM and 7S /lM, respectively. The maximal rate constant for 

inactivation of P450 2BS was 3-fold lower than for 2B4 (O.OS min- I vs. O. 17 min- I, 

respectively). Therefore, the poor ability of PCP to inactivate P4S0 2BS is a result of a 

low maximal rate constant. This inference was further confirmed with HK293-expressed 

P450 2B4 and 2BS in that a greater than 4-fold difference in the rate constants remained 

experiments also demonstrate the utility of benzyloxyresorufin O-debenzylase and 

-----,-----,_. -. --~~-. -. ------~----~~-. -. ~---~~ 
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Figure 3.6: Time- and concentration·dependent inactivation of P450 2B4 and 285 
activities in PB·liver microsomes by phencydidine. Residual (A) benzyloxyresorufin 
O-debenzylase (BROD) and (B) androstenedione 15a-hydroxylase activities were 
measured at various time points during preincubation with PCP at the indicated 
concentrations, The lines shown were drawn by linear regression analysis of the natural 
logarithm of the percent residual activity as a function of inhibitor incubation time up to 5 
minutes. The 100% values for BROD and androstenedione 1 Sa-hydroxylase activities at 
1 mM PCP (data not shown). In addition to evaluating PCP as a mechanism-based 
inactivator, these for the microsomal samples used in the inactivation experiments were 
2.9 ancl 0.45 nmol/min/mg protein, respectively, 



androstenedione I Sa-hydroxylase activities to monitor P450 2B4 and 2B5 activity in 

microsomes. 

Discussion 
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Our previous investigations with a small number of substrates demonstrated that 

three of the four known rabbit CYP2B enzymes (P450 2B4, 2B-B I, and 2B-Bx) are 

functionally indistinguishable, whereas P450 2B5 is catalytically unique. In this 

investigation, Northern hybridization experiments showed that four out of ten PB-treated 

animals were totally deficient in hepatic P450 2B5 mRNA. The regio- and stereospecific 

pattern of androstenedione hydroxylation in hepatic microsomes from individual 

phenobarbital-treated rabbits was shown to be dramatically different in those animals that 

were devoid of P4S0 2B5. Stable expression in human kidney 293 cells has now allowed 

us to characterize the substrate selectivities more fully and investigate the mechanism

based inactivation of P450 2B5 and of P4S0 2B4, as a representative of the three 

functionally similar CYP2B forms. Phencyclidine was found using the recombinant 

enzymes to be a selective mechanism-based inactivator of P450 2B4 over 2BS. In the 

process of evaluating four substrates, benzyloxyresorufin O-debenzylation was identified 

as an activity of P450 2B4 but not P450 2B5. The poor inactivation of P450 2BS by PCP 

was found using the 2B4- and 2B5-selective markers in hepatic microsomes to result 

from a low maximal rate constant. 

Androstenedione l5a-hydroxylase activity in phenobarbital-induced livers from 

individual rabbits was significantly correlated with the level of 2BS mRNA on Northern 

blots. Androstenedione 15a-hydroxylase activity should be a valuable specific marker in 

future studies of rabbit P450 2B5, whereas P450 forms from other subfamilies contribute 

to the 6P- and 16a-hydroxylase activities observed in microsomes. The low level (0.04 



nmol/min/mg) of lSa.-hydroxylase activity in the livers that were devoid of 2BS mRNA 

was only partially inhibited by the addition of anti-P4S0 2B4 IgG (data not shown). 

Additionally, lung microsomes (P4S0 2BS is not expressed in lung) were found to have 

only trace androstenedione ISa.-hydroxylase activity (8 pmol x min- 1 x mg- 1). These 

results suggest that the low residual androstenedione ISa.-hydroxylase activity is due to 

P4S0s other than the 2B subfamily. Because of this low residual activity, it will be 

important to use liver microsomes from rabbits with high ISa.-hydroxylase (0.4 - O.S 

nmollmin/mg) activity in future studies of P4S0 2BS. The profound alteration in the 

regio- and stereoselectivity of androstenedione hydroxylation in the P4S0 2BS null 

phenotype suggests that variation in the expression of functionally different P4S0 2B 

forms between individual animals may be an important consideration when studying the 

effects of phenobarbital-type induction on xenobiotic as well as androgen metabolism. 
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The substrates evaluated in this investigation are commonly used to measure P4S0 

2B induction or to monitor the activity of microsomal or purified P4S0 2B4 during 

enzyme inactivation and other mechanistic investigations. Using the heterologously 

expressed enzymes, benzyloxyresorufin metabolism was found to be specific to P4S0 2B4 

and its related forms (2B-Bx, and 2B-B 1)5. Benzyloxyresorufin debenzylation was nearly 

completely inhibited by anti-P4S0 2B4 IgG in both untreated and phenobarbital-induced 

liver microsomes. The antibody inhibition results together with the heterologous 

expression studies confirm that BROD activity can be used as a specific marker of P4S0 

5 Except for the Leu~Ile substitution at residue 290 in the 2B-B 1 form, the amino acid 
differences in 2B-Bx and -B 1 are outside of the substrate recognition sites (SRS) 
proposed for cytochromes P4S0 2 enzymes (Gotoh, 1992) and therefore, would not be 
expected to cause differences in substrate specificity. In contrast, several of the 11 
differences between 2B4 and 2BS fall within SRS and align with residues that are 
important for determining substrate specificity in rat 2B 1 (He et ai., 1992; He et ai., 
1994). 
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2B4 activity in microsomes without contributions to this activity from P450 2B5 or P450 

forms from other subfamilies. In reconstituted systems, the alkoxyresorufin substrates are 

rapidly reduced by exogenously added NADPH-cytochrome P450 reductase (Dutton and 

Parkinson, 1989; unpublished observations). Therefore, benzyloxyresorufin is not a 

reliable marker for monitoring the activity of purified, reconstituted 2B4. Interestingly 

though, the discovery of benzyloxyresorufin metabolism as a specific activity of P450 

2B4 might not have been possible using other non-mammalian expression systems that 

require the addition of exogenous reductase. 

Whereas benzyloxyresorufin dealkylation was specific for the 2B4-related forms, 

the metabolism of the other substrates studied here (benzphetamine, ethoxycoumarin, 

pentoxyresorufin, and methylenedioxybenzene) was catalyzed to some extent by both 

P450 2B4 and 2B5. The catalytic activities of P450 2B4 towards these substrates were 4 

to 16-fold higher than those measured for P450 2B5 in the HK293 expression system. 

Benzphetamine and ethoxycoumarin have been used previously as catalytic markers for 

P450 2B4 function in lung and phenobarbital-induced liver microsomes (Serabjit-Singh, 

Wolf, and Philpot, 1979) and may continue to be useful markers of P450 2B4 activity in 

rabbit lung and kidney microsomes, where the 2B5 form is not expressed (Gasser, 

Negishi, and Philpot, 1989; Ryan et al., 1993). For hepatic microsomes, the compounds 

may not be optimal P450 2B4 markers, since the measured activities will depend to some 

extent on whether or not the donor animal expresses the P450 2B5 enzyme. 

