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ABSTRACT 

Cytochromes P450 metabolize lipophilic substrates to 

water-soluble products that are readily excreted from the 

body. The result of the action of hepatic P450 forms is 

generally detoxification, whereas P450s of the mammalian 

adrenal gland are responsible for steroid biosynthesis. To 

better understand the structure and function of two microsomal 

P450s of the adrenal cortex, P450 17a and P450 C-21, we have 

designed potential mechanism-based inactivators. These 

compounds bind reversibly to the enzyme before being 

metabolized to reactive intermediates that can then bind 

covalently to the P450, resulting in enzyme inactivation. Our 

hypothesis is that alteration of the substrate at the known 

site of enzyme attack may target the P450 for inactivation. 

Specifically, replacement of the progesterone 21-methyl group 

with a difluoromethyl group produced a selective inactivator 

of bovine adrenal P450 C-21. In contrast, the rabbit adrenal 

progesterone 21-hydroxylase is selectively inactivated by 

21, 21-dichloroprogesterone. Whether the sUbstitution at the 

17-carbon is a dihalomethyl-keto group, an olefinic group, or 

an acetylenic group, each compound binds reversibly to P450 C-

21 as shown by a type I spectral shift. Inactivation of 

bovine adrenal P450 C-21 by 21,21-difluoroprogesterone is 

NADPH-dependent, follows pseudo first-order kinetics, and is 

virtually eliminated by the addition of the physiological 

-----. - ._._-- -----------_.- ... --. _. . -... - ._. ---_ .. __ ...•.. '.'.-' 
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substrate progesterone, thereby fulfilling the criteria for 

mechanism-based inactivation. Metabolism of the diha10 

compounds to 21-pregnenoicacid suggests that an acyl halide 

intermediate is the chemical species responsible for enzyme 

inactivation. Both 21, 21-dichloro and 21,21-

difluoroprogesterone inactivate P450 C-21 by the destruction 

of P450 heme and by protein modification as evidenced by the 

loss of spectrally detectable P450 relative to the loss of 

enzyme activity. In contrast, 17p-ethyny1progesterone 

inactivates P450 C-21 mainly by protein modification and 

produces an NADPH-dependent, irreversible type I spectrum. 

Studies to isolate and identify an active site peptide of P450 

C-21 were therefore undertaken using proteolytic digestion and 

high performance liquid chromatography. These 17p-substituted 

steroids proved useful as probes of P450 structure and 

function to obtain unique information about P450 oxidative 

potential, retention of substrate regioselectivity, catalytic 

efficiency, and the enzyme active site. 

_______ -_-_0-·_0·· __ ._0 
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This dissertation is organized so as to first familiarize 

the reader with three areas critical to the research presented 

in Chapters 2-4: cytochromes P450*, steroid biosynthesis, and 

mechanism-based inactivation. The first section, cytochrome 

P450, provides a brief overview of this complex and diverse 

field of research. A brief discussion of steroid synthesis 

follows, since the research focuses on two P450 forms directly 

involved in steroid metabolism pathways. The final 

introductory remarks cover mechanism-based inactivation, since 

this concept is the cornerstone of Chapters 2-4. The specific 

hypothesis and methodology for the dissertation research are 

presented in Chapter 2. Evidence is then presented that 17P

substituted steroids are valuable tools in studying the 

enzymology of adrenal and hepatic forms that hydroxylate 

progesterone. One of these mechanism-based inacti vators, 17 p

ethynylprogesterone is then utilized as an active site probe 

of bovine adrenal 21-hydroxylase (Chapter 3). Finally, the 

general implications of this work for the cytochrome P450 

field are presented. 

--- .. - .... --
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*Footnotes and abbreviations. 

The major cytochromes P450 referred to in this report, their 

steroid hydroxylase activities, and gene designations are as 

follows: P450 C-21 (P450XXIA1), an adrenal steroid 21-

hydroxylase encoded by the bovine CYP21A1 gene; P450 17a 

(P450XVIIA1), an adrenal steroid 17a-hydroxylase encoded by 

the bovine CYP17 gene: PB-C (P450IIC6), a hepatic progesterone 

21-hydroxylase encoded by the rat CYP2C6 gene. Rabbit adrenal 

21-hydroxylase will be referred to as such since the gene 

designation is presently unknown. Abbreviations: 17P-

ethynylprogesterone, pregn-4-en-20-yne-3-one; 17P-

vinylprogesterone, pregn-4 , 20-diene-3-one; 21-pregnenoic acid, 

4-pregnen-3, 20-dione-21-oic acid; etienic acid, 4-androsten-3-

one-17p-carboxylic acid; HEPES, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid; 50S, sodium dodecyl sulfate; 

EOTA, ethylenediaminetetraacetic acid; HPLC, high performance 

liquid chromatography. 

cytochrome P450: Overview and History. The cytochromes P450 

are a family of hemoproteins that catalyze the oxidation of 

numerous drugs, environmental pollutants, and endogenous 

compounds. These oxidation or phase I reactions generally 

convert a hydrophobic compound to a more water-soluble form 

that is readily excreted from the body. The liver contains 

the highest concentration of these enzymes, which are bound to 

---- ----.-.-.. -- .-
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the endoplasmic reticulum. Some P450 forms are constitutively 

expressed, however other forms must be induced by xenobiotic 

administration. The clinical importance of the human P450 

family has become a major focus of researchers, physicians, 

and the pharmaceutical industry during the past decade. 

The application of recombinant DNA techniques to the P450 

field in the last decade has provided a wealth of information 

on enzyme primary structure, regulation, and the basis for 

P450 function. The cloning of many P450 cDNAs and genes has 

resulted in the characterization of highly related P450 forms, 

which could not be distinguished by physical properties, 

antibody recognition, enzyme activity, or other biochemical 

properties. In addition, a revised nomenclature scheme based 

on similarity of the P450 primary structure was introduced in 

1987 to add uniformity to classification. P450 cloning is now 

giving way to protein engineering studies on the effect of 

alterations in enzyme primary structure on enzyme efficiency. 

At the Eighth International Symposium on Microsomes and Drug 

oxidations in 1990, Dr. Minor J. Coon of the University of 

Michigan, a leading researcher on cytochrome P450, provided an 

overview of the current status of the field. He concluded his 

talk by delineating three areas where major progress will be 

made in the near future. These were first, the design of 

superior P450 catalysts; second, the prediction of individual 

responses to xenobiotics based on P450 patterns, and finally, 

.. -- ... -- -_..... .._ .. __ . -------------
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the use of P450 and other related enzymes in human gene 

therapy. The chronological development of the field of 

cytochrome P450 is given in Table 1. 

--.. - .. ----
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Table 1. 

Important historical events in the field of cytochrome P450. 

YEAR 

1958 

1960 

1963 

1964 

1967 

1968 

1972 

1982 

1982 

1985 

1989 

ACHIEVEMENT AND REFERENCE 

Two independent reports are published of a carbon 
monoxide-binding pigment in liver microsomes 
(Klingenberg, 1958; Garfinkel, 1958) 

Demonstration that the enzymatic activity of liver 
microsomes could be elevated by drug administration 
(Conney et al., 1960) 

The discovery of a physiological function for P450 -
the steroid 21-hydroxylation by adrenal cortex 
microsomes (Estabrook et al., 1963) 

Omura and sato quantitate the amount of spectrally 
detectable P450 based on the carbon monoxide 
difference spectrum of reduced P450 (Omura and Sato, 
1964) 

Ichikawa and Yamano report the stabilization of P450 
with glycerol enabling P450 purification stUdies 
(Ichikawa and Yamano, 1967) 

Successful reconstitution of a hepatic P450 system 
(Lu and Coon, 1968) 

Purification of multiple forms of P450 
(Lu et al., 1972) 

The first report of the primary structure of a 
P450 deduced from the cDNA sequence 
(Fujii-Kuriyama et al., 1982) 

First x-ray crystallographic structure of a P450 
published (Poulos et al., 1982) 

Expression of a P450 cDNA in a heterologous system 
(Sakaki et al., 1985) 

site-directed mutagenesis of a single amino acid is 
shown to alter the substrate specificity of a 
mouse P450 (Lindberg and Negishi, 1989) 

-------- ---._------------
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The Cytochrome P450 Catalytic Cycle. The predominant reaction 

catalyzed by cytochromes P450 is chemical oxidation. Even 

though P450 forms may differ widely in their amino acid 

sequence, the general catalytic cycle is thought to be the 

same for all P450s. This cycle is shown in Figure 1. The 

overall equation is: 

S + NAD(P)H + W +02 ----> SO + NAD(P)+ + H20 

where 8 is the substrate and 80 is the oxidized product. 

The first step is the binding of the substrate to ferric 

(Fe3+, oxidized state) P450. This binding can often be 

measured spectrally as a type I or type II spectral shift. 

The type I shift results from the substrate-induced 

dissociation of the sixth heme ligand (thought to be water). 

The spin state of the P450 changes from high to low, and this 

appears spectrally as a decrease in absorbance at 417 nm and 

an increase at 390 nm. The type II spectrum represents a 

shift from high to low spin P450 and has a characteristic 

maximum at 430 nm and minimum at 390 nm. Substrates that are 

strong iron ligands such as pyridines and imidazoles usually 

cause a type II spectral shift (Jefcoate, 1978; Schenkman et 

al., 1981). 

step 2 is the transfer of one electron from cytochrome 

P450 reductase to the P450. The cofactor NADPH donates this 

electron to the reductase and is thereby oxidized to NADP+. 

Once the enzyme is in the ferrous (reduced) form, it can bind 

--- _._-._--_ .. _--------- ----_.,--- --- ---- ,_. ----,-----.. " ,_ .. --.. _. 
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carbon monoxide to give a characteristic complex with an 

absorbance maximum at 450 nm. The third step is the binding 

of molecular oxygen to produce a ferrous cytochrome P450-

dioxygen complex 0 In step 4, another electron is then donated 

to the P450-02 complex from either cytochrome P450 reductase 

or cytochrome bs• step 5 is the activation and cleavage of 

oxygen to form a [Feo]3+ complex with the concomitant release 

of water. Although oxygen activation and cleavage have been 

the focus of several elegant investigations and reviews (White 

and Coon, 1980; ortiz de Montellano, 1986), splitting of the 

oxygen-oxygen bond is the least understood process in the 

catalytic cycle. step 6 is the actual hydroxylation of the 

substrate. Finally, in step 7 the oxidized substrate 

dissociates from the enzyme. 

--- "- .... -.. .... -. ... .--............. . __ .. 
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Figure 1. The cytochrome P450 catalytic cycle. 
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cytochrome P45Q Nomenclature. Since the purification of 

multiple forms of cytochrome P450 in the early 1970's, 

different laboratories adapted nomenclatures for their 

purified P450 forms. These nomenclatures were based on 

several criteria: induction by xenobiotics, chromatographic 

behavior, relative mobility on SDs-polyacrylamide 

electrophoresis, sex-specificity, substrate specificity or 

catalytic activity, species or tissue of origin, and amino

terminal sequence. Investigators were reluctant to equate 

P450s purified in their laboratory with those of another 

laboratory because true identity could be confirmed only by 

comparing the entire protein sequence. This nomenclature 

system led to confusion and frustration for scientists inside 

and outside of the P450 field. In a 1986 review article on 

rat liver P450 forms, the exasperated authors presented a call 

to action in their concluding remarks: "And sooner or later, 

something must be done about the nomenclature jungle!" (Astrom 

and DePierre, 1986). 

As a result of discussions at the First International 

Workshop on "P450 Genes and Their Regulation" in April, 1985, 

several leaders in the field agreed to standardize the P450 

nomenclature. Names for families and subfamilies within a 

P450 gene superfamily were recommended based on divergent 

evolution (Nebert et al., 1987). P450s are considered to be 

in the same family if they share greater than 40% amino acid 

-----------_.- -_._.,.-... _.-.. ,. --"- .... ..... --_. 
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sequence identity. Eight mammalian families were assigned and 

designated by Roman numerals (i.e., P450I1 family). P450 

subfamilies are designated by an additional capital letter 

(P450IIE) and have >59% homology. With a few exceptions, this 

nomenclature has been universally adopted in the P450 

literature during the past three years. 

Characterization and Monitoring of Multiple P450 Forms. 

Cytochrome P450 substrates represent tremendously diverse 

chemical structures. The early concept of a wide substrate 

specificity for this enzyme family was largely attributable to 

the belief that there was a single P450 form. As P450 

characterization evolved, numerous P450 forms and catalytic 

activities were discovered, and researchers eventually 

modified the concept of P450 multiplicity to state that each 

P450 form has a distinct catalytic and biochemical profile 

(Guengerich, 1990). 