The turnover numbers for P450 2B4-catalyzed metabolism of benzphetamine and 

methylendioxybenzene in the HK293 expression system appear to be 2 to 4-fold lower 

relative to the values reported for purified reconstituted P450 2B, while the 

ethoxycoumarin O-deethylase activity for HK293-expressed 2B4 is similar to that 

reported (Schwab and Johnson, 1987; Kumagai et al., 1989, Osawa and Coon, 1989). 
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Differences between the activities observed in heterologous expression as opposed to 

reconstituted systems can have several explanations including the expression of non

functional enzyme or differences in the ratio of P450:NADPH-cytochrome P450 

reductase. Purified "P450 2B4" preparations may contain mixtures of 2 to 3 P450 2B 

forms, where each form contributes to the overall activity of the preparation. Since 

investigators have not yet purified P450 2B forms from phenotyped animals, the 

possibility of multiple P450 2B forms in a purified preparation precludes a completely 

reliable comparison of the metabolic activities between a single heterologously expressed 

form and purified P450 2B enzyme. 

The metabolism of phencyclidine (PCP) has been the subject of investigation in 

several laboratories because of its ability to cause the covalent binding and mechanism

based inactivation of cytochrome P450 (Ward et al., 1982; Hoag et ai., 1984; Brady et ai., 

1987; Osawa and Coon, 1989). Liver microsomes from phenobarbital-treated rabbits 

were shown to metabolize PCP, and purified P450 2B4 was found be subject to the 

metabolism-dependent inactivation caused by PCP. However, the presence of P450 2B5 

in the purified preparation was not determined in those investigations. In addition, 

previous studies have used less selective substrates such as benzphetamine and 

7-ethoxycoumarin to monitor the inactivation of P450 2B4 in rabbit liver microsomes and 

reconstituted systems. Using a stable heterologous expression system, I established that 

PCP selectively inactivates 2B4 with little effect on P450 2B5. The selectivity of the 

mechanism-based inactivation by PCP further exemplifies the functional dissimilarity 

between these two P450 enzymes that differ at only II out of 491 amino acid residues. In 

order to show the utility of microsomal markers for P450 2B4 and 2B5 and determine the 

basis for poor inactivation of P450 2B5, I used benzyloxyresorufin O-debenzylase anel 

androstenedione 15a-hyelroxylase to evaluate the kinetics of inactivation for P450 2B4 
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and 2B5, respectively, in microsomes. Even though the apparent Kr values were not 

different, the maximal rate constant for inactivation of androstenedione 15a-hydroxylase 

is much lower than that for benzyloxyresomfin O-debenzylase in microsomes. Poor 

inactivation of P450 2B5 may be related to several steps in the inactivation process 

including the rate of PCP conversion to reactive species and the partition ratio, i.e., the 

number of turnovers per inactivation event. Selective inactivation by PCP will be useful 

in the future for investigating stmcture-function relationships for P450 2B4 and 2B5. 

Changes in the kinetics of inactivation have been used recently in conjunction with site

directed mutagenesis to help pinpoint amino acid residues in P450 2B 1 that are critical to 

its catalytic function (Kedzie etal., 1991a; He etal., 1992; He etal., 1994). 

Human kidney 293 cells represent a novel system for the expression of 

cytochrome P450 enzymes in a stable mammalian cell line. These cells have been used 

previously to express pharmacologically important proteins such as cGMP-gated ion 

channels (Dhallan et al., 1990). The stable nature of this mammalian expression system 

is an advantage over labor intensive transient expression systems such as COS cells when 

a source of a single P450 form is required over an extended period of time. HK293 cells 

supplied a continuous source of P450 2B4 and 2B5 at sufficient levels to allow us to 

conduct studies on their substrate specificities and mechanism-based inactivation. Also, 

enough NADPH-cytochrome P450 reductase is present in these cells to obviate the 

requirement for adding exogenous flavoprotein to microsomal incubations, a step that 

frequently occurs with the use of non-mammalian expression systems. As with other 

mammalian cell lines used to express cytochromes P450, HK293 cells might be useful for 

assessing cytotoxicity due to xenobiotic bioactivation by a particular P450 form. 

In conclusion, the polymorphic expression of P450 2B5 can profoundly influence 

the metabolic disposition of androstenedione and therefore, may similarly modify the 

", 
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biotransformation of some xenobiotic substrates. The changes in metabolic disposition 

and any toxic or pharmacologic consequences associated with the induction of P450 2B 

enzymes will be determined by interanimal differences and tissue specificity in the 

expression of highly related forms as well as the structural features of the substrate. In 

rabbits, the use of benzyloxyresorufin debenzylation and androstenedione lSa

hydroxylation as specific markers for P4S0 2B4 and 2BS activity, respectively, will now 

allow more specific measurement of P450 2B4 and 2B5 in liver microsomes, where both 

forms may be expressed concomitantly. 



86 

CHAPTER 4 

SELECTIVITY AND KINETICS OF INACTIV ATION OF RABBIT HEPATIC 

CYTOCHROMES P450 2B4 AND 2B5 BY N-ARALKYLATED 

DERIVATIVES OF l-AMINOBENZOTRIAZOLE 

Background 

Chemical inhibitors are useful tools for studying the contribution of a particular 

P450 form to the biotransformation ofaxenobiotic or endogenous compound ill vitro. 

Specific chemical inhibitors can also be used to probe and modulate the function of 

different P450 forms ill vivo (DiSalle et ai., 1992; Halpert et ai., 1985a; Mathews and 

Bend, 1993). Mechanism-based inactivators, also known as suicide substrates, are among 

the most specific enzyme inhibitors. Mechanism-based inactivators are substrates for the 

target enzyme, which is irreversibly inhibited following catalytic conversion of the 

inhibitor to chemically reactive intermediates or products (Rando, 1984). The specificity 

of suicide substrates is potentially high, since inactivation is due to both the binding and 

catalytic specificity of the enzyme, in contrast to reversible inhibition, which requires 

only binding. As an additional advantage ill vivo, decreased enzyme activity persists after 

a mechanism-based inactivator is cleared from the body, whereas an inhibitor working via 

a reversible mechanism must be present in an organ or cell continuously to maintain the 

inhibitory effect (Halpert et ai., 1994). 

Cytochromes P450 2B have been shown to be important in several species for the 

pulmonary and hepatic biotransformation of endogenous and xenobiotic compounds of a 

structurally diverse nature (Nilsen et ai., 1981; Schulze, Richter, and Philpot, 1990). 
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Several mechanism-based in activators have been identified or designed to inactivate P450 

2B forms in various species. Chloramphenicol (Halpert et al., 1985b), 

N-(2-nitrophenethyl)chlorofluoroacetamide (Halpert et al., 1990), N-methylcarbazole 

(Kuemmerle et al., 1994), and acetylenic structures such as 2-ethynylnaphthalene and 

9-ethynylphenanthrene (Hopkins et al., 1992) are mechanism-based inactivators of P450 

2B I in rat. Inactivators of rabbit P450 2B4 demonstrated in microsomes and 

reconstituted systems include phencyclidine (Osawa and Coon, 1989), 

2-ethynylnapthalene (Roberts et al., 1994), and N-methylcarbazole (Kuemmerie et al., 

1994). N-substituted derivatives of I -aminobenzotriazo!e have been shown to selectively 

inactivate P450 2B4 in rabbit lung and P450 2Bx in guinea pig lung in vitro (Mathews 

and Bend, 1986; Woodcroft et al., 1990) and ill vivo (Mathews and Bend, 1993; Knickle 

et al., 1994). 

P450 2B4 and functionally-related forms comprise most of the P450 content in 

lungs of uninduced rabbits. In contrast to the pulmonary P450 complement, the hepatic 

cytochrome P450 system is much more complex. Liver tissue contains several different 

P450 forms from various subfamilies, many of which are induced by xenobiotics. Four 

highly related P450 2B forms have been demonstrated in rabbit liver after phenobarbital 

treatment (Ryan et al., 1993; Gasser et al., 1988). One of the rabbit P450 2B enzymes, 

P450 2B5, is expressed only in hepatic tissue and only in some animals. P450 2B4, 2B

Bx, and 2B-B I can be expressed in both pulmonary and hepatic tissue. Investigations 

using heterologous expression in COS-7 cells (Chapter 2) showed that P450 2B5, 

although 98% identical in amino acid sequence, was catalytically distinct from P450 2B4 

and the two other structurally and functionally related CYP2B forms (Ryan et al., 1993). 

Using stable heterologous expression of 2B4 and 2B5 (Chapter 3), benzyloxyresorufin 0-

debenzylase and androstenedione 15a-hydroxylase activities were demonstrated to be 
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selective markers of 2B4 and 2B5 activities, respectively, whereas several other 

substrates commonly used to assess P450 2B activity, such as benzphetamine and 

pentoxyresorufin, were recently found to be only partially selective in differentiating 2B4 

from 2B5. The expressed 2B4 and 2B5 enzymes in conjunction with the specific markers 

for the activities of these forms in hepatic microsomes recently allowed us to identify the 

selective mechanism-based inactivation of P450 2B4 as opposed to 2B5 by 

phencyclidine. These findings suggested that other mechanism-based inactivators of 

P4502B in rabbits may also selectively inhibit or inactivate either 2B4 or 2B5. 

N-benzyl-aminobenzotriazole (BBT) and N-a-methylbenzyl-aminobenzotriazole 

(aMB) are potent mechanism-based inactivators developed to inactivate 2B4 in lung. 

These derivatives contain the ABT nucleus with molecular features for mechanism-based 

inactivation and structural similarities to benzphetamine to target P450 2B enzymes 

(Mathews and Bend, 1986). When administered to phenobarbital-treated rabbits, BBT 

inactivated pulmonary benzphetamine N-demethylase nearly completely, while only 25% 

of the hepatic N-demethylase activity was lost (Mathews and Bend, 1993). The N-a

methylbenzyl analog was much less organ specific than BBT. Although these findings 

could result from differences in the tissue distribution of the compounds, differential 

inactivation of P450 2B4 and 2B5, which are differentially expressed in lung and liver yet 

not distinguishable using benzphetamine, could account for these results. 

In this study, I evaluated the selectivity ofBBT and aMB towards the functionally 

distinct P450 2B4 and 2B5 using reconstituted 2B4, P450 2B4 and 2B5 stably expressed 

in human kidney 293 cells, and specific marker activities in phenobarbital-treated rabbit 

liver microsomes. I also evaluated for the first time, the kinetics (concentration and time

dependence) of mechanism-based inactivation of P450 2B4 and 2B5 by BBT and aMB in 

liver microsomes. 
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Materials and Methods 

Materials 

Thin layer chromatography plates (silica gel, 250llm, Si 250 PA (19C») were 

purchased from Baker Chemicals (Phillipsburg, NJ). Benzyloxyresorufin, 

dilauroylphosphatidylcholine (DLPC), Lubrol PX, PMSF, and NADPH were purchased 

from Sigma Chemical Co. (St. Louis, MO). HEPES and sodium cholate were purchased 

from Calbiochem (San Diego, CA). I ,8-Diaminooctane was obtained from Aldrich 

(Milwaukee, WI). Sepharose 4B, DEAE-Sephacel, and CM-Sepharose were purchased 

from Pharmacia (Piscataway, NJ). Hypatite C was purchased from Clarkson Chemical 

(Williamsport, PA). Biogel HT was purchased from BioRad (Richmond, CA). DMEM, 

penicillin/ streptomycin, and Geneticin™(G418 sulfate) were purchased from Gibco BRL 

(Bethesda, MD). NuSerum IV was purchased from Collaborative Biomedical (Bedford, 

MA). Growth media for Escherichia coli were obtained from Difco (Detroit, MI). The 

plasmid, pRc/CMV was purchased from Invitrogen (San Diego, CA). [4- 14C]-androst-4-

ene-3, 17-dione was obtained from New England Nuclear (Boston, MA). All other 

reagents and supplies were obtained from standard commercial sources. 

Synthesis of N-Substituted Derivatives of ABT 

BBT and aMB were synthesized and purified as previously described (Mathews 

and Bend, 1986). 

Treatment of Animals and Preparation of Microsomes 

Male New Zealand White rabbits (1.5-2 kg) were purchased from Hazleton 

Laboratories (Denver, PA) and were administered phenobarbital (0.1 % w/v) in the 

drinking water for 5 days. The rabbits were killed by pentobarbital overdose. Pieces of 



liver were processed immediately to prepare microsomes using previously described 

methods (24). Microsomal suspensions were stored in 10 mM Tris-acetate, pH 7.4, 

buffer containing 0.1 mM EDTA, 0.1 mM phenylmethylsulfonylfluoride, and 20 % 

glycerol at 

-80°C. 

Inactivation Studies in the HK293 Expression System 
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Microsomes (5 mg protein/ml) prepared from HK293 cells that expressed P450 

2B4 or 2B5 were incubated in 50 mM HEPES buffer, pH 7.5, 3 mM MgCI2, and 1 mM 

EDT A with 1 11M inhibitor at 37°C for 2 min. Reactions were started by the addition of 

NADPH and allowed to proceed for times up to 10 min. At the various timepoints, 40 III 

aliquots containing 0.2 mg protein were removed and added to secondary incubations 

with 25 11M [14C]-androstenedione or 0.3 mM 7-ethoxycoumarin. Incubation conditions 

for the secondary substrate incubations were 50 mM HEPES buffer, pH 7.5,3 mM 

MgCI2, 1 mM EDT A, and 1 mM NADPH and reaction times were 3-5 min before 

stopping by the appropriate means. The final volumes of the secondary incubations were 

0.1 ml for androstenedione and 0.5 ml for 7-ethoxycoumarin metabolism. 

Inactivation Studies in Phenobarbital-Induced Rabbit Liver Microsomes 

Various concentrations of inhibitor were pre-warmed to 37°C with liver 

microsomes (l mg protein/ml) in buffer containing 50 mM HEPES, pH 7.5, IS mM 

MgCI2, and 0.1 mM EDT A. Reactions were started with the addition of NADPH to a 

final concentration of 1 mM. Aliquots containing 20 or 25 Ilg microsomal protein were 

transferred to secondary incubations with 10 ~lM benzyloxyresorufin or 25 11M [l4C]

androstenedione in incubation buffer (same as for primary incubations), and 1 mM 
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NADPH. The secondary incubations were allowed to proceed at 37°C for an additional 2 

- 2.S min before being quenched. 

Assay Procedures 

7-Ethoxycoumarin O-deethylase assays were performed using a modified 

fluorescence method (Greenlee and Poland, 1978; Ryan et ai., 1993). Androstenedione 

hydroxylase assays were performed after stopping secondary incubations with SO III 

tetrahydrofuran. Separation of androstenedione metabolites was accomplished by thin 

layer chromatography and detection by autoradiography as previously described (Kedzie 

et al., 1991 b). Benzyloxyresorufin O-debenzylase assays were performed after 

precipitation of protein with methanol as described previously. 

Data Analysis 

Rate constants were determined by linear regression analysis of the natural 

logarithm of the residual activity as a function of preincubation time. Estimates of the 

apparent kinetic constants for inactivation of microsomal activities were made using 

ENZFITTER (Biosoft, Cambridge UK), a non-linear regression analysis program. 