The many forms of cytochrome P450 can be characterized at 

three distinct levels; microsomes, the purified P450 protein, 

and the gene or DNA sequence. Chronologically, P450 

characterization can be followed by the development of these 

three levels (Levin, 1990). However, it would be incorrect to 

assume that the advancement of P450 characterization to the 

recombinant DNA level automatically deems microsomal and 

purified P450 studies trivial and obsolete. The complete 
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characterization of a P450 form requires the investigation of 

these biochemical properties: 

a) spectral properties 

b) catalytic properties (enzyme activity, substrate 

specificity, regio- and stereoselectivity for one substrate) 

c) species, sex, tissue, and organelle of origin 

d) effect of inducers 

e) immunochemical properties 

f) peptide fragmentation pattern (determined by 

electrophoresis and/or high performance liquid chromatography) 

g) electrophoretic mobility 

h) protein sequencing (Edman degradation) 

i) cDNA sequencing 

The characterization of P450 forms and activities at the 

microsomal level probably has the most relevance to the in 

vivo situation. Therefore, this is the logical starting point 

for investigators who want to identify the P450 formes) 

involved in the metabolism of a particular compound, or 

examine what effect various physiological parameters or in 

vivo xenobiotic administration may have on the P450 profile. 

The most useful tools at the microsomal level are inducers, 

with subsequent monitoring of changes in catalytic properties 

and immunochemically-determined protein levels. In vivo 

administration of 3-methylcholanthrene, phenobarbital, and 

dexamethasone is generally recognized to induce forms of the 
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P450I, II, and III families, respectively (Gonzalez, 1989). 

The technique of Western blotting (Towbin et al., 1979) 

combines the separation of P450s based on size and charge with 

immunochemical detection and quantitation. Of course, the 

appropriate polyclonal or monoclonal antibody must first be 

raised to the purified P450 protein. 

until 1983, the correlations of P450 induction and 

increased protein levels with changes in a specific P450-

mediated enzyme activity were at best qualitative. The 

important work of Waxman et ale (1983) revolutionized 

microsomal P450 characterization by identifying specific 

hydroxylated steroid (androstenedione and testosterone) 

metabolites as diagnostic of particular P450 isozymes. This 

concept was expanded to include the use of progesterone as a 

substrate (Swinney et al., 1987) and applied to problems such 

as P450 inhibition and inactivation (discussed in Chapter 2), 

mouse liver tumorigenesis (Lange et al., 1989), and P450 

regulation (Waxman, 1984; Dannan et al., 1986). 

Purification of a microsomal P450 form allows more 

precise protein characterization. However, cytochrome P450 

purification is not a trivial exercise. since different 

schemes have been proposed for the purification of the same 

P450 forms and since the details for the purification of each 

form are numerous, this topic will be left to some excellent 

review articles (Guengerich, 1987; Guengerich, 1989; Ryan and 
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The basic criteria for purity are that the 

protein migrates as a single band upon SDS-polyacrylamide gel 

electrophoresis and a specific content generally of ~ 15 nmol 

P450/mg protein. Comparisons can then be made to P450s 

isolated by other laboratories using the criteria listed on 

page 21 (Black and Coon, 1986). However, despite rigorous 

characterization, there is still the possibility that highly 

related P450 forms may be indistinguishable on the basis of 

chromatographic behavior and biophysical properties. 

Recombinant techniques now enable the defini ti ve 

characterization of P450 forms at the level of the DNA 

sequence. As mentioned earlier, the resultant amino acid 

sequence alignment data are now the basis for the P450 

nomenclature system (Nebert et al., 1987). Molecular cloning 

allows investigators to avoid difficult P450 purification by 

generating active enzyme through cDNA expression systems such 

as yeast (Oeda et al., 1985) or COS cells (Zuber et al., 

1987). These technologies, for example, enabled the 

identification of two distinct P450 forms that share the same 

mobility on gels and have identical amino-terminal sequences 

(Gonzalez et al., 1986). Since the actual technical aspects 

have become simplified through the commercial availability of 

cDNA libraries and mRNA isolation and cDNA sequencing kits, 

P450 research can now focus on more difficult regulation and 

structure-function questions • 

.. --------------- .. --
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P450 Induction and Regulation. cytochrome P450 induction is 

defined as a selective increase in the level of protein as the 

result of gg novo protein synthesis. The phenomenon was a 

scientific curiosity even before P450 was discovered, mainly 

because of the disruptive effect of induction on pharmacologic 

responses (Okey, 1990). Early work by Conney and co-workers 

described P450 induction, the pharmacologic implications, and 

the relation to carcinogen bioactivation (Conney, 1982). More 

than 200 compounds have been described as inducers of 

mammalian P450 forms (Nebert et al., 1981). It should also be 

noted that extrahepatic steroid-metabolizing P450s (i.e., 

adrenal P450s) are resistant to xenobiotic induction. 

Induction may be the result of any or all of the 

following processes; an increase in the rate of transcription, 

an increase in the rate of processing of transcribed mRNA, 

mRNA stabilization, a higher rate of translation, or protein 

stabilization. The most common mechanism for induction is an 

increase in the rate of transcription, and this has been 

clearly demonstrated for phenobarbital (Adesnik et al., 1981) 

and 3-methylcholanthrene (Tukey et al., 1981) by comparing the 

amount of mRNA and protein. Kimura et al. (1986) showed that 

the mRNA levels for P450IA1 and P450IA2 did not necessarily 

parallel transcription rates for either enzyme, suggesting 

that mRNA may be differentially stabilized. Induction due 

simply to increased protein synthesis was implicated by 

------------------------------------
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studies which showed that induction of the P450I family can be 

blocked by the inhibitor puromycin (Kuntzman et al., 1969). 

In other cases, multiple induction mechanisms are implicated. 

For P450IIE1, ethanol administration increases P450IIE1 

protein levels 3- to 6-fold without any increase in P450IIE1 

mRNA (Song et al., 1986). However in diabetic animals, 

P450IIE1 mRNA levels were elevated and the hypothesis is that 

the mRNA is stabilized in the disease state. P450 induction 

and protein degradation in cell culture have recently been 

extremely active areas of research (Watkins et al., 1987). 

Table 2 lists some of the therapeutic agents and commonly 

ingested xenobiotics that induce human P450 forms and 

ultimately can produce adverse drug reactions or increased 

bioactivation of carcinogens. 

-... - - - ._-- .------ -_.- ... ----
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Table 2. P4S0 Forms Induced by Xenobiotics and Human 
Implications. 

Chemical Class 

polycyclic 
hydrocarbons 

barbiturates 

glucocorticoids 

ethanol 

peroxisome 
proliferators 

P4S0 Form(s) Human Implications 
(rat) 

P4S0IA1 Present in cigarette 
P450IA2 smoke and charbroiled beef 

P4S0IIB1 Drug interaction with 
P4S0IIB2 co-administration of 

phenobarbital + warfarin 
(Park and Breckenridge, 1981) 

P4S0IIIA1 Induction by rifampicin may 
decrease oral contraceptive 
efficacy (Guengerich, 1988) 

P4S0IIE1 Increases ethanol metabolism; 
may be induced with 
diabetes 

P4S0IVA1 Hypolipidemic agents 
may induce 
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Cytochromes P450 and steroid Biosynthesis. Although hepatic 

P450 forms can carry out distinct steroid hydroxylation 

reactions, extrahepatic enzymes including several P450 forms 

are responsible for steroid synthesis and regulation in 

physiological pathways (Miller, 1988). The purpose of this 

section is to describe the overall steroidogenic pathway 

starting with cholesterol and to emphasize the biochemistry 

and enzymology of two cytochrome P450 forms relevant to 

Chapters 2-4, P450 C-21 and P450 17a. 

As shown in Figure 2, the 27-carbon steroid cholesterol 

is ultimately metabolized to glucocorticoids, 

mineralocorticoids, and sex hormones. Glucocorticoids are 

responsible for carbohydrate mobilization and the regulation 

of the energy state of the cell. Mineralocorticoids are also 

homeostatic compounds which stimulate the kidney tubule to 

retain sodium and thus decrease water excretion. In turn, the 

organism can control basic mechanisms of thermoregulation and 

blood pressure. Sex hormone production allows for the 

development of secondary sex characteristics and ultimately 

for reproduction. 

The enzymes involved in steroidogenesis along with their 

organ and subcellular location are given in Table 3 (this 

Table can be used as the key to the enzymes numbered 1-8 in 

Figure 2). Four of the P450s are found in the adrenal cortex; 

P450scc, P45017a, P450 C-21, and P45011P (using the more 
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Cholesterol (C-27) 

Pregnenolone (C-21) 

17-Hydroxypregnenolone Progesterone 

Dehydroisoandrosterone 17-Hydroxyprogesterone 11-Deoxycorticosterone 

3. j 5. j 6.j 
Androstenedione 11-Deoxycortisol Corticosterone 

7.j 6.j 6.j 
Cortisol 

Testosterone (t) (glucocorticoid) 18-Hydroxycorticosterone 

s.j 6. I 
Estradiol (~) Aldosterone 

(mineralocorticoid) 

Figure 2. 
hormones. 

Overall metabolism of cholesterol to steroid 
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Table 3. Enzymes Involved . steroid Metabolism • l.n 

Number Enzyme Localization 

Tissue Subcellular 

1 P450scc adrenal mitochondria 
(P450XIA1) cortex 

2 P45017a adrenal E.R. 
(P450XVIIA1) cortex 

3 3P-OH dehyd./ adrenal E.R. 
isomerase cortex 

4 P45017a testis E.R. 
(P450XVIIA1) 

5 P450 C-21 adrenal E.R. 
(P450XXIA1) cortex 

6 P45011P adrenal mitochondria 
(P450XIB1) cortex 

7 17-keto testis E.R. 
reductase 

8 P450arom placenta E.R. 
'( P4 50XIXA1) ovary 

-- ... -.-.-- .. ' 
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descriptive trivial nomenclature, scc=cholesterol side-chain 

cleavage: 17a=steroid 17a-hydroxylase: C-21=steroid 21-

hydroxylase: I1p=steroid 11P- or 18-hydroxylase). The 

microsomal P450 forms obtain electrons from the membrane-bound 

flavoprotein P450 reductase, as shown in Figure 1. However, 

in the case of mitochondrial P450s, two electron carriers are 

required. Adrenodoxin reductase utilizes NADPH and transfers 

electrons to the iron-sulfur protein adrenodoxin, which serves 

the P450. These microsomal and mitochondrial electron 

transport systems cannot support each other. 

The enzyme that is rate-limiting in steroidogenesis and 

probably the best characterized is P450scc (1, Table 3) ,. This 

mitochondrial enzyme is found mainly in the adrenal cortex, 

but also in the testis (Hall et al., 1979) and ovary (Uzgiris 

et al., 1971). It cleaves the 27-carbon steroid cholesterol 

by two sequential hydroxylations followed by scission of the 

20-22 carbon bond to give pregnenolone and isocaproic acid 

(Simpson, 1979). For some time there was speculation that 

more than one P450 form was responsible for these steps. 

However, the purified enzyme has been shown to catalyze all 

three steps (Shikita and Hall, 1973). The bovine (John et 

al., 1984) and human (Chung et al., 1986) cDNAs have been 

cloned and share 82% amino acid homology, which is typical for 

human/bovine sequence comparisons. 

steroid biosynthesis is regulated by adrenocorticotropic 

--.-.-. --
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hormone (ACTH), principally by effects on P450scc. There is 

both an acute and chronic ACTH-mediated steroidogenic response 

(Waterman et al., 1986). The acute effect occurs within 

seconds or minutes and involves the increased transport of 

cholesterol to the mitochondria and P450scc. This phenomenon 

has been shown for rats in vivo and for bovine adrenal cell in 

culture. Cholesterol is stored in the cell in esterified form 

in lipid droplets, and ACTH stimulates cholesterol esterase 

(via cAMP) to free cholesterol stores and facilitate substrate 

transfer to the mitochondria (Nishikawa et al., 1981). ACTH 

also stimulates the release of the product pregnenolone from 

P450scc. 

Most.or all of the steroidogenic enzymes are subject to 

chronic ACTH-mediated effects. In this case, control is at 

the level of enzyme synthesis. ACTH is required to maintain 

normal amounts of P450scc in adrenal mitochondria, and 

increased or decreased levels of ACTH generally produce a 

corresponding change in P450scc mRNA and active enzyme 

(Waterman, 1982). Systemic stimulation of steroidogenesis by 

ACTH has been studied by removing the in vivo source of ACTH 

(hypophysectomy) and monitoring the levels of steroidogenic 

enzymes and products. In rats, this procedure decreased the 

levels of mitochondrial and microsomal cytochromes P450 and 

their electron carrier enzymes. Interestingly, the 

glucocorticoid cortisol is synthesized in bovine 

... _ .. "-"- ---. ------------------.. - --- - .. _._ ......... - .. - ... -"'~ .- -'" .. _ ......... --..... ~ ... ------..... -
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adrenocortical cells only when ACTH is present, indicating 

that for this species, P45017a levels are controlled by this 

hormone. Follicle stimulating hormone (FSH) has also been 

shown to stimulate the synthesis of P450scc in adrenal and 

ovarian (granulosa) cells (Funkenstein et al., 1984). 

Following P450scc metabolism of cholesterol, pregnenolone 

can be either hydroxylated by P45017a (2) or converted to 

progesterone by 3j3-hydroxysteroid dehydrogenase/ isomerase (3) • 

The enzymology of the conversion of the AS steroid nucleus to 

a A4 steroid by the dehydrogenase/isomerase is not well 

understood, but deficient enzyme has been shown to produce a 

clinical endocrine imbalance (cravioto et al., 1986). In 

contrast, P45017a has been well characterized at the 

molecular, biochemical, and clinical levels. The 17a

hydroxylase activity in the adrenal gland is important since 

this is a necessary step in glucocorticoid and/or sex hormone 

production (see Figure 2). The same enzyme carries out the 

steroid 17,20-lyase reaction in the testis to produce 

androgens in the male. Human adrenal 17a-hydroxylase 

deficiency can result in high blood pressure and hypogonadism 

(Sasano et al., 1987). This deficiency has now been traced to 

a homozygous mutation of a phenylalanine residue in the N

terminal region of the protein (Yanase et al., 1989). 

Progesterone and 17-hydroxyprogesterone are both 

substrates for 21-hydroxylation. The biochemistry and 

-------_._--._._-- --------------.-~-.. - .... _._, .. ' -,_._ ............ ' -" ., ........ _ .... _ ... . 
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enzymology of the responsible catalyst, P450 C-21, is the 

focus of the research presented and discussed in Chapters 2-4. 

On a historical note, Estabrook et al. used this enzyme in 

1963 to demonstrate that a carbon-monoxide binding cytochrome 

carried out physiologically important reactions. Bovine 

(Yoshioka et al., 1986) and human (White et al., 1984) P450 C-

21 have been cloned and the amino acid sequences deduced. The 

bovine form has 496 amino acids, a molecular weight of 56,113, 

and is 77% homologous to the human enzyme. Like P450scc, P450 

C-21 synthesis is regulated in part by levels of ACTH (John et 

al., 1986). 

P450 C-21 is of great clinical importance because it is 

involved in the disease congenital adrenal hyperplasia. This 

is the most common congenital defect in steroidogenesis and 

occurs in about 1 in every 7000 humans (Miller, 1988). A 

defective form of the enzyme causes decreased aldosterone and 

cortisol formation and often fatal electrolyte imbalance and 

hypotension. Because of the delicate balance in steroid 

biosynthesis, milder forms of congenital adrenal hyperplasia 

can produce overproduction of the male sex hormones 

androstenedione and testosterone resulting in a virilization 

of the female. The genetic basis for the disease has been 

assigned to gene deletion (White et al., 1988), gene 

conversion and amino acid alterations (Higashi et al., 1988: 

Amor et al., 1988), aberrant gene splicing (Higashi et al., 

---------------------------------.- .. --.- _.. ---.. -- --_ ..... -_ ....... ----
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1988), and also point mutations (Rodrigues et al., 1987). 

P45011P (6) is the final enzyme in the synthesis of 

glucocorticoids and mineralocorticoids. As shown in Figure 2, 

this enzyme also converts corticosterone to aldosterone by 

successive l8-hydroxylation and oxidase steps. A single 

enzyme has been purified and mediates all three reactions in 

a reconstituted system (Sato et al., 1978). Inherited 

deficiencies in these enzyme activities in man have been 

described (Veldhuis et al., 1980). 

For sex hormone production, androstenedione is converted 

to the more potent androgen testosterone by the action of 17-

keto reductase (7). This is a non-P450 enzyme located in the 

Leydig cell of the testes. Conversion of androgens to 

estrogens is mediated by P450arom (8), an enzyme found in the 

highest concentrations in the ovary and placenta. It is also 

hormonally regulated throughout female sexual development, 

during pregnancy, and during the menstrual cycle (Waterman et 

al., 1986). Clinically useful inhibitors of aromatase such as 

aminoglutethimide have been developed to treat estrogen

dependent breast tumors. 

Mechanism-Based Enzyme Inactivation. Inhibition of cytochrome 

P450 forms can alter both the in vivo and in vitro metabolism 

of xenobiotics and endogenous compounds (reviewed by Ortiz de 

Montellano and Reich, 1986 and Murray and Reidy, 1990). Just 
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as P450 substrates span the entire, chemical spectrum, numerous 

compounds have been discovered and characterized as P450 

inhibitors. Enzyme inhibition can be further subdivided into 

simple inhibition, where the compound binds reversibly, and 

enzyme inactivation, where binding is generally followed by 

metabolism. A reactive intermediate results and an 

irreversible substrate-enzyme complex is formed. Compounds of 

this latter group are called mechanism-based inactivators or 

suicide substrates. Regeneration of active enzyme requires de 

novo protein synthesis. 

studies on mechanism-based inactivators of cytochromes 

P450 have been complicated by two factors; 1) the combination 

of low P450 substrate specificity and high oxidative capacity, 

and 2) the multiplicity of P450 forms which makes it difficult 

to interpret data from microsomal (heterogeneous) samples 

(Ortiz de Montellano and Reich, 1986). Regardless of the 

objective of the research, a compound should first be 

characterized as a mechanism-based inactivator by 

demonstration of the following six criteria (Walsh, 1984). 

The first characteristic of a mechanism-based inactivator 

is that the loss of enzyme activity follows pseudo-first order 

kinetics. True first-order loss of enzyme activity would be 

represented as a simple unimolecular reaction such as 

E (active) -------> E (inactive), with k;nact representing the 

rate constant of inactivation. However, mechanism-based 

...... _._ ... __ .. _--------_._._ .. _- . 
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inactivation is a bimolecular reaction and therefore cannot 

strictly be characterized as first order. Because 

inactivation experiments are generally done using an excess 

concentration of inhibitor, the reaction is essentially first 

order with respect to enzyme concentration and thus the title 

"pseudo-first order" is appropriate. 

The second criterion of mechanism-based inactivation is 

the saturability of the enzyme system with increasing 

concentrations of inhibitor. The general principles of enzyme 

action and kinetics developed by Michaelis and Menton apply to 

mechanism-based inactivation. However, the velocity of the 

enzyme reaction is replaced by the inactivation rate and the 

substrate is the inactivator. At a low inhibitor 

concentration, the inactivation rate is approximately 

proportional to the inhibitor concentration. As the inhibitor 

concentration increases, the enzyme-inhibitor system reaches 

saturation, and kinact is independent of the inhibitor 

concentration. A double reciprocal plot of 1/kiooct vs. 1/[I] 

will show a finite y-intercept value equal to the reciprocal 

of the maximal rate of inactivation (see Figure 9). The x

intercept is the negative reciprocal of the concentration of 

inhibitor required for one-half the maximal rate of 

inactivation (1/K1). 

Another factor that determines the overall rate of enzyme 

inactivation is the partition ratio. In addition to 

... _-- ._-_._---_ .. _----_._--------_ ... -.- ... -- ..... __ ... _ ... __ ..•..... - .. 
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irreversibly binding to the enzyme, the intermediate (X.) can 

be converted to a soluble metabolite and released without harm 

to the enzyme. The partition ratio is therefore the number of 

times the substrate is metabolized to free product per 

inactivation event and is a measure of the efficiency of 

enzyme inactivation. 

Protection of the enzyme from inactivation by the 

addition of a non-inactivating substrate is the third 

criterion. It is a function of the reversible binding step E 

+ X <-----> E-X where the inactivating and non-inactivating 

substrate simply compete for the enzyme active site prior to 

metabolism. An important qualification is that both compounds 

must have approximately the same affinity for binding in order 

to observe protection when equimolar concentrations are used. 

The requirement for metabolism is the fourth criterion 

and the most important property of mechanism-based enzyme 

inactivators, especially in terms of selectively targeting 

similar P450 forms for inactivation. Metabolism requires 

NADPH and produces a reactive intermediate which then binds 

irreversibly to the enzyme. Dialysis of the enzyme sample 

after metabolism with no subsequent regeneration of enzyme 

activity suggests irreversibility (the fifth criteria). 

Labelled inactivator can then be used to compare the amount of 

inactivator bound to the enzyme with the loss of enzyme 

activity. The sixth and final criteria of mechanism-based 

_________________ ~_. __ • .. ____ c •• c ••••• ,,_'...... " ••• ' 
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inactivation is the minimal adduct to enzyme stoichiometry of 

1: 1. A stoichiometry of >1 adduct: inactivated enzyme suggests 

that a single adduct may only 'wound' the enzyme and that 

complete inactivation requires multiple 'hits'. 

Three primary classes of cytochrome P450 mechanism-based 

inactivators are known; 1) compounds that destroy the heme 

prosthetic group, 2) compounds that quasi-irreversibly 

coordinate to the heme prosthetic group, and 3) compounds that 

bind covalently to the protein (Ortiz de Montellano and Reich, 

1986). Classes or specific examples of compounds will be used 

to illustrate each mechanism. 

The most common and possibly the most studied mechanism 

for irreversible P450 inactivation is the covalent 

modification of the prosthetic heme group following metabolic 

activation of the inhibitor. Experiments to support this 

pathway generally demonstrate the criteria for mechanism-based 

inactivation along with a parallel loss of spectrally 

detectable P450 and enzyme activity. The most convincing 

evidence for heme modification is the isolation, 

identification, and quantitation of the heme adduct. 

Terminal olefins and acetylenes are the best 

characterized modifiers of P450 heme (Ortiz de Montellano and 

Kunze, 1980; ortiz de Montellano, 1985). Specific examples of 

olefins are ethylene, fluroxene, and 2-isopropyl-4-pentenamide 

(AlA). Characterization of the P450-01efin adducts has shown 
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that a porphyrin nitrogen is bound to the terminal carbon and 

an oxygen to the internal carbon of the double bond (Ortiz de 

Montellano et al., 1984). This alkylation is not mediated by 

an epoxide metabolite. Of the individual P450 forms studied 

in conjunction with AlA, the P450IIB1, IIIA1, IIC6, and IICll 

forms have all been shown to be inactivated to varying degrees 

(Bornheim et al., 1987). 

Acetylenes inactivate cytochromes P450 mainly by heme 

alkylation but with some interesting mechanistic differences 

to olefinic compounds. with acetylenes, the carbon to which 

the oxygen is added (see page 18, step 6) can be deduced 

because oxygen addition to the terminal carbon produces 

distinct metabolites of acetylenes (Ortiz de Montellano, 

1988). Ethyne, phenylacetylene, and norethisterone are 

examples of acetylenes that destroy P450 heme rather 

indiscriminately. There are also now several reports, 

including the data presented in Chapters 2 and 3, to indicate 

that acetylenes can inactivate P450 forms by protein 

modification (Gan et al., 1984; CaJacob et al., 1988; stevens 

et al., 1991). 

Cytochrome P450 metabolism of some compounds can produce 

a metabolite intermediate (MI) that can form a stable complex 

by coordinating with the P450 ferrous heme. This complex can 

be dissociated competitively by addition of certain P450 

substrates or chemically by the addition of potassium 
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ferricyanide, resulting in the reactivation of P450 activity. 

MI-complex forming drugs such as the macrolide antibiotics 

troleandomycin and erythromycin have been shown to produce 

serious pharmacokinetic alterations for some co-administered 

drugs, presumably by disruption of the human P450II1 enzyme 

pool (Martell et al., 1986; Watkins et al., 1989). 