Results 

Mechanism-Based Inactivation of Reconstituted P4S0 2B4 

The time courses of inactivation for four mechanism-based inactivators, 

phencyclidine (PCP), l-aminobenzotriazole (ABT), and two N-aralkylated derivatives of 

ABT, N-benzyl-aminobenzotriazole (BBT) and N-a-methylbenzyl-aminobenzotriazole 

(aMB), were studied using reconstituted P4S0 2B4 and ethoxycoumarin as the substrate. 

The microsomes from which the purified P4S0 2B4 was isolated did not have 

-~-~,~~-------
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androstenedione 15a-hydroxylase activity. We confirmed that 15a-hydroxylase activity 

could not be detected in the purified 2B4 preparation. The lack of this marker activity 

indicated the absence of P450 2B5; therefore, any loss of ethoxycoumarin deethylasc 

caused by these four compounds would not reflect a contribution from 2B5. 

The time course of inactivation for each compound is shown in Figure 4.1. Each 

compound was able to reversibly inhibit 7-ethoxycoumarin O-deethylase (ECOD) activity 

to some extent as shown by the extrapolated activity at zero preincubation time. ABT 

was the least effective compound, both as a reversible inhibitor and a mechanism-based 

inactivator of P450 2B4. At 100 flM ABT, 90% of the control ECOD activity was 

present at zero time indicating relatively weak reversible inhibition of the reconstituted 

P4502B4. ABT inactivated the reconstituted P450 2B4 with a rate constant of 0.08 

min-I (tYz = 8.7 min). At 25 flM, PCP also caused the reversible inhibition of 

reconstituted 2B4, as indicated by the presence of only 74% of the control ECOD activity 

at zero preincubation time. At this concentration, PCP inactivated the residual activity in 

a time-dependent pseudo-first order manner with a rate constant of 0.16 min- 1 (tY2 = 4.3 

min). Both the reversible inhibition and mechanism-based inactivation of reconstituted 

2B4 by PCP were concentration-dependent from 10 to 100 flM (data not shown). 

The N-benzyl- and N-a-methylbenzyl-l-aminobenzotriazole derivatives appear to 

inhibit the reconstituted P450 2B4 with similar potency both by reversible inhibition and 

mechanism-based inactivation. Approximately 30% of the control ECOD activity was 

present at zero time after the addition of I flM BBT or aMB, demonstrating potent 

reversible inhibition by these compounds. At concentrations> 3 flM, approximately 10-

15% of the control activity remained at the start of inhibitor preincubation in the 

reconstituted system. The kinetics of 2B4 inactivation by both BBT and aMB were 

biphasic, and for purposes of this investigation, we chose only to determine rate constants 
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for the initial rapid phase. Both N-aralkylatcd ABT derivatives were rapid inactivators of 

the reconstituted 2B4 activity with rate constants of 0.49 min-l (tY:z = 1.4 min) and 0.44 

min- 1 (tY2 = 1.6 min) for 1 J-lM BBT and aMB, respectively. 
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Figure 4.1: Effect of preincubation with PCP or ABT derivatives on the 
ethoxycoumarin O-deethyJase activity of purified P450 2B4. 

A reconstituted system containing 0.13 nmol P4S0 2B4, NADPH-cytochrome P4S0 
reductase (6 units/nmol P4S0), and 30 J-lg/ml DLPC, in SO mM HEPES buffer, pH 7.5, IS 
mM MgCI2, 0.1 mM EDTA was preincubated with inhibitor in the presence of NADPH 
for various times. The inhibitors were added from methanol stock solutions to give final 
concentrations of 2S J-lM PCP, 100 IlM ABT, and 1.0 ~lM BBT or aMB. Controls were 
run under the same conditions with a methanol spike. Aliquots (70 Ill) of the incubation 
mixtures containing 20 pmol 2B4 were transferred to secondary 2.S min. incubations with 
0.3 mM 7-ethoxycoumarin. Rate constants were determined by linear regression analysis 
of the natural logarithm of the residual activity as a function of inhibitor incubation time. 
The control ECOD activity for P4S0 2B4 ranged from 10.4 to 11.8 nmol 7-hydroxy
coumarin formed /min/nmol P4S0. 
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The rate constants were approximately O.S min-! for both l-ABT derivatives at 3 to S 

IlM. The observation of only small increases in the rate constants over those observed at 

1 IlM suggests that reversible inhibition mechanisms slowed the inactivation process 

and/or that inactivation is near maximal at 1 IlM concentrations of the ABT derivatives in 

the reconstituted system. 

Inactivation of Recombinant 2B4 and 2BS by BBT and aMB 

The rapid inactivation of reconstituted P4S0 2B4 by BBT and aMB and the 

kinetic selectivity for inactivation of 2B4 over the highly related 2BS demonstrated 

previously with PCP led us to investigate the P4S0 2B selectivity of BBT and aMB. 

Attempts to isolate P450 2B5 from liver microsomes without contamination by P4S0 2B4 

or its related forms have not been successful. Therefore, stable heterologous expression 

of both 2B4 and 2B5 in HK293 cells was used to produce the individual enzymes for our 

comparisons. Kinetic experiments were carried out to determine the rate constants for the 

inactivation of each P450 2B form by ABT, BBT, or aMB (Figure 4.2). 

7-Ethoxycoumarin O-deethylase activity was used to measure P450 2B4 activity in the 

HK293 cell microsomes. Androstenedione 15a-hydroxylase activity was used to 

monitor the activity of P450 2B5 since this enzyme does not metabolize 

7-ethoxycoumarin to a great extent. BBT and aMB (lIlM) inactivated recombinant 

P4S0 2B4 with a rate constant of 0.14 min-I, while the rate constants for inactivation of 

expressed P450 2B5 were 0.09 and 0.10 min-I, respectively. Thus, the N-aralkylated 

aminobenzotriazole derivatives show a slight preference for inactivating P450 2B4 as 

opposed to 2B5 in the expression system. The inactivation of 2B4 and 2B5 by aMB in 

the HK293 expression system was found to be concentration dependent between 0.1 and 

3 IlM (data not shown). Apparent KI values for inactivation of expressed P450 2B4 and 

---,-.--~.-----~-~ 
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Figure 4.2: Time course for the loss of P450 2B4 and 2B5 activities in the HK293 
expression system upon incubation with ABT, BBT, or aMB. 
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Inactivation of A, P450 2B4 or B, P450 2B5. Preincubation with 0, methanol control; 
0, I mM ABT; 0,1 /lM BBT; 0,1 /lM aMB. The inhibitors were added from 
methanol stock solutions, preincubated for various time periods before transferring 
aliquots to secondary incubations with 300 /lM 7-ethoxycoumarin or 25 /lM [14C]

androstenedione to monitor 2B4 or 2B5 activity, respectively, as described in Materials 
and Methods. The 100% value for EeOD was 150 pmol formed/ min/mg protein for 
expressed 2B4. The 100% values for androstenedione 15a- and 16a-hydroxylase 
activities were 30 and 52 pmollmin/mg protein, respectively, for HK293-expressed 2B5. 
The residual androstenedione hydroxylase activities were averaged at each time point. 



2B5 by aMB were 1.0 JlM and 2.3 JlM, respectively. Inactivation of the recombinant 

P4S0 2B forms by a 1000-fold higher concentration (1 mM) of ABT was slower (ki = 

0.08) than that observed for BBT or aMB. Although reversible inhibition was more 

apparent, the rate constant for inactivation of recombinant 2B4 and 2B5 was not further 

increased by increasing the ABT concentration from 1 to S mM (data not shown). 