The two most studied classes of MI-complex forming 

compounds are the methylenedioxybenzene compounds such as 

isosafrole and aromatic or alkyl amines including the 

macrolide antibiotics. The major difference in the MI

complexes formed is that for the methylenedioxybenzene 

compounds the ferrous and ferric forms are stable, whereas the 

amine MI-complexes are stable only in the ferrous state. This 

information has been used to study animal and human P450II1 

forms (glucocorticoid-inducible) by using troleandomycin in 

vivo or in vitro to specifically complex these forms and then 

regenerating the active enzyme in vitro by oxidizing the iron 

to the ferric state with potassium ferricyanide (Ciaccio and 

Halpert, 1989; Halvorson et al., 1990). The tertiary amine 

SKF 525-A has been liberally used as an inhibitor of P450-

dependent metabolism in vivo, however it should be noted that 

this compound is generally non-selective among P450 forms 

(Beuning and Franklin, 1976). Finally, compounds which can 

form MI-complexes have also been shown to be effective P450 

inducers (Gonzalez, 1989). 

~~~~~---.~ - - --~--------~----
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Compounds that inactivate cytochromes P450 by modifying 

the protein are less abundant but potentially offer the 

enzymologist more information about the P450 active site and 

amino acid residues critical to metabolism. The antibiotic 

chloramphenicol inactivates several rat and mouse liver P450s 

(Halpert et al., 1983; smith et al., 1990) and one dog liver 

P450 form (Ciaccio et al., 1987). For the major rat hepatic 

phenobarbital-inducible form (P450IIB1), the mechanism of 

inactivation was shown to involve three steps, 1) P450-

dependent hydroxylation of the dichloromethyl group, followed 

by 2) loss of a molecule of HCI to yield a reactive acyl 

halide intermediate (-NH-CO-CO-CI) which then can 3) bind 

covalently to a lysine residue (Halpert, 1981; Halpert et al., 

1985). This acylation disrupts the transfer of electrons from 

the reductase to the P450. Although the dihalomethyl group 

was shown to be a requirement for inactivation, chemical 

alterations on the rest of the molecule determined the 

propensity of the compound to also modify the P450 heme. In 

addition, the selectivity of these chloramphenicol analogs for 

inactivating different P450 forms was altered (Halpert et al., 

1986; Stevens and Halpert, 1988). 

Consequences of Cytochrome P450 Inhibition in Humans. Studies 

on the clinical implications of P450 inhibitors are more 

concerned with overall alteration of metabolism and 

------. --



43 

homeostasis than on specific mechanisms of inactivation. 

Determination of the individual P450 forms inhibited by 

various drugs has only recently become a major focus of the 

pharmaceutical industry, mainly in light of the discovery of 

genetic polymorphisms as the basis for inter-individual 

differences in drug metabolism. Many specific examples can be 

cited to emphasize the need for research on the role of P450 

inhibition in human toxicology; pregnancy resulting from drug 

co-administration with the oral contraceptive 17a

ethynylestradiol (Guengerich, 1988), and significant drug 

interactions produced by the widely-prescribed anti-ulcer drug 

cimetidine are just two. Conversely, the beneficial 

pharmacological uses of P450 inhibitors are now being 

investigated, especially in the areas of cancer treatment (Van 

Weauwe and Janssen, 1989) and steroid metabolism imbalances 

(Ortiz de Montellano and Reich, 1986). New inhibitors of 

human P450 aromatase are being sought to treat the increasing 

numbers of women with estrogen-dependent breast carcinomas. 

The use of two P450 inhibitors now prescribed for this 

condition, testolactone and aminoglutethimide, may have to be 

reevaluated in light of the fact that tpey have produced 

significant side effects in about 40% of treated patients 

(Harris, 1985). 

---- ---_ ... _ .. ---



CHAPTER 2 

steroid Derivatives as Probes of Adrenal cytochrome P450 

structure and Function. 
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Introduction. Cytochromes P450 are a gene superfamily of 

hemoproteins that catalyze the oxidation of lipophilic 

substrates to more water soluble products (Nebert et al., 

1989). The numerous P450 forms in the liver are generally 

inducible by and carry out the metabolism of xenobiotics 

(conney, 1986). In contrast, the P450 forms present in the 

adrenal gland are more limited in number and substrate 

specificity and utilize steroids as their endogenous 

substrates. Two key microsomal enzymes of the adrenal cortex 

are P450 C-21 (P-450XXIA1) and P450 17a (P-450XVIIA1), which 

catalyze the hydroxylation of progesterone at the 21- and 17a-

positions, respectively. The metabolic products of these 

reactions are important precursors in the production of 

mineralocorticoids, glucocorticoids, and sex hormones (Miller, 

1988). 

Although these and other P450s have been extensively 

studied at the biochemical and molecular level, the question 

of why certain P450 forms display superior catalytic activity 

and/or strict regioselectivity with a particular substrate has 

remained largely unanswered. Several approaches have been 

utilized by other laboratories to investigate the basis for 

._---_._-_ .... _----_._-------_._---- .... ---_ .. _ .. _--- ........ __ .. 
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differences in progesterone 21-hydroxylation by related P450s, 

or similarities in metabolism by P450 forms unrelated in 

primary structure. For human P450 C-21, a strong impetus for 

studies on the influence of minor changes in enzyme primary 

structure on steroid metabolism arose from analysis of the 

CYP21A gene of patients with impaired adrenal 21-hydroxylase 

activity. A single amino acid substitution in P450 C-21 at 

Ile172 or Argl56 has been shown to be one cause of steroid 21-

hydroxylase deficiency (Chiou et al., 1990). In addition, 

rabbit hepatic P450IIC4 exhibits 95% amino acid sequence 

identity with the P450IIC5 form (Johnson et al., 1987) but 

displays a 

hydroxylation. 

much lower efficiency for progesterone 

The difference in ~ between 'the enzymes has 

recently been attributed to amino acid residue 113 (Johnson et 

al., 1990). 

The objective of our study was to utilize mechanism-based 

inacti vators to investigate determinants of the catalytic 

specificity of progesterone 21-hydroxylases of cow adrenal, 

rabbit adrenal, and rat liver. Mechanism-based inactivators, 

or suicide substrates, are compounds that are metabolized to 

reactive intermediates, which can then bind to the enzyme 

irreversibly, resulting in loss of activity (Rando, 1984). 

The requirement for metabolism imparts additional specificity 

compared wi th reversible inhibi tors, which rely solely on 

binding. In addition, the inactivation may potentially 
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involve modification of amino acid residues at or near the 

enzyme active site. These unique characteristics were 

exploited by examining a series of progesterone analogs as 

inactivators of three functionally similar (progesterone 21-

hydroxylase activity) enzymes. This enabled us to address 

questions about the events and site of P450 catalysis which 

have not been investigated thus far. 

Our experimental approach was to narrow the focus to 

specific structure-activity questions by first identifying an 

inactivator or inactivators of each of the three progesterone 

21-hydroxylases. Our own recent work suggests that the 

replacement of the 21-methyl group of progesterone with a 

dihalomethyl moiety may confer upon a molecule the ability to 

selectively inactivate cytochromes P450 by virtue of the 

metabolic conversion of the steroid to an acyl halide 

intermediate (Halpert et al., 1988; Halpert et al., 1989a). 

Both 21,21-dichloro- and 21,21-difluoroprogesterone (see 

Figure 3) were used to monitor not only the selectivity but 

also the efficiency of enzyme inactivation by measuring the 

production of free, non-inactivating metabolites during 

catalysis. Inclusion of two 17p-unsaturated compounds, 17P

vinylprogesterone and 17p-ethynylprogesterone (see Figure 3), 

was motivated by reports of P450 inactivation by olefins and 

acetylenes (Ortiz de Montellano et al., 1982; Ortiz de 

Montellano and Reich, 1984). More recently, P450 inactivation 
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due at least in part to protein modification has been 

demonstrated for some terminal acetylenes (CaJacob et al., 

1988: Hammons et al., 1989). By exploiting the similar 

function of these progesterone 21-hydroxylases we have 

utilized 17p-substituted steroids to investigate important 

catalytic differences. 

-----------.-~- - .... _.-.... -... -....... . ..... 
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Figure 3. structures of the two 21, 21-dihaloprogesterone 
compounds (where X is chlorine or fluorine) and 
17p-ethynylprogesterone. 

----------------- - -- ----------~---~---- •.. ---.-. --- .. - .......... -. 
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Experimental Procedures. [4-14c]progesterone (57.2 mCi/mmol) 

and [7-3H(N)]pregnenolone (10-25 Ci/mmol) were purchased from 

NEN products (Boston, MA). Progesterone, deoxycorticosterone 

(21-0H progesterone), 17c-hydroxyprogesterone, dilauryl L-3-

phosphatidylcholine, 3p-acetoxy-5-androsten-17-one, andNADPH 

were purchased from Sigma Chemical Co. (st. Louis, MO). 1-

Methyl-3-nitro-1-nitrosoguanidine was purchased from Aldrich 

Chemical Co. (Milwaukee, WI). Sodium cholate, sodium 

deoxycholate, and HEPES were purchased from Calbiochem-Behring 

(La Jolla, CA). Sepharose 4B was purchased from Pharmacia 

Fine Chemicals (Piscataway, NJ). Hydroxyapati te and the 

reagents for gel electrophoresis were purchased from Bio-Rad 

(Richmond, CA). Emulgen 913 was purchased from KAO-Atlas 

Chemicals (Tokyo, Japan) • The steroids 17 p-

ethynylprogesterone (pregn-4-en-20-yne-3-one), 17P-

vinylprogesterone (pregn-4,20-diene-3-one), 21-chloro-21-

fluoroprogesterone, 21,21-dichloroprogesterone, and 21,21-

difluoroprogesterone were synthesized as described previously 

(Halpert et al., 1989b). [3H]17p-ethynylprogesterone was 

tritiated from the cold compound to a specific activity of 

~2.8 Ci/mmol as. described previously (Tang and Peng, 1988). 

21-Pregnenoic acid (4-pregnen-3,20-dione-21-oic acid) was 

generously provided by Dr. Ian R. Senciall of the Memorial 

University of Newfoundland, st. John's, Newfoundland, Canada. 

Mass spectral analyses were performed on a Finnegan MAT-90 

.. ... - .. - -_._ ..• _------ -_ ... _ .•. __ . 



Mass spectrometer (electron impact mode, 70 eV). 

21,21-dichloroprogesterone and pregn-4-ene-3-oxo-21-oic acid 

were synthesized as described previously (stevens et al., 

1991). The product was 96% pure as determined by HPLC and was 

purified further by HPLC to >98% chemical and radiochemical 

purity on a 10 mm x 25 cm Altex Ultrasphere ODS 51'm C18 

column. The column was eluted at 1.5 mL/min with a mobile 

phase of 75% acetonitrile: 25% (50% H20, 50% methanol). The 

retention time of the analyte was 20.75 min. 

Microsome preparation and Enzyme Purification. Fresh bovine 

adrenal glands were obtained from the local meat packers. The 

inner medullary region was dissected away from the cortex and 

discarded, and the cortical region was then scraped from the 

capsule and saved. Adrenocortical microsomes were then 

prepared as described previously for rat liver microsomes 

(Halpert et al., 1983). The protein concentration (Lowry et 

al., 1951) and the cytochrome P450 content (omura and Sato, 

1964) were determined by standard methods. Rat liver P450IIC6 

(PB-C) (Graves et al., 1987), rat liver NADPH-cytochrome P450 

reductase (Halpert et al., 1985), and rat liver cytochrome bs 

(Halpert et al., 1989a) were purified as described previously. 

One unit of reductase is defined as the amount which reduces 

1 I'mol of cytochrome c per min when assayed in 300 roM 

potassium phosphate buffer (pH 7.7) at 25°C. 

--.. - .. --
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Inactivation of P450 C-21: Loss of enzyme activity and P450. 

Experiments to compare the residual spectrally detectable P450 

with residual enzymatic activity after the incubation of P450 

C-21 with 17p-substituted steroids were performed as follows. 

The 1-mL incubation mixtures contained cytochrome P450 (1 

nmol/mL), NADPH-cytochrome P450 reductase (2 units/nmol P450) , 

30 ~g/mL dilauryl L-3-phosphatidylcholine, 50 mM HEPES buffer 

(pH 7.6), 15 mM MgC12 , and 0.1 mM EDTA, and 25 ~M inhibitor 

added in 1% methanol. The samples were pre incubated at 37°C 

for 2 min before the addition of NADPH (1 mM final 

concentration). The reaction was allowed to proceed for 10 

min at 37°C before the tubes were placed on ice. The material 