Inactivation of P450 2B4 and 2B5 in Phenobarbital-Treated Rabbit Liver Microsomes 
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Benzyloxyresorufin O-debenzylase was established in Chapter 3 as an activity 

catalyzed by P4S0 2B4 and its functionally related forms in untreated and phenobarbital

induced rabbit liver microsomes. Likewise, the hepatic microsomal androstenedione 

1 Sa-hydroxylase activity found in some phenobarbital-treated rabbits was shown to be 

specifically catalyzed by P4S0 2BS. These specific markers therefore allowed us to 

evaluate the selectivity and kinetics of BBT and aMB as mechanism-based inactivators 

in liver microsomes that contain these and other P4S0 enzymes. The time-dependent 

decreases in the microsomal 2B4 and 2BS activities upon preincubation with various 

concentrations of BBT or aMB are shown in Figures 4.3 and 4.4, respectively. In all 

cases, the extent of reversible inhibition (decrease in percent activity at zero time) as well 

as the rate constant of inactivation increased with increasing the inhibitor concentration. 

Both BBT and aMB were potent reversible inhibitors as well as mechanism-based 

inactivators of P4S0 2B4 and 2BS. Initial BBT and aMB concentrations of S to 10 JlM in 

the primary incubations caused approximately 90% reversible inhibition of the BROD 

and androstenedione 1 Sa-hydroxylase activity. Higher concentrations did not allow the 

reliable determination of inactivation rate constants because of overwhelming reversible 

inhibition. BBT or aMB concentrations below 0.2 to O.S JlM did not show appreciable 

inactivation of 2B4 or 2BS during the incubation period. 
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Figure 4.3: Effect of BBT concentrations on inactivation of P450 2B4 and 2B5 in 
PB-rabbit liver microsomes. 

Liver microsomes from phenobarbital-treated rabbits were preincubated with the 
indicated concentrations of BBT as described in Materials and Methods, Methanol was 
added to control incubations at 1 % (v/v). Loss of A, benzyloxyresorufin O-debenzylase 
activity or B, androstenedione 15a-hydroxylase activity at varying BBT concentrations. 
The 100% values for BROD for ranged from 2.5 to 3.5 nmol formed/ min/mg protein 
depending on the individual microsomes used. The same microsomal sample was used 
for all 2B4 inactivation experiments shown here and had BROD of 2.9 nmol formed/ 
min/mg protein. The 100% value for androstenedione 15a-hydroxylase activities in the 
microsomes used in 2B5 inactivation experiments was 0.45 nmol/min/mg protein. 
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Figure 4.4: Effect of aMB on inactivation of P450 2B4 and 2B5 in PB-rabbit liver 
microsomes. 

Liver microsomes from phenobarbital-treated rabbits were preincubated with the 
inciicateci concentrations of aMB as described in Materials and Methods. Loss of A, 
benzyloxy-resomfin O-debenzylase activity or B, androstenedione lSa-hydroxylase 
activity with varying aMB concentration. 
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Table 4.1: Inactivation constants and extent of reversible inhibition by BBT in PB
induced rabbit liver microsomes. 

BRODa AD 15a-hydroxy1aseb 

% control at % control at 
[BBT] (11M) kj (min-1)c zero timed kj (min-I) zero time 

0.2 0.02 84 
0.5 0.06 74 0,01 102 
1.0 0.10 69 0.05 80 
2.0 0.15 37 0.09 65 
5.0 0.12 40 
10.0 0.24 7 0.15 12 

{/ Benzyloxyresorufin O-debenzylase activity was used to monitor P4S0 2B4 in 
microsomes. 
h Androstenedione 1 Sa-hydroxylase activity was used to monitor P4S0 2BS. 
e Rate constants represent the fast phase of inactivation. 
d The extent of reversible inhibition is evident from residual activity extrapolated to zero 
preincubation time (y intercept) compared to the control incubation. Thus, 100% of 
control = to no reversible inhibition. 

The rate constants (shown in Tables 4.1 and 4.2), calculated at those 

concentrations of BBT and aMB that gave measurable inactivation of the microsomal 

activities, were used to calculate an apparent KJ and maximal rate constant for each 2B 

enzyme. The losses of P4S0 2B4 and 2BS over time tended to follow biphasic kinetics. 

Therefore, the rate constants for inactivation at all concentrations were calculated from 

the loss of activity observed during the first S minutes of preincubation with inhibitor. 

Apparent KJ values of 2.0 and 2.4 11M were obtained for BBT inactivation of microsomal 

P4S0 2B4 and 2BS activities, respectively, using non-linear regression analysis of the rate 

constants. Figure 4.S shows a Lineweaver-Burk double-reciprocal representation of the 

dependence of the inactivation rate constants in hepatic microsomes on BBT and aMB 

concentration. The maximal rate constants for BBT were 0.29 min-I for P4S0 2B4 and 

.------. -----.-----. ---. '~--'~~~--~--' 



Table 4.2: Inactivation constants and extent of reversible inhibition by aMB in 
PB-induced rabbit liver microsomes. 

BRODa AD 15a-hydroxylaseb 

% control at % control at 
[aMB] (11M) kj (min- 1)C zero timed kj (min-I) zero time 

0.2 0.01 88 
0.5 0.05 83 0.01 83 
1.0 0.08 74 0.06 78 
2.0 0.15 38 0.13 74 
5.0 0.28 22 0.21 30 
10.0 0.40 18 

(/ Benzyloxyresorufin O-debenzylase activity was used to monitor P4S0 2B4 in 
microsomes. 
b Androstenedione 1 Sa-hydroxylase activity was used to monitor P4S0 2BS. 
c Rate constants represent the fast phase of inactivation. 

100 

d The extent of reversible inhibition is evident from residual activity extrapolated to zero 
preincubation time (y intercept) compared to the control incubation. Thus, 100% of 
control = to no reversible inhibition. 

0.18 min-I for 2BS, confirming the modest preference of BBT for 2B4 found in the 

HK293 cells. The kinetic parameters determined for inactivation by aMB were nearly 

equivalent for both hepatic P4S0 2B enzymes. The KI values for inactivation of P4S0 

2B4 and 2BS in microsomes were 6.9 and 7.S /lM and maximal rate constants were 0.68 

min-I and O.SS min-I, respectively. 

Overall, the N-aralkylated I-aminobenzotriazole derivatives are potent reversible 

and mechanism-based inhibitors of both cytochrome 2B4 and 2BS ill vitro. In 

phenobarbital-induced rabbit liver microsomes, these compounds exhibit modest 

selectivity for the inactivation P4S0 2B4 over 2BS, similar to our observations for the 

HK293-expressed enzymes. These compounds would be expected to cause the complete 

inactivation of both P4S0 2B enzymes in hepatic tissue ill vivo. 
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Figure 4.5: Double reciprocal plots for the inactivation of P450 2B4 and 2B5 in liver 
microsomes by N-aralkylated l-aminobenzotriazole derivatives. 