was transferred to dialysis bags and dialyzed against 4 X 1 L 

of 10 mM Tris-acetate (pH 7.4) containing 0.1 mM EDTA and 20% 

(v/v) glycerol. Following dialysis, spectrally detectable 

P450 was determined from the absorbance at 417 nm using an 

extinction coefficient of 118 mM-'cm-'. A O. 05-nmol aliquot of 

the material was also assayed for residual progesterone 21-

hydroxylase activity. Fresh NADPH-cytochrome P450 reductase 

(0.30 units) was added to these incubations based on the 

highest P450 value determined for either the (+) methanol or 

(-) NADPH control samples after dialysis. This reconstituted 

system (0.1 mL total volume) contained 30 ~g/mL dilauryl L-3-

phosphatidylcholine, 50 roM HEPES buffer (pH 7.6), 15 roM MgC121 

and 0.1 roMEDTA, and 25 ~M ['4C]progesterone added in 1% 

--- - ._-------- -------- . __ ._- .. -. 
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methanol. The material was pre incubated for 2 min at 37°C 

before the addition of NADPH. After 2 min, the reaction was 

stopped by the addition of 50 pL of tetrahydrofuran. A 50-pL 

aliquot was spotted on a thin-layer chromatography plate, and 

developed 3x in chloroform:ethyl acetate (93:7) (McCarthy and 

Waterman,1988). The hydroxylated progesterone metabolite(s) 

were identified by autoradiography, scraped into a 

scintillation vial, counted, and the residual progesterone 

hydroxylase activity calculated. The Rf values for the 17a

hydroxy and 21-hydroxy progesterone metabolites were 0.40 and 

0.47, respectively. 

For inactivation experiments using purified enzyme (such 

as that shown in Figure 6 and summarized in Table 4), the 

incubation conditions were: 0.05 nmol/mL P450, 0.30 units/mL 

NADPH-cytochrome P450 reductase, 30 pg/mL dilauryl L-3-

phosphatidylcholine, 50 mM HEPES buffer (pH 7.6), 15 mM MgC12 , 

0.1 mM EDTA, and 1 mM NADPH. The total volume during the 

determination of residual enzyme activity was 0.1 mL. Loss of 

enzyme activity was monitored with time and the lines shown 

(Figures 6, 8, and 10) were drawn by linear regression 

analysis of the natural logarithm of the residual activity as 

a function of time. 

Binding of 178-substituted steroids to P450 C-21. A cuvette 

containing 0.92 pM 'P450 C-21 in w-amino-n-octyl Sepharose 

--.- --- .-.. ----- -_._-----------._._--. - -- .... -- "-- ._- ......... -._---
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column elution buffer (100 mM potassium phosphate (pH 7.25), 

20% glycerol, 0.1 mM EDTA, 0.4% sodium cholate, and 0.16% 

Emulgen 913), was placed in a Beckman DU-7 spectrophotometer 

and allowed to equilibrate in the cell to 25°C with a 

thermostated circulator. Increasing concentrations of the 

inhibitors were added in 1 ~L of methanol, the mixture was 

stirred, and the sample was scanned from 500 nm to 380 nm. 

The ~A390-420 was recorded at each inhibitor concentration and 

plotted vs. [S]. The concentration of steroid that produced 

one-half of the maximal shift (Ks) and the maximal change in 

absorbance (~~x) for each steroid were determined using non

linear regression analysis and a one-site saturation model 

(Jefcoate, 1978). 

Analysis of 17B-substituted steroid metabolites by HPLC. 

These experiments were carried out under the same conditions 

described for the incubations to compare the loss of enzyme 

activity with the decrease in spectrally detectable P450. 

However, instead of sample dialysis after the 10 min 

incubation, the reaction mixture was acidified by addition of 

1N HCl and extracted (2x1 mL) with ethyl acetate. The organic 

extract was then dried, and when the inhibitor was a 21,21-

dihalo steroid, diazomethane was added and the ether solvent 

removed under a stream of nitrogen. The sample was taken up in 

methanol, and an aliquot was analyzed by HPLC on a 10 rom x 25 

---- ------- --.- ---. 
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cm Altex Ultrasphere ODS 5 ~M C18 reverse phase column. For 

the 21,21-dihalo steroids, the column was eluted with 75:25 

(v/v) acetonitrile:50% methanol/50% H20 at a flow rate of 1.5 

mL/min, and the column eluent was monitored at 254 nm. For 

17p-ethynylprogesterone, the mobile phase was 85% methanol: 15% 

water and the eluent was monitored at 240 nm. For [3H]21,21-

dichloroprogesterone and [3H] 17p-ethynylprogesterone, the HPLC 

eluent was also collected in fractions and the amount of 

metabolite ~antitated by scintillation counting. For 21,21-

difluoroprogesterone, the amount of metabolite was quantitated 

based on the absorbance at 254 nm, using the parent compound 

as an internal standard. 
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Results 

Purification of bovine adrenal cytochromes P450 17a and P450 

C-21. Bovine adrenal cytochrome P450 17a and P450 C-21 were 

purified according to the method of Kominami et ale (1980). 

The elution fractions were monitored for absorbance at 417nm 

(heme) and 290nm (protein), and the resultant chromatogram for 

a typical purification is shown in Figure 4. After elution of 

approximately 12 bed volumes from the ~-amino-n-octyl 

Sepharose column with a linear gradient of 0 - 0.16% Emulgen 

913, a mixture of cytochromes P450 17a and P450 C-21 was 

collected as pool 1 (Figure 5, lane 2). As the elution 

gradient continued, P450 C-21 eluted as the major protein and 

was pooled separately. Detergent in the elution buffer was 

removed by hydroxylapatite chromatography (Graves et al., 

1987). cytochrome P450 C-21 was considered pure based on a 

single protein band upon SDS-polyacrylamide gel 

electrophoresis as shown in Figure 5, lane 1 and the absence 

of progesterone 17a-hydroxylase activity when assayed in a 

reconstituted system. Purified P450 C-21 has a specific 

cytochrome P450 content of 19 nmol/mg before detergent removal 

and a progesterone 21-hydroxylase activity of 27 nmo1 21-0H 

progesterone produced/min/nmol P450 C-21 after detergent 

removal. 
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selectivity of P450 C-21 and P450 17a inactivation by 178-

substituted steroids. Previous work from our laboratory has 

shown that replacement of the 17p-methylketo group of 

progesterone wi th a dihalomethyl, vinyl, or ethynyl group 

could target certain P450 forms of rat liver, rabbit liver, 

and rabbit adrenal for inactivation (Halpert et al., 1989a, 

Halpert et al., 1989b). Several 17p-substituted steroids were 

therefore tested for their ability to inactivate bovine 

adrenal P450 17a and P450 C-21 in a reconstituted system. The 

time-dependent loss of progesterone 17a- and 21-hydroxylase 

activities caused by the inhibitors in the presence of NADPH 

was measured. The protocol for experiments such as that shown 

in Figure 6 is described in Experimental Procedures. with 

P450 C-21, the difluoro compound causes a time-dependent loss 

of enzyme activity corresponding to enzyme inactivation and a 

reversible (competitive) inhibition component due to the 

presence of unmetabolized inhibitor during the progesterone 

hydroxylase assay, represented by a decrease in the y

intercept. In contrast, this compound reversibly inhibits but 

does not inactivate P450 17a. The selectivity of the difluoro 

compound was supported by larger scale experiments where 

residual enzyme activity was measured at a single time point 

(Figure 7). only 49% of the residual progesterone 21-

hydroxylase activity remained after the P450 17a/P450 C-21 

mixture (as pool 1) was incubated with 25 ~M 21,21-difluoro-

-----------_ .• _._,-_ .. -.•. __ .... ---... - ..... . 
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F~gure 5. SOS-polyacrylamide gel electrophoresis of 
ml.crosomes and fractions from the purification of bovine 
adrenocortical P450 17a and P450C-21. Samples were 
electrophoresed on a 0.75 rom-thick 7.5% gel and stained with 
Coomassie blue (Laeromli, 1970). Lane 1, 1 p.g of purified P450 
C-21; lane 2, 1 p.g of pool 1 material showing approximately 
equal amounts of P450 17a and P450 C-21; lane 3, 10 p.g of 
bovine adrenocortical microsomal protein. 

----_.- ,--------
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progesterone and NADPH for,10 min and the sample dialyzed to 

remove any free inhibitor. However, all of the progesterone 

17a-hydroxylase activity remained. 

Rate constants for inactivation of P450'17a and P450 C-21 

by the 17p-substituted steroids are given in Table 4. Of the 

five compounds tested, the two 17p-unsaturated steroids and 

21,21-dichloroprogesterone inactivate P450 17a. However, all 

of the compounds except 21,21-dichloropregnenolone inactivate 

P450 C-21. This compound was considered a negative control 

since pregnenolone itself is not an endogenous substr~te for 

P450 C-21. Table 4 shows that 17p-vinylprogesterone was the 

only steroid to inactivate P450 17a more rapidly than P450 C-

21 (kinactivation=O .12 min-1 and 0.06 min-1, respectively). 

------------ - ---.---.--------------~-.---,--.-- ... '-.-.- .. " ...... . 
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Figure 6. Inactivation of P450 17a and P450 C-21 by 17P
substituted steroids. Panel A, 21-hydroxylase; panel B, 17a
hydroxylase; t, methanol control; 0, 25 ~M 21,21-
difluoroprogesterone; 4, 25 ~M 17p-ethynylprogesterone. 
Purified P450 C-21 and P450 17a (as a mixture in Pool 1) were 
assayed for residual progesterone hydroxylase activity after 
incubation with inhibitor and NADPH in a reconstituted system 
as described in Chapter 2. The 100% values for the 21- and 
17 a-hydroxylase activities were 14.2 and 7.9 nmol of 21-0H and 
17a-OH progesterone formed/min/nmol, respectively. 
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Aliquots were then taken for determination of residual progesterone hydroxylase activity 
after the addition of 6 units fresh reductase/nmol P450. The values given are the mean 
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Table 4. Rate constants for inactivation of bovine adrenocortical cytochromes P450 by 
17p-substituted steroids. A mixture of cytochromes P450 C-21 and P450 17a (pool 1) was 
incubated with various 17p-substituted steroids in a reconstituted system as described 
in Experimental Procedures and in the legend to Figure 6. Rate constants for 
inactivation were calculated by linear regression analysis of the natural logarithm of 
the residual progesterone hydroxylase activity as a function of time. The values given 
represent the mean of duplicate experiments. 

compound Concentration 17a-hydroxy1ase 21-hydroxy1ase 

Methanol (control) (n=4) 
21, 21-dichloroprogesterone 
21, 21-difluoroprogesterone 
21, 21-dichloropregnenolone 
17p-ethynylprogesterone 
17p-vinylprogesterone 

2.5 p.M 
25 p.M 
25 p.M 
25 p.M 

100 p.M 

kinactivation (min -1) 

0.00 
0.09 
0.02 
0.01 
0.09 
0.12 

0.00 
0.13 
0.10 
0.01 
0.27 
0.06 

0\ 
N 
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Inactivation of rabbit adrenal progesterone 21-hydroxylase by 

178-substituted steroids. The ability of these progesterone 

derivatives to inactivate the rabbit adrenal progesterone 21-

hydroxylase was studied to explore differences between this 

enzyme and the homologous bovine adrenal P450. Although all 

of the progesterone derivatives studied inactivate bovine 

adrenal P450 C-21 (Table 5), only 21,21-dichloroprogesterone 

rapidly inactivates the rabbit adrenal form as shown in Figure 

8. The rate constants for inactivation of the rabbit adrenal 

21-hydroxylase by the 17p-substituted steroids (25 ~M 

inhibitor) were: methanol (control), 0.01 min-1; 21,21-

dichloroprogesterone, 0.19 min-1; 21, 21-difluoroprogesterone, 

0.04 min-1; 17p-ethynylprogesterone, 0.03 min-1 ; and 21-

chloro,21-fluoroprogesterone, 0.05 min-'. It is interesting 

to note that by simply replacing a 21-chloro atom with a 

fluorine, the 21,21-dihalosteroid is essentially rendered 

unable to inactivate the rabbit enzyme. 

-------------- - - ----------------------, 
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Figure 8. Effect of preincubation with 17p-substituted steroids on progesterone 21-
hydroxylase activity in rabbit adrenal microsomes. 0, methanol control; t, 25 ~M 21,21-
dichloroprogesterone; A, 25 ~M 17p-ethynylprogesterone; A, 25 ~M 21,21-
difluoroprogesterone; 0, 25 ~M 21-chloro-21-fluoroprogesterone. Incubation conditions 
are described in Chapter 2 except that rabbit adrenal microsomes (80 ~g/mL) replaced the 
reconstituted protein as the enzyme source, and the time course was extended to 15 min. 
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Characterization of 21. 21-difluoroprogesterone inactivation of 

bovine P450 C-21. Because of the unique ability of 21,21-

difluoroprogesterone to inactivate bovine adrenocortical P450 

C-21 but not P450 17a, several experiments were conducted to 

illustrate that this compound can be rigorously categorized as 

a mechanism-based inactivator of P450 C-21. Figure 9 is a 

double-reciprocal plot of the initial rate constant for 

inactivation of P450 C-21 as a function of the inhibitor 

concentration. The rate constant of enzyme inactivation was 

determined for inhibitor concentrations of 5, 10, 25, and 100 

JJM. The respective values were 0.14 min-1, 0.17 min-1, 0.20 

min-1, and 0.22 min-1• This analysis showed that loss of 

progesterone 21-hydroxylase activity is saturable (Walsh, 

1984). The maximal rate constant for inactivation by 21,21-

difluoroprogesterone was determined by non-linear regression 

analysis to be 0.22 min-1, and the inhibitor concentration 

required for half-maximal inactivation (K1) was 3.2 JJM. Two 

additional characteristics of P450 C-21 inactivation by 21,21-

difluoroprogesterone are illustrated in Figure 10. The rate 

constant for P450 C-21 inactivation was significantly 

decreased (0.04 min-1 vs. 0.16 min-1) when excess unlabelled 

substrate (100 JJM progesterone) was included in the 

incubation. The addition of glutathione did not protect 

against P450 C-21 inactivation (kfnactfvatfon = 0.14 min-1). This 

may indicate that, once formed, the reactive (acyl halide) 

--------------"---, ... _,-,,. _._-
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intermediate does not diffuse from the enzyme active site 

before reacting with the enzyme. 

--.. -----.--.. ----_._-----------
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Figure 9. Inactivation of bovine adrenal P450 C-21 by 21,21-
difluoroprogesterone: the effect of various inhibitor 
concentrations. This graph is a double reciprocal plot of the 
first order rate constant for the inactivation of P450 C-21 by 
21,21-difluoroprogesterone as a function of the concentration 
of inhibitor. KI is determined from the intercept on the 
abscissa and kinactivation from the intercept on the ordinate using 
a non-linear estimation program. Inactivation experiments 
were performed as described in Chapter 2 for concentrations of 
inhibitor ranging from 5 to 100 ~M. 
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Figure 10. Inactivation of P450 C-21 by 25 p.M 21,21-
difluoroprogesterone (I); inhibitor + 100 p.M progesterone 
CA); inhibitor + 100 p.M glutathione (0); and in the presence 
of methanol (0). The experimental method differed slightly 
from that described in Chapter 2 and in the legend to Figure 
6 in that a dilution step was added between the preincubation 
with inhibitor and the incubation with substrate (Halpert et 
al., 1988). This allowed for the measurement of P450 C-21 
inactivation by the difluoro compound in the presence of 
progesterone or glutathione. 
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Binding of 178-substituted steroids to P450 C-21. 

progesterone interacts with purified P450 C-21 to form a type 

I optical difference spectrum, a finding that is indicative of 

substrate binding to low-spin ferric P450 (Jefcoate, 1978; 

Kominami et al., 1980). Therefore, the affinity of the 17P

substituted steroids for P450 C-21 and the extent of the 

spectral shift produced were examined as a measure of the 

reversible binding of these compounds compared wi th 

progesterone. Figure 11 shows the type I spectral shifts 

produced when increasing concentrations of 21,21-

difluoroprogesterone and 17p-ethynylprogesterone were added to 

P450 C-21. 21,21-Difluoroprogesterone (panel A) produces a 

greater type I spectral shift than does 17P

ethynylprogesterone (panel B). For each compound, the change 

in absorbance at 390 and 420nm was measured and plotted versus 

the concentration of inhibitor to determine, 1) the 

concentration that produced a half-maximal change in 

absorbance (Ks)' and 2) the maximal shift in absorbance (~A.nax) 

for each compound. The results are shown in Table 5. The 

dihalo compounds produce essentially the same ~A.nax as 

progesterone and have Ks values in the low micromolar range, 

indicating high affinity for the enzyme. However, both 17P

unsaturated steroids have significantly lower ~A.nax values, 

suggesting that the 20-keto oxygen may be important in the 

binding of 17p-substituted steroids to P450 C-21. 

---.- ._--_ .. 
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Figure 11. Type I binding spectra produced by the titration 
of purified P450 C-21 with 21, 21-difluoroprogesterone and 17{3-
ethynylprogesterone. Panel A, 21, 21-difluoroprogesterone; 
Panel B 17{3-ethynylprogesterone. Curve 1 shows the spectrum 
before addition of the steroid. In panel A, curves 2-5 show 
the spectra produced upon the addition of 1.0, 3.5, 8.5, and 
96.0 ~M 21, 21-difluoroprogesterone, respectively. Curves 2-4 
in panel B show the spectra produced upon the addition of 3.5, 
21. 0, and 146. 0 ~M 17 {3-ethynylprogesterone. The concentration 
of P450 was 0.92 ~M. Other conditions are given in 
Experimental Procedures. 
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Table 5. Type I Binding of Progesterone and 17p-substituted 
steroids to Purified Bovine Adrenal P450 C-21: Ks and A~x Values 

compound Ks (I'M) 
A-------~ 

~90-420 (I'M-) 

progesterone 1.2 0.079 

21,21-dichloroprogesterone 15.0 0.081 

21, 21-difluoroprogesterone 4.9 0.079 

pregn-4,20-diene-3-one 3.5 0.066 
(17p-vinylprogesterone) 

pregn-4-en-20-yne-3-one 8.2 0.038 
(17p-ethynylprogesterone) 

o,J .... 
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P450 C-21 Inactiyation by Heme and Protein Modification. The 

type I spectral shift shown in Figure 11 represents reversible 

binding of the inhibitor to the enzyme prior to metabolism. 

In contrast, the ultimate inactivation event should be 

metabolism-dependent and irreversible, and can occur by 

modification of the protein and/or heme moiety of the enzyme. 

Both types of inactivation result in loss of enzyme activity, 

but only inactivation by heme modification will presumably 

produce a decrease in spectrally detectable cytochrome P450. 

Therefore, three of the 17p-substituted steroids were 

incubated with P450 C-21 in a reconstituted system in the 

presence or absence of NADPH, dialyzed after the incubation to 

remove any free inhibitor, and examined for residual P450 

levels and progesterone 21-hydroxy1ase activity. The results 

are shown in Table 6. In each case , inactivation was shown to 

be NADPH-dependent and irreversible. There was a 62% decrease 

in remaining P450 after incubation of P450 C-21 with 25 ~M 

21,21-dich10roprogesterone which indicates that heme 

destruction is the predominant pathway of inactivation for 

this compound. However, a 78% decrease in residual enzyme 

activity was noted for 17p-ethyny1progesterone compared with 

only a 25% drop in spectrally detectable P450, indicating that 

protein modification is favored. Interestingly, when the 

dialyzed sample which had been incubated with 17 p

ethyny1progesterone plus NADPH (Figure 12, scan 2) was 



Table 6. Loss of spectrally detectable cytochrome P450 and progesterone 21-hydroxylase 
activity after incubation of bovine adrenal P450 C-21 with 17p-substituted steroids in 
a reconstituted system. The details are given in Experimental Procedures. The P450 
values are the mean of single analyses of two independent samples, given in parentheses. 
The enzyme activities given in parentheses are the mean of triplicate determinations on 
two individual samples. 

Treatment 

Methanol, + NADPH 

25 ~M 21,21-dichloroprogesterone, -NADPH 
25 ~M 21,21-dichloroprogesterone, +NADPH 

25 ~M 21,21-difluoroprogesterone, -NADPH 
25 ~M 21,21-difluoroprogesterone, +NADPH 

25 ~M 17p-ethynylprogesterone, -NADPH 
25 ~M 17p-ethynylprogesterone, +NADPH 

fP4501. nmol/mL __ Residual ActivityS 

0.71 (0.78,0.63) 32.6 (36.0,29.1) 

0.67 (0.63,0.70) 29.1 (26.1,32.1) 
0.28 (0.25,0.30) 4.6 (3.4,5.7) 

(38%) b (15%) 

0.72 (0.74,0.69) 31.5 (33.0,29.9) 
0.53 (0.56,0.49) 12.2 (11.9,12.4) 

(73%) (39%) 

0.80 (0.84,0.76) 32.9 (34.6,31.1) 
0.55 (0.56,0.54) 6.8 (5.9,7.6) 

(75%) (22%) 

8 Activity is given in nmol 21-hydroxyprogesterone produced/min/nmol P450. 
b These numbers represent the percentage of the mean of the plus inhibitor, minus NADPH 
and plus methanol, plus NADPH controls (N=4). 
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Figure 12. Irreversible Type I spectral shift produced by the 
binding of 17p-ethynylprogesterone metabolite(s) to purified 
bovine adrenal P450 C-21. Scan 1 is the control sample where 
0.5 nmol of P450 C-21 was incubated in a reconstituted system 
with 25 ~M 17p-ethynylprogesterone in the absence of NADPH. 
Scan 2 is from an identical incubation where NADPH was added. 
After the incubation, each sample was extensively dialyzed 
against buffer containing 10 roM Tris-acetate (pH 7.4), 1 roM 
EDTA, and 20% glycerol before the spectrophotometric 
determination. Both samples were scanned, and the absorbance 
at the isosbestic point from Figure 11B (A410 ) was noted. 
Sample 1 was then diluted with buffer to match the A410 of 
sample 2. 

-----------------------
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compared with the corresponding minus NADPH control at the 

same P450 concentration (Figure 12, scan 1), an irreversible 

type I spectral shift was observed. To our knowledge, this is 

the first example of an irreversible type I spectral shift of 

a purified P450 produced by a mechanism-based inactivator. 

[~] 17 p-ethynylprogesterone was used to determine the 

stoichiometry of binding of this compound to P450 C-21. The 

enzyme was incubated in a reconstituted system with NADPH and 

[3H] 17J3-ethynylprogesterone as described in Table 7. An 

aliquot of the incubation material was spotted on the 

preadsorbent zone of a thin-layer chromatography plate and 

developed in methanol and hexane to remove any unbound 

inhibitor (Halpert et al., 1980). scintillation counting of 

the protein-bound loading zone material enabled calculation of 

a stoichiometry of inactivation of approximately 1.5 nmol 

[3H]Compound bound/nmol P450 C-21 inactivated. Also, 

separation of P450 C-21 from NADPH-cytochrome P450 reductase 

by electrophoresis yielded no evidence of 3H-Iabel associated 

with the reductase protein band, and no decrease in cytochrome 

c reductase activity was observed. 

Metabol ism of 17 8-substi tuted steroids by 21-hydroxylases. 

The evidence presented thus far strongly suggests that 

metabolism of the dihalomethyl or acetylenic group of the 1713-

substituted steroids is responsible for the inactivation of 

----------_._._._-- . "'-'-... -.. -..... . 
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Our hypothesis was that 21-

hydroxylase inactivation by the dihalo steroids proceeds as 

shown in Fiqure 13; hydroxylation of the 21-carbon to qive a 

qem-halohydrin (-CO-CX20H) followed by spontaneous 

dehydrohaloqenation to yield an acyl halide (-CO-CO-X) 

intermediate which could bind irreversibly to the P450. 

Therefore, to test this hypothesis and to address differences 

observed in the ability of the 21,21-dihalo steroids to 

inactivate bovine P450 C-21 and rat liver P450IIC6, more 

riqorous metabolism studies were conducted. The rate constant 

for enzyme inactivation reflects not only the rate of 

conversion of the inactivator to reactive intermediate(s) but 

also the number of turnovers per inactivation event, the so

called partition ratio (Rando, 1984; Naqahisa et al., 1983). 

An alternative fate of the acyl halide intermediate would be 

the addition of water to qive the soluble metabolite 21-

preqnenoic acid (-CO-COOH). Therefore, quantitation of the 

amount of 21-preqnenoic acid produced durinq 21, 21-dihalo 

steroid metabolism by 21-hydroxylases relative to the amount 

of enzyme inactivated will yield the partition ratio and a 

measure of the efficiency of enzyme inactivation. 

Incubation of the 21,21-dihalo steroids with P450 C-21 

and analysis of the orqanic extract for soluble metabolites 

showed that one major metabolite formed had a retention time 

of approximately 15.0 min after the sample was derivatized 

---------------.-~".-.- ..... -,.-
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CHX2 
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Figure 13. Proposed scheme for the metabolism of 21,21-dihalo 
steroids by bovine adrenal P450 C-21. with X representing a 
chlorine or fluorine atom, the P450 first hydroxylates at the 
21-position. This metabolite may lose HF or HCl to form an 
acyl halide, which may add a molecule of water to form the 
free metabolite 21-pregnenoic acid. The reactive intermediate 
may also bind irreversibly to the enzyme (not shown) • 
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Figure 14. The legend is on the following page. 
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Figure 14. Reverse ~hase HPLC of the organic extract from the 
incubation of 25 I-'M [3H] 21, 21-dichloroprogesterone with bovine 
P450 C-21 (a, dashed line) and rat hepatic P450IIC6 (I, dotted 
line). cytochrome P450 C-21 (0.2 nmol) was incubated in a 
reconstituted system containing cytochrome P450 reductase (0.4 
units), phospholipid, and HEPES buffer for 2 min at 37°C in a 
total volume of 0.5 mL. Incubation conditions were identical 