A, BBT and B, aMB. D, 2B4 - microsomal BROD activity; 0, 2B5 - androstenedione 
15a-hydroxylase activity. 
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Discussion 

Two N-aralkylated derivatives of l-aminobenzotriazole known to be mechanism

based inactivators of P450 2B4 in pulmonary tis~ue were evaluated in terms of their 

inactivation kinetics and selectivity towards hepatic P450 2B4 and 2B5. Using stable 

heterologous expression in human kidney 293 cells, P450 2B5 was found to be 

catalytically distinct from P450 2B4 and the two other rabbit CYP2B forms with a 

number of different substrates. Marker activities were identified that made it possible to 

monitor the activity of P450 2B4 and 2B5 in liver microsomes. N-benzyl

aminobenzotriazole (BBT) and a-methyl-N-benzyl-aminobenzotriazole (aMB) were 

shown here to be potent mechanism-based inactivators of P450 2B5 as well as 2B4, 

although higher rate constants suggest modest selectivity for 2B4 inactivation. The 

inactivation of both P450 2B forms was characterized by KJ values in the low micromolar 

range and with high maximal rate constants. BBT and aMB were also found to be potent 

reversible inhibitors of P450 2B4 and 2B5, yielding approximately 90% decreases in the 

hepatic microsomal activities when the inhibitor concentration in primary incubations 

was 10 /lM6. 

These l-aminobenzotriazole derivatives were designed to structurally mimic 

benzphetamine and to specifically inactivate P450 2B4 in lung tissue, where this P450 

form is constitutively expressed. The relative lack of specificity between 2B4 and 2B5 

may relate to the structural similarity of BBT and aMB to benzphetamine. The 

6 Aliquots of the primary incubation with inhibitor are added to secondary incubations 
with the selective substrates. The diluted inhibitor concentration in the secondary 
incubations with substrate are important in determining the actual potency as reversible 
inhibitors. The dilution of the inhibitor was 25-fold for incubations with 
benzyloxyresorufin and 2.5-fold for androstenedione incubations. Thus, 10 ~lM inhibitor 
in the primary incubations gives rise to 0.4 and 4 ~lM inhibitor in the incubations with 
benzyloxyresorufin and androstenedione, respectively. 
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investigations described in Chapter 3 with stably expressed 2B4 and 2B5 showed that 

benzphetamine N-demethylation was catalyzed by both P450 2B forms although 2B4 was 

modestly more active towards this substrate. The present results suggest that the selective 

loss of pulmonary as opposed to hepatic P450 is not due to the inactivation of only one of 

the hepatic P450 2B forms that catalyze benzphetamine N-demethylation but as suggested 

previously, may result from the selective uptake of these compounds into the lung 

(Mathews and Bend, 1993). 

Although only modest P450 2B form selectivity was observed with the N

aralkyated ABT derivatives in vitro, these compounds are among the most potent and 

effective inhibitors of P450 2B activity. When BBT and aMB are administered to 

phenobarbital-induced rabbits, cytochromes P450 2B are inactivated with high potency 

and selectivity over P450s from other subfamilies in pulmonary and hepatic tissue 

(Mathews and Bend, 1993). In guinea pigs, a 75 nmollkg intravenous dose of aMB 

caused> 90% loss of P450 2B-catalyzed activity in pulmonary tissue while not affecting 

P450 1 A and 4B-dependent activity (Knickle et ai., 1994). The basis for the observed 

potency and selectivity of the N-benzyl and N-a-methylbenzyl derivatives of ABT as 

mechanism-based inactivators of the P450 2B enzymes is most likely their high rate 

constants and low KI values. At least lOOO-fold higher ABT concentrations were required 

to inactivate recombinant P450 2B4 and 2B5, although with lower rate constants. 

The biphasic nature of the inactivation time courses observed for BBT and aMB 

remains unexplained here. One possibility may be the generation of multiple reactive 

products including aminobenzotriazole, known to alkylate heme via benzyne formation. 

Recent evidence has shown that I-aminobenzotriazole, benzotriazole, and benzaldehyde 

were formed as metabolites of radiolabeled BBT, demonstrating at least two reactive 

products capable of covalently modifying P450 2Bx (Woodcraft et ai., 1994). It is 
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possible that various bioactivated products from metabolism of the N-aralkylated 1-

aminobenzotriazole derivatives react to form adducts with heme and/or apoprotein and 

consequently, cause enzyme inactivation at different rates. Although the N-aralkylated 1-

aminobenzotriazole derivatives have relatively low partition ratios (number of turnovers 

per inactivation event) (Mathews and Bend, 1986), non-pseudo first-order inactivation 

kinetics can also result when the inactivator is depleted during the reaction period, a 

phenomenon which normally occurs with compounds that have high partition ratios 

(Silverman, 1988). On the other hand, biphasic inactivation kinetics have been observed 

with other P450 enzymes when the mechanism-based inhibitor is used at high 

concentrations and has only a single known reactive product. For example, ~ 50 11M 

chloramphenicol causes the biphasic inactivation of rat P450 2B 1 and dog P450 2B I I 

(Miller and Halpert, 1986; Ciaccio et al., 1987). The oxidative dechlorination of 

chloramphenicol and other dichloro analogs produces the reactive oxamyl moiety which 

covalently modifies the apoprotein (Halpert, 198 I). Therefore, the basis for biphasic time 

courses is not clear but may be different for various mechanism-based inactivators. 

Human kidney 293 cells represent a novel system for the expression of 

cytochrome P450 enzymes in a stable mammalian cell line. Expression of the rabbit 

P450 2B enzymes in HK293 cells has provided a continuous source of the single isoforms 

and contained sufficient endogenous NADPH-cytochrome P450 reductase to allow us to 

characterize their catalytic activities and susceptibility to mechanism-based inactivation 

by several compounds. The inactivation by BBT or a:MB can be compared for 

reconstituted 2B4, in microsomes from the HK293 expression system, and in PB-rabbit 

liver microsomes. The inactivation of P450 2B4 at 1 11M was most rapid in the 

reconstituted system, whereas rate constants for inactivation of 2B4 and 2B5 in the 

HK293-expression system were similar to the rate constants observed in hepatic 

~~-.-~---"--
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microsomes at this concentration. Furthermore, inactivation by BBT and aMB in both 

the expression system and hepatic microsomes exhibited higher rate constants for 2B4 

than for 2B5. The KI values for aMB in the expression system were lower than the 

values determined in hepatic microsomes (1-2 JlM vs. -7 JlM in hepatic microsomes). 

The reason for this has not been determined but may be due to the binding and/or 

metabolism of the inhibitor by other P450s in hepatic microsomes. 
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The objective of the research described in this dissertation was to characterize the 

function of the four closely related enzymes in the rabbit cytochrome P450 2B subfamily. 