for P450IIC6 except that cytochrome bs (0.4 nmol) was added. 
The reactions were started by the addi tion of NADPH and 
allowed to proceed for 10 min. The reaction was stopped by 
returning the sample to ice. Hydrochloric acid (IN, 0.1 mL) 
was added, and the sample was extracted wi th two 1-mL 
additions of ethyl acetate and removal of 0.75 mL of the 
organic layer each time. The organic phase was dried under 
nitrogen, and derivatized with diazomethane reagent in ether, 
and the ether was removed under ni trogen. The sample was 
taken up in 150 I-'L of methanol, and a 50-I-'L aliquot was 
injected onto an Altex 5 I-'m, 10 rom, 25 cm C18 column. The 
column was eluted with 75%-25% acetonitrile-(50% methanol:50% 
water) at a flow rate of 1.5 mL/min, and 1 min fractions were 
collected. The fraction were monitored by ultraviolet 
spectroscopy (254 nm, data not shown), and by liquid 
scintillation counting. The arrow shows the location of the 
methyl ester of the 21-pregnenoic acid standard. The results 
for the blank incubation tube (NADPH, no protein) are 
represented by the open circles and solid line. 

--"-'-'.' --.. ----------------~.-.- .. -... - .. - .. -.... -
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with diazomethane (Figure 14). This metabolite was 

tentatively identified as 21-pregnenoic acid based on 

identical chromatographic behavior with the 21-pregnenoic acid 

standard in both the methylated and non-methylated forms and 

on a requirement for acidification prior to extraction. 

Approximately 5 nmol of acid were formed from 21,21-dichloro

or 21,21-difluoroprogesterone per nmol P450 C-21 inactivated. 

As a comparison, we also measured the partition ratio for 

21,21-dichloroprogesterone-mediated inactivation of the rat 

liver 21-hydroxylase P450IIC6. Since this enzyme has a much 

lower progesterone 21-hydroxylase activity than P450 C-21 (0.8 

versus 26 nmol/min/nmol) but a greater rate constant for 

inactivation (Halpert et al., 1989b) compared with P450 C-21, 

an extremely low partition ratio was suspected. HPLC studies 

(Figure 14, dotted line) showed that 1 nmol of 21-pregnenoic 

acid were formed per nmol P450IIC6 inactivated. (Calculation 

of the total soluble metabolites yielded partition ratios of 

12 nmol metabolite/nmol P450 C-21 inactivated and 2 nmol 

metabolite/nmol P450IIC6 inactivated). 

To positively identify this metabolite, 21,21-

dichloroprogesterone was incubated with P450 C-21, and the 

derivatized organic extract from the incubation was separated 

by HPLC. The 15-min metabolite was collected, analyzed by 

mass spectroscopy, and compared to the acid standard (Figure 

15). This analyte displayed mass spectral signals at m/z 358 

._-----_._-. -_. __ . __ ._------ --... ---.--.--
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Figure 15. Mass spectra of the methyl ester of 21-pregnenoic 
acid. Top panel, available standard; lower panel, metabolite 
collected from the incubation of 21,21-dichloroprogesterone 
with bovine adrenal P450 C-21. 
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(W, 2.9), 299 (100), 271 (46), 253 (28), 147 (22) and a 

fragmentation pattern consistent with the 21-pregnenoic acid 

standard; m/z 358 (W, 1.7), 299 (100), 271 (44), 253 (27), 

147 (22). The molecular ion signal (M+) of m/z 358, although 

weak as is characteristic for steroids, agrees with the 

molecular weight for the methyl ester of the standard 21-

pregnenoic acid. The base peak at m/z 299 represents loss of 

a methoxycarbonyl fragment (CH30CO) from the 21-methyl ester. 

Subsequent loss of the 20-keto fragment (m/z=28) yields the 

m/z 271 fragment. The remaining major peaks at m/z 253 and 

m/z 147 result from the fragmentation of the steroid nucleus. 

The mass spectrum of the metabolite with a retention time of 

12 minutes (Figure 14) contained a molecular ion at m/z 316, 

the molecular weight of etienic acid. This C-20 steroid could 

result from further metabolism of pregnenoic acid as has been 

reported for the stepwise conversion of progesterone to 21-

hydroxyprogesterone to etienic acid (Dey and Senciall, 1978). 

Similar metabolism studies were carried out with the 

acetylenic compound 17p-ethynylprogesterone and P450 C-21. 

Recently CaJacob et al. (1988) proposed a scheme for the 

mechanism-based inactivation of a rat hepatic lauric acid ~

hydroxylase by an acetylenic fatty acid analog (Figure 16). 

This involved the metabolism of the compound to a ketene 

intermediate, which could bind to the enzyme or undergo 

hydrolysis to a carboxylic acid. Therefore, the compound 

-----------_ .•. _-_ .. _ .... __ .-.-... _.- ........ -~,. ,,'" ............. __ .. -_ .. _,_ ...... -



P-450 INACTIVATION SCHEME FOR ACETYlENIC COMPOUNDS 
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Figure 17. Reverse phase HPLC of the organic extract from the 
incubation of 25 ~M [3H]17p-ethynylprogesterone with purified 
bov ine adrenal P4 50 C-21. The enzyme ( 0 • 1 nmol) was incubated 
in a reconstituted system containing cytochrome P450 reductase 
(0.2 units) in 0.5 mL total volume at 37°C for 2 min. The 
incubation and HPLC conditions are as described for Figure 14 
except that the sample was not derivatized with diazomethane, 
and the column was eluted with an isocratic 85%-15% methanol
water mobile phase. The 0.5-min fractions were 'monitored by 
ultraviolet spectroscopy (240 nm, data not shown), and by 
liquid scintillation counting. The dotted line represents the 
blank (NADPH, no protein), and the solid line represents the 
average of two individual samples containing enzyme, 
substrate, and NADPH. The arrow indicates the location of the 
pregn-4-ene-3-oxo-21-oic acid standard. The fractions 
corresponding to retention times of 8.5, 9.0, 9.5, and 10.0 
min were included in the calculation of acid formation. The 
only significant radiolabel in the blank eluted as the 
substrate (retention time = 28 min). 
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pregn-4-ene-3-oxo-21-oic acid (-CHz-COOH) was synthesized as 

a standard for the expected metabolite of 17P

ethynylprogesterone. Purified P450 C-21 was incubated with 

the [3H] compound, and the organic extract was analyzed by 

HPLC. The results given in Figure 17 showed that pregn-4-ene-

3-oxo-21-oic acid is formed at a ratio of approximately 4 nmol 

per nmol P450 C-21 inactivated. However, this is not the 

major metabolite, and the total partition ratio is 

approximately 30 nmol of soluble metabolites produced per nmol 

P450 C-21 inactivated. 

--'"---.-----.,~.--... _ .. - .'" ._ .. 
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Table 7. Determination of the stoichiometry of inactivation 
of P450 C-21 by [3H] 17p-ethynylprogesterone. P450 C-21 was 
incubated in a reconstituted system containing NADPH
c1.tochrome P450 reductase, HEPES buffer, phospholipid, 50 ~M 
[H]17p-ethynylprogesterone, and NADPH for 10 min at 37°C. 
Residual progesterone 21-hydroxylase activity was determined 
on an aliquot of the dialyzed incubation mixture as described 
in Methods. A 50-~L aliquot was spotted on the preadsorbent 
area of a thin-layer chromatography plate and developed twice 
in methanol and once in hexane. The loading zone was then 
scraped into a scintillation vial, 0.5 mL of 1N sodium 
hydroxide added, and the sample allowed to sit overnight. The 
material was then neutralized with an equimolar amount of 1N 
hydrochloric acid, 2 mL of methanol was added to prevent 
emulsification, scintillation cocktail was added, and the 
sample was counted. 

Sample 1 Sample 2 

P450 C-218 0.039 0.039 
(nmol) 

Sample-Blank 1138 1107 
(dpm) 

[3H] Compound 0.050 0.048 
Boundb (nmol) 

P450 Inactivated 85% 85% 
(%) 

[3H] Compound Bound/ 1.51 1.45 
P450 InactivatedC 
(nmol/nmol) 

BAmount of enzyme applied to preadsorbent loading zone. 
bBased on a specific activity of 2.29 x 104 dpm/nmol. 
CObtained by first dividing the nmol of compound bound by the 
amount of P450 and then dividing this result by 0.85 based on 
the amount of enzyme inactivated. 

--- -- .. ---.-- ... _-
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This report documents the ability of 17P-

substituted steroids to inactivate bovine adrenal P450 C-21 

and P450 17a. In addition, the rabbit adrenal and rat hepatic 

(P450IIC6) progesterone 21-hydroxylases were included in some 

experiments to explore differences in selectivity or to 

investigate the metabolic basis for differences in rate 

constants of inactivation. The 17p-substituted steroids that 

retain the steroid nucleus of progesterone were considered to 

be excellent candidates for this study since these four 

enzymes normally metabolize progesterone in a specific 

fashion. 

Of the two 21,21-dihalo and two 17p-unsaturated steroids 

tested, 21,21-difluoroprogesterone is the only compound to 

inactivate bovine adrenal P450 C-21 but not P450 17a. 

Chemically this compound most closely resembles progesterone 

due to the similar steric, electronic, and hydrophobic 

properties of fluorine and hydrogen (Topliss and Martin, 

1975) • In terms of reversible binding to P450 C-21 the 

difluoro compound mimics progesterone as evidenced by Ks and 

A~x values. In addition, the KJ value for inactivation of 

P450 C-21 by 21,21-difluoroprogesterone and the ~ for 21-

hydroxylation of progesterone (Lorence et al., 1989) are both 

in the low micromolar range. With regard to P450 17a, 

inhibition studies show that 21, 21-difluoroprogesterone 

competes favorably with progesterone for binding. The lack of 

--------.--.... -------.---------.-~.-.. -.- .. --.-
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enzyme inactivation suggests that this enzyme, as well as P450 

C-21, retains its regioselectivitywith the difluoro compound. 

In contrast to the bovine adrenal enzyme, the presumably 

homologous rabbit adrenal 21-hydroxylase is not inactivated by 

21, 21-difluoroprogesterone. The rabbit enzyme is also 

refractory to inactivation by 21-chloro-21-fluoroprogesterone 

but is inactivated by the dichloro compound. This latter 

observation is yet another example from our laboratory of 

replacement of a fluorine atom for a chlorine rendering a 

compound ineffective as a P450 inactivator (Halpert et aI, 

1989b; Halpert et al., 1990). Based on analogy with 

dihalomethane metabolism (Kubic and Anders, 1975; stevens et 

al., 1979), the probable rate-limiting step in 21,21-

dihalosteroid metabolism is the abstraction of a hydrogen atom 

to form a carbon-centered radical. The ease of carbon

hydrogen bond cleavage increases with the decreasing 

electronegativity of the halide substituent (F > CI > Br) 

(Macdonald, 1982). The ability of the halogen atom(s) at the 

21-carbon to dictate progesterone 21-hydroxylase inactivation 

may thus be explainable by the oxidation potential of the 

individual enzyme. This potential includes an intrinsic 

value, common to all P450s, and a factor characteristic of the 

individual P450 active site (Macdonald et al., 1989). Our 

data suggest that differences in the enzyme active site result 

in a greater oxidative capacity of the bovine enzyme compared 

-------- ---------_. __ .- ------- .. ------------.-~ .. -.- ... --.-... "-"-' ..... '- -.. ...-. 
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with the rabbit enzyme. 

The structurally unrelated progesterone 21-hydroxylases 

of rat liver and bovine adrenal were used to determine 

whether the rate of inhibitor metabolism is the sole 

determinant of enzyme inactivation. Although we have 

previously documented progesterone hydroxylase inactivation by 

several dihalo steroids, we now provide direct evidence that 

metabolism proceeds, at least in part, through an acyl halide 

intermediate. This was accomplished by mass spectral 

identification of the expected hydrolysis product, 21-

pregnenoic acid. This metabolite was produced at a ratio of 

5 nmol of acid per nmol of P450 C-21 inactivated, regardless 

of whether the substrate was the dichloro or difluoro 

compound. In an identical experiment with the dichloro 

compound, the rat liver progesterone 21-hydroxylase (P450IIC6) 

produced approximately 1 nmol of acid per nmol P450 

inactivated. This extremely low partition ratio partially 

explains why P450IIC6, which metabolizes progesterone slowly 

(0.8 nmol 21-0H progesterone/min/nmol P450), can be 

inactivated by 21, 21-dichloroprogesterone with a rate constant 

of 0.22.min-1 (Halpert et al., 1989b). 

The second major objective of this work was to determine 

whether the changes in the 17p-substituent alter not only the 

selectivity and rate constant for enzyme inactivation but also 

dictate whether inactivation occurs by protein or heme 

--.----- .. ------- ... _--------- --'-"--
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modification. Ole fins and acetylenes are t~e most thoroughly 

studied suicide substrates of cytochromes P450 (ortiz de 

Montellano and Reich, 1986), producing enzyme inactivation 