The use of molecular cloning and two-dimensional electrophoresis techniques had 

demonstrated that the cytochrome P450 2B subfamily in various species was subject to a 

high level of structural microheterogeneity. In addition to being composed of multiple 

highly related enzymes (>97% identical amino acid sequence), the levels of the 

cytochrome P450 2B enzymes in the rabbit is highly variable. P450 2B expression 

appears to be controlled by a complex set of regulatory mechanisms that results in tissue 

specific expression, inducibility by phenobarbital and other structurally unrelated 

xenobiotics, and polymorphic expression of each P450 2B form. Cytochrome P450 2B 

enzymes have been studied in various species for many years using microsomal fractions 

and purified preparations from various tissues. The P450 2B protein(s) isolated in 

different laboratories was commonly named P450 LM2, isozyme 2, or P450 2B4. The 

number and identity of the P450 2B forms in the source microsomal fractions and 

purified preparations were not known, because conventional protein electrophoresis 

techniques were unable to separate the four P450 2B forms and specific probes were not 

available to detect them. As a consequence, the contributions of the various P450 2B 

forms to the metabolism of various endogenous and xenobiotic substrates was not 

investigated. The presence of mUltiple cytochromes P459 2B may explain the conflicting 

reports of catalytic activities observed in various purified P450 2B preparations (Schwab 

and Johnson, 1987). 
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Various techniques were employed in this investigation to evaluate the catalytic 

activities of the rabbit P450 2B forms including comparisons of purified P450 2B 

preparations isolated from lung and liver tissue, transient and stable heterologous 

expression in monkey kidney COS-7 and human kidney 293 cells, respectively, and 

studies in hepatic microsomes from phenobarbital-induced rabbits that had been partially 

phenotyped for the various P450 2B forms. The metabolism of a diverse set of substrates 

was investigated including the regio- and stereoselectivity of hydroxylation of the steroid 

substrates, androstenedione and testosterone. Several other compounds that are 

commonly used to monitor the activity of "P450 2B4" in microsomes and purified 

preparations were investigated here to evaluate the enzyme selectivity of metabolite 

formation. These compounds include benzphetamine, ethoxycoumarin, and pentoxy- and 

benzoxyresorufin. The metabolism of methylenedioxybenzene to catechol and sesamol 

metabolites was also investigated since this compound is known to form a metabolite 

complex with P450 2B enzymes and the methylenedioxybenzene moiety is found in other 

several compounds with known toxicities. The kinetics of mechanism-based inactivation 

of P450 2B4 and 2B5 by four compounds (phencyclidine, l-aminobenzotriazole, and the 

N-benzyl- and N-a-methylbenzyl derivatives of aminobenzotriazole) that inactivate rabbit 

P450 2B enzymes were studied to determine the selectivity between the functionally 

variant forms. Chapters 2 through 4 describe the results of investigations into the 

substrate selectivities and mechanism-based inactivation of the rabbit P450 2B forms as 

well as study of the incidence of the P450 2B5 null phenotype, since the variable 

expression of this enzyme may have metabolic consequences. 

Chapter 2 described initial investigations to determine whether the P450 2B 

phenotype of an individual animal could direct the metabolism of substrates that were 

observed in an integrated hepatic microsomal system. Differences in the regiospecificity 
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and stereoselectivity of androstenedione hydroxylation were observed after incubation of 

this steroid substrate with phenobarbital-induced hepatic microsomes that had been 

phenotyped for the presence of P450 2B4, 2B-B 1 and 2B5. Antibody inhibition 

experiments confirmed that different P450 2B phenotypes confered unique profiles of 

androstenedione hydroxylation and that 15a-hydroxylation was potentially unique to 

P450 2B5. Transient heterologous expression of the four cytochrome P450 2B in COS-7 

cells was also described in Chapter 2. The most important finding in these investigations 

was that heterologously expressed cytochrome P450 2B5 was functionally distinct from 

P450 2B4, P450 2B-B 1, and P450 2B-Bx. The COS-expressed P450 2B4, 2B-B 1, and 

2B-Bx forms hydroxylated androstenedione with identical regio- and stereospecificity 

although the overall catalytic activity appeared to differ slightly. The functionally similar 

P450 2B forms preferred 1613-hydroxylation of androstenedione and also had low 

testosterone 16a-hydroxylase and high ethoxycoumarin O-deethylase activities. In 

contrast, the heterologously expressed P450 2B5 had catalytic activities characterized by 

high androstenedione 15a- and 16a-hydroxylation, high testosterone 16a-hydroxylation 

but very low ethoxycoumarin O-deethylase activity. Based on antibody inhibition and 

heterologous expression, 15a-hydroxylation of androstenedione was proposed to be a 

specific marker of P450 2B5. It was concluded from these studies that rabbits which 

express the P450 2B5 form have the potential for altered hepatic metabolism in 

comparison with animals that lack this P450 2B form. 

Experiments that examined the incidence of the P450 2B5 null phenotype and the 

functional consequences of individual variability in its expression were described in 

Chapter 3. The catalytic differences between P450 2B5 and P450 2B4, 2B-B I, and 2B

Bx were investigated in a more focused manner in Chapter 3 by producing P450 2B5 and 

P450 2B4 as a representative of the three functionally similar 2B forms in a stable 
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heterologous expression system. The frequency of the P450 2B5 null phenotype was 

examined using Northern blot analysis. The phenotype lacking P405 2B5 expression 

appears to be common since four out of the ten animals examined did not have detectable 

levels of P450 2B5 mRNA. Microsomes from animals with the P450 2B5 null phenotype 

exhibited much lower microsomal androstenedione 15a- and 16a-hydroxylase activities. 

The 15a-hydroxylase activity was highly correlated with liver CYP2B5 mRNA. P450 

2B4 and 2B5 were stably expressed in human kidney 293 cells to further characterize 

substrate specificities and to investigate mechanism-based inactivation by phencyclidine. 

P450 2B4 was 4- to 16- fold more active than 2B5 towards benzphetamine, 7-

ethoxycoumarin, methylenedioxybenzene, and pentoxyresorufin. Benzyloxyresorufin 0-

debenzylase activity was 160-fold higher for P450 2B4 than P450 2B5. Anti-P450 2B4 

IgG inhibited benzyloxyresorufin O-debenzylation nearly completely in both untreated 

and phenobarbital-induced liver microsomes. Phencyclidine inactivated P450 2B4 

selectively over 2B5 in both HK293 cell and liver microsomes. The poor inactivation of 

P450 2B5 by PCP was found to be a result of its low maximal rate constant. 

Investigation of the kinetics of the mechanism-based inactivation of 

phenobarbital- inducible rabbit hepatic cytochromes P450 2B4 and 2B5 by N-benzyl

(BBT) and N-a-methylbenzyl- (aMB) l-aminobenzotriazole using reconstituted P450 

2B4, a stable heterologous expression system, and hepatic microsomes were described in 

Chapter 4. Low micromolar concentrations of the l-aminobenzotriazole derivatives 

caused reversible inhibition as well as rapid inactivation of reconstituted P450 2B4 and 

recombinant P450 2B4 and 2B5. In contrast, even at a lOOO-fold higher concentration, 

aminobenzotriazole inactivated the expressed P450 2B enzymes less rapidly. 

Preincubation of phenobarbital-induced hepatic microsomes with BBT and aMB resulted 

in concentration-dependent decreases in marker activities of P450 2B4 and 2B5, 
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benzyloxyresorufin O-debenzylase and androstenedione 15a-hydroxylase, respectively. 

BBT and aMB had low micromolar KI values for both P450 2B4 and 2B5 in hepatic 

microsomes and maximal rate constants only slightly higher for 2B4 as opposed to 2B5. 

Similar kinetics and selectivity of BBT and aMB in both hepatic microsomes and the 

stable expression system further validated the stable expression system using human 

kidney 293 cells and the use of the selective markers identified for 2B4 and 2B5 in 

hepatic microsomes. These results also provide a mechanistic basis for the high potency 

of the N-aralkylated ABT derivatives in vivo and suggest that treatments that inactivate 

2B4 wiII also lead to 2B5 inactivation. 

The metabolism of many of the substrates evaluated in this study were catalyzed 

by P450 2B4 with higher activity than P450 2B5. Furthermore, the rate constants for 

mechanism-based inactivation by phencyclidine showed a 3-fold selectivity for P450 2B4 

inactivation while the N-benzyl- and N-a-methylbenzyl-l-aminobenzotriazole derivatives 

inactivated P450 2B4 with slightly higher rate constants for P450 2B4 as opposed to 2B5. 

In contrast, P450 2B5 catalyzed androstenedione hydroxylation with unique regio- and 

stereoselectivity. Higher total catalytic activity was observed for P450 2B5 for 

androstenedione and testosterone than the P450 2B4, 2B-Bx, and 2B-B 1 forms. These 

results imply that one or more of the ten amino acid differences between P450 2B5 and 

the functionally related P450 2B forms represented by the 2B4 form are critical to their 

substrate specificities and selective inactivation. In fact, inferences from sequence 

alignments and site-directed mutagenesis of the related rat P450 2B 1 enzyme suggest that 

an amino acid difference between the 2B4 and 2B5 enzymes at residue 114 (lie => Phe) 

and three differences between residues 363 - 370 may occur within substrate recognition 

sites in the active sites of these enzymes. Recent site-directed mutagenesis experiments 

showed that residues 114 and 363 are important in determining the regio- and 
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stereoselectivity of androstenedione hydroxylation by the rabbit P450 2B enzymes 

(Burnett et ai., 1994). Differences in these sequence regions in other species or P450 

subfamilies or engineered by the constmction of hybrid enzymes or point mutations may 

be a starting point for future studies of stmcture-function relationships for cytochrome 

P450 enzymes. 

Stable expression of P450 enzymes using human kidney 293 cells has 

several specific advantages and potential uses over other heterologous expression systems 

currently being developed. Although P450 expression levels tend to be somewhat lower 

than bacterial cell host systems, P450 forms expressed in mammalian cell systems do not 

necessarily require the addition of other components of the P450 monoxygenase system 

such as NADPH-cytochrome P450 reductase. Stable expression is advantageous over 

transient expression systems where a single expressed protein is required for multiple 

experiments over a relatively long period of time. Stable expression in mammalian cells 

also has specific advantages in that they can be used ill situ to study the contributions of a 

heterologously expressed enzyme to the bioactivation of xenobiotic or endogenous 

substrates to produce either adverse or physiologic responses. 

The characterization of substrate specificities of the rabbit P450 2B forms helps to 

define the functional consequences of the complex regulatory patterns in this species but 

also provides practical tools for future investigations. It can be concluded that the 

phenotypic expression of variant P450 2B enzymes can affect the metabolism of 

compounds that are metabolized by this closely related subfamily. Future studies using 

other substrates and mechanism-based inactivators may indicate whether the pattern of 

expression of the various P450 2B forms may alter responses to potentially harmful 

xenobiotics or biologically active endogenous compounds. Because of the functional 

similarity between the P450 2B4, 2B-Bx, and 2B-B I forms, animals with phenotypes 

--~-----.,~--
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which lack one of these forms but express one or more of the others should metabolize 

substrates in a similar manner. Since P450 2B5 is only expressed in hepatic tissue, any 

effect in liver attributed to this catalytically unique form should not be reflected by 

changes in extrahepatic metabolism but should be greatly potentiated by treatment with 

phenobarbital-type inducers. Investigations into the function of highly-related P450 gene 

products will be important in other species, since significant metabolic consequences may 

accompany differential expression in various organs and in different individual animals or 

humans. 

The selective markers and mechanism-based inhibitors identified in this research 

can be used as practical tools to facilitate further investigations of the rabbit 2B enzymes 

such as structure-function relationships and protein purification. The selective markers for 

P450 2B4 and 2B5 can also be used to help determine the roles of these functionally 

variant enzymes in the bioactivation of xenobiotic or endogenous substrates to cytotoxic 

or pharmacologically active metabolites. Androstenedione 15a-hydroxylation could be 

used to determine whether P450 2B5 form was expressed in a particular animal as well as 

to determine 2B5 activity during enzyme purification, studies of P450 2B inhibitors, or 

after site-directed mutagenesis experiments to investigate structure-function relationships. 

Benzyloxyresorufin can be used to monitor the activity of P450 2B4 in microsomes, 

although depending on the phenotype of the individual animal, the 2B-Bx and 2B-B I 

forms will also contribute to the the metabolism of this substrate. 

Chemical inhibitors can be extremely useful both ill vitro and ill vivo. The active 

site characteristics of a particular P450 form as well as the structural features of the 

inhibitor determine its binding and metabolism. The requirement of catalysis for 

mechanism-based inactivation imparts a higher degree of selectivity to chemical 

inhibitors than just reversible binding. Therefore, the experimental identification or 
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rational design of specific mechanism-based inactivators will continue to be extremely 

valuable for evaluating catalytic functions and structure-function relationships for closely 

related but functionally unique P450 forms such as 2B4 and 2B5. 

Cytochromes P450 enzymes may participate in chemical carcinogenesis, hormone 

synthesis and metabolism, and the formation of more or less biologically active 

metabolites of endogenous and xenobiotic compounds. Studies that characterize the 

functions of highly related cytochrome P450 forms should, in the future, allow a more 

accurate examination of the role of specific P450 forms in the bioactivation of xenobiotic 

or endogenous compounds, and therefore, in specific pharmacological, toxicological, or 

physiological responses. In conjunction with studies on the regulation of functionally 

variant forms in various tissues and in different individuals of a species, knowledge of the 

unique catalytic activities can help explain tissue and individual specificity in the 

responses to bioactivated chemicals. The tools and technologies developed or identified 

in this investigation such as heterologous expression, specific inhibitors, and marker 

substrates can be used to understand the functional consequences of polymorphic 

expression of highly related enzyme forms such as the enzymes in the P450 2B and 2C 

subfamilies. Furthermore, the study of highly related enzymes such as the rabbit P450 2B 

can contribute significantly to our knowledge of the relationship between the critical 

aspects of the P450 active site and substrate specificity. In the future, models of 

mammalian P450 enzymes based on sequence alignments, site-directed mutagenesis, and 

experimental evidence on the substrate:enzyme interactions may allow the prediction of 

the metabolic pathways of new chemical entities as well as the interindividual and tissue

to-tissue variation in chemical biotransformation. 

--~--,..--- .. -~---



APPENDIX A - ABBREVIATIONS 

AD 
BCIP 
BROD 
DLPC 
DMEM 
ECOD 
EDTA 
HEPES 
HPLC 
IgG 
LB 
MDB 
MTBE 
NADPH 
NBT 
-OH 
P450 
PB 
PBS 
PCP 
SDS-PAGE 
TLC 
TTBS 

androstenedione 
5-bromo-4-chloro-3-indolylphosphate 
benzyloxyresorufin O-debenzylase 
diJauroylphosphatidyl choline 
Dulbecco's modified Eagle's medium 
ethoxycoumarin O-deethylase 
ethylenediaminetetraacetic acid 
4-(2-hydroxyethyl)-I-piperazineethanesulfonic acid 
high performance liquid chromatography 
immunoglobulin G 
Luria broth 
methylenedioxybenzene 
methyl-t-butyl ether 
nicotinamide adenine diphosphate 
nitroblue tetrazolium 
hydroxy 
cytochrome P450 
phenobarbital 
phosphate-buffered saline 
phencyclidine 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
thin layer chromatography 
Tween-Tris buffered saline 

114 



115 

APPENDIX B - STRUCTURES OF PROBE SUBSTRATES 
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APPENDIX C - STUCTURES OF MECHANISM-BASED INACTIVATORS 

l-Aminobenzotriazole (ABT) 
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N-Benzyl-l-aminobenzotriazole (BBT) 

N-a-methylbenzyl-l-aminobenzotriazole (aMB) 

Phencyclidine (PCP) 
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