presumably by N-alkylation of the heme prosthetic group (Ortiz 

de Montellano and Reich, 1984). Recently however, several 

groups have reported P450 inactivation by terminal acetylenes 

where the loss of enzyme activity could not be fully explained 

by the loss of P450 chromophore, thus suggesting inactivation 

by protein modification (CaJacob et al., 1988; Hammons et al., 

1989). CaJacob et ale (1988) proposed that addition of the 

activated oxygen to the internal carbon of terminal acetylenes 

leads to heme alkylation while addition at the terminal carbon 

leads to protein modification. These results may partially 

explain why the 17p-substituted steroid that inactivates P450 

C-21 mainly by protein modification is the terminal acetylene 

17p-ethynylprogesterone. This could be interpreted as 

inactivation proceeding through addition of the activated 

oxygen to the terminal (C-21) carbon with the production of a 

ketene capable of protein acylation. The observed loss of 

some of the enzyme chromophore might then indicate that the 

strict regioselectivity of the enzyme for attack at the 21-

carbon of progesterone is compromised when the 17p-methylketo 

group of progesterone is replaced with an acetylenic group, 

leading to some internal carbon (C-20) attack and heme 

alkylation. Binding studies also show that the interaction of 

-_. --. ---
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the acetylenic compound with P450 C-21 is clearly different 

from that of progesterone as evidenced by the 50% lower A~x 

value. Covalent binding of the acetylenic compound to the 

protein may be at or near the enzyme active site as suggested 

by the irreversible type I binding spectrum produced. 

In addition to protein acylation, the proposed ketene 

intermediate can undergo addltion of water to form an acid. 

The expected metabolite, pregn-4-ene-3-oxo-21-oic acid, is 

formed at a ratio of approximately 4 nmol per nmol P450 C-21 

inactivated. This can be compared with the ratio of 2 nmol of 

acid formed from 10-undecynoic acid per nmol lauric acid ~

hydroxylase inactivated (CaJacob et al., 1988). In addition 

to pregn-4-ene-3-oxo-21-oic acid, several other unidentified 

17p-ethynylprogesterone metabolites are formed by P450 C-21. 

This leaves open the possibility that this compound 

inactivates P450 C-21 by an as yet undescribed metabolic 

pathway. Experiments discussed in Chapter 4 investigated the 

localization of 17p-ethynylprogesterone binding to P450 C-21. 

-----------_._--_.,._._.-...... _.- ." ... . 
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CHAPTER 3 

Localization of 17p-Ethynylprogesterone Binding to 

P450 C-21 Protein. 

Experimental Procedures. Endoproteinase LYS-C and thermolysin 

were purchased from Boehringer Mannheim Biochemicals 

(Indianapolis, IN). Trypsin and chymotrypsin were purchased 

from Cooper Biomedical. Sodium phosphate monobasic, 

phosphoric acid, HPLC grade acetonitrile and methanol were 

purchased from Fisher Scientific (Fair Lawn, NJ). Lubrol PX, 

phenylmethylsulfonyl fluoride, and flavin mononucleotide (FMN) 

were purchased from Sigma Chemical Co. (st. Louis, MO). 

Sephadex G-25 and 2 1 ,5 1 -ADP Sepharose 4B were purchased from 

Pharmacia Fine Chemicals (Piscataway, NJ). The C-18 peptide 

column was purchased from Vydac (HesperIa, CA). ENHANCE 

fluorography reagent was purchased from E.I. DuPont de Nemours 

& Co., Boston, MA. 

Bovine adrenal cytochrome P450 C-21 and cytochrome P450 

reductase were purified as described in Chapter 2. The 

steroid 17p-ethynylprogesterone was tritiated by Dr. C.T. Peng 

(San Francisco, CA). The original specific activity of the 

compound was ~2 ci/mmol, but HPLC analysis showed that the 

compound was of very low radiochemical purity. 

likely explanation for this low purity was 

The most 

the rapid 

degradation of the compound during 12 months of storage due to 
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the high specific activity (C.T. Pe~g, personal 

communication). The material was therefore diluted with cold 

material and purified to >98% radiochemical purity by HPLC at 

a specific activity of 2.29 x 104 dpm/nmolo 

Production and isolation of [3Hl17B-ethynylprogesterone 

labelled P450 C-21: Eighteen identical 1-mL samples 

containing 1 nmol P450 C-21, 2 units cytochrome P450 

reductase, and 25 ""M [3H] 17p-ethynylprogesterone were 

incubated in the presence of 1 mM NADPH for 10 min at 37°C. 

After the incubation, the samples were pooled and dialyzed 

versus 3x1 L of 2',5'-ADP Sepharose 4B column equilibration 

buffer (0.2 M potassium phosphate pH 7.7, 20% glycerol, 0.1 mM 

EDTA, 0.1% Lubrol, and 2 ""M FMN). This dialysis removed 73% 

of the original counts. The material was then loaded onto a 

3-mL equilibrated column that consisted of a lower 2-mL layer 

of Sephadex G-25 gel (for physical support) and an upper 0.5-

mL layer of 2',5'-ADP Sepharose 4B. This affinity gel was 

used to selectively bind the cytochrome P450 reductase. From 

monitoring of the load, wash, and elution column fractions for 

P450 reductase, it was determined that the majority of this 

protein was selectively removed. Fractions were collected and 

monitored at 417 nm for P450 C-21. The peak fractions were 

pooled and dialyzed versus 2x1 L of 0.2 M ammonium 

bicarbonate. Based on the absorbance of the dialyzed material 

-----------------_._---
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at 417 nm, a total of approximately 10 nmols of [3H] labeled 

P450 was recovered. This enzyme was divided into eight equal 

tubes (100 ~g each), dried using a speed-vac, and stored at 

-80°C. 

A series of preliminary experiments was conducted to 

determine the appropriate digestion and chromatographic 

conditions. The available proteolytic enzymes and their 

site(s) are: trypsin, which cleaves at the c-terminal end of 

a basic (lysine or arginine) amino acid, chymotrypsin, which 

cleaves at the c-terminal end of an aromatic amino acid, 

thermolysin, which cleaves at the N-terminal side of 

hydrophobic amino acids, and endoproteinase LYS-C, which 

cleaves at the c-terminal end of lysine residues. These 

enzymes were chosen since they represent a broad range of 

proteolytic activities and because they have been used 

successfully before for P450 HPLC peptide mapping and protein 

sequencing (Ozols et al., 1981: Tarr et al., 1983). 

One-eighth of the total [3H]protein was digested with 

trypsin at a ratio 1:50 (w/w) in 0.2 M ammonium bicarbonate 

buffer overnight at room temperature. After digestion, an 

aliquot of sample was counted and compared to an aliquot taken 

after the sample was centrifuged to pellet non-soluble 

protein. Only 47% of the original counts remained soluble 

after the sample was centrifuged. Therefore, the supernatant 

was removed, and the precipitate was redigested with trypsin. 

----- --'--.-
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A similar calculation of the percentage of soluble counts 

following the second digestion found that the value had risen 

to 82%. The supernatants from the first and second digestions 

containing 20,000 dpms were pooled, evaporated to dryness, and 

injected onto a C-18 HPLC peptide column equilibrated with 50 

mM sodium phosphate (pH 2.4). A mobile phase gradient of 100% 

A (50 mM sodium phosphate, pH 2.4) to 90% B (acetonitrile) 

over 90 min was used to elute the peptides. Based on liquid 

scintillation counting of 1-min fractions, only ~10% of the 

injected counts were recovered. In order to determine the 

relative size of the [3H]protein material, an aliquot of 

labelled protein that had been digested twice with trypsin was 

analyzed by SDS-polyacrylamide gel electrophoresis followed by 

autoradiography. Briefly, ap;proximately 60 p.g of protein 

(9000 dpm) was loaded onto a 12.5% acrylamide gel. After 

electrophoresis, the gel was quickly stained to locate 

protein. The gel was then soaked in ENHANCE fluorography 

reagent for 30 min, rinsed with water, dried, and exposed to 

an x-ray film for 7 days. A single radioactive band 

corresponding to the gel dye front was seen in the [3H]protein 

sample lane (data not shown). This could indicate that the 

sample still contained unbound [3H]17p-ethynylprogesterone or 

[3H]metabolite. The band could also correspond to a small 

«20 amino acid) [3H]peptide that migrated with the gel dye 

front • 

. ........... ... __ .. _------ --_ .. _ .. _ .. _. . 
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A more systematic study was then undertaken using 

identical [3H]protein samples, single digestions by each of 

the four proteases, and quantitative determination of soluble 

[3H] counts and counts recovered from the chromatography. Each 

of four protein samples was first washed by adding 0.5 mL of 

distilled water to the dried protein, vortexing and 

centrifuging the sample, and then removing the supernatant. 

The samples were then digested with either trypsin, 

chymotrypsin, thermolysin, or endoproteinase LYS-C (1:25 w/w) 

for 24 hrs at 37°C. The samples were ~vaporated to dryness 

and 200 ~l of 50 mM sodium phosphate (pH 2.4) was added. The 

sample was vortexed and an aliquot taken, then the sample was 

centrifuged and an aliquot of the supernatant taken to 

determine the percent of soluble counts and total counts 

injected. The supernatant was injected and eluted with a 

gradient of 90% A (50 mM sodium phosphate, pH 2.4) to 100% B 

(75% acetonitrile, 12.5% methanol, 12.5% sodium phosphate pH 

2.4) over 80 min at a flow rate of 1 mL/min. The eluent was 

monitored for absorbance at 210 nm (Figures 18 and 19) and 1-

min fractions collected for scintillation counting. 

Table 8 summarizes the results from this experiment in 

providing the percentage of soluble counts after digestion, 

the percentage of counts recovered from the HPLC, and finally, 

the retention time of the two largest peaks with their 

respective percentages of the total recovered counts. Based 

........... _.. -_ .. __ .. _ .. _ .. _--------_ ... _._-_. -
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on these data, it appears that the sample digested with 

trypsin had the highest percentage of soluble counts (65%), 

whereas endoproteinase LYS-C gave the lowest value (12%). 

However, when the total HPLC eluent counts were compared with 

the total counts injected, the endoproteinase LYS-C sample 

gave the highest recovery (116%) and trypsin gave the lowest 

(63%). In comparing the four samples, the highest percentage 

of recovered counts in a single 1-min HPLC eluent fraction was 

14.9% in the 40-min fraction of the thermolysin sample. 

Because the [3H]protein was widely distributed throughout the 

chromatogram regardless of the proteolytic enzyme used, 

recovery of a single active site P450 C-21 peptide appeared 

very unlikely and the project was discontinued. 

-_ ... _ ... _- . ----------------_. __ ...•. - .... _ .. -. 
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Table 8. Proteolytic digestion and HPLC analysis of [3H] 17 p-ethynylprogesterone
labelled P450 C-21. Purified P450 C-21 was incubated with [3H]17p-ethynylprogesterone 
in a reconstituted system as described in Materials and Methods 0 The sample was 
digested with the proteolytic enzyme listed, and the percent of resultant soluble counts 
was calculated. The soluble protein was analyzed by reverse phase chromatography, 1-min 
eluent fractions were collected, and the percent total recovered counts and counts in 
each fraction were determined by liquid scintillation counting. 

Tube Proteolytic Percent Soluble Percent Total DPMs Retention Time 
Enzyme Counts Recovered From HPLC of [3H] Peaks (min) 

"" 

1 trypsin 65 63 45 (10.4%)· 
52 (10.0%) 

2 chymotrypsin 56 69 42 (14.0%) 
45 (12.2%) 

3 thermolysin 38 80 40 (14.9%) 
41 (13.7%) 

4 endoproteinase 12 116 44 (14.6%) 
LYS-C 51 (13.2%) 

8 The percentage was calculated by dividing the total counts for the fraction shown by 
the total counts injected. 
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Discussion. Reverse-phase high performance liquid 

chromatography has been shown to be an extremely useful 

technique for the separation of small molecules such as 

peptides (Hermodson and Mahoney, 1983). This methodology has 

been used successfully to determine the primary structure of 

several P450 forms, to compare related P450 forms (Black and 

Coon, 1986), and to identify a single amino acid as a 

functionally important residue (Makower et al., 1984). 

However, the use of a mechanism-based inactivator in 

combination with HPLC analysis of the P450 proteolytic 

digestion to identify a P450 active site peptide or amino acid 

has not been reported. Because of the unique ability of 17P

ethynylprogesterone to irreversibly modify P450 C-21 protein 

at or near the enzyme active site, HPLC analysis of modified 

P450 C-21 was undertaken to investigate the altered sequence 

as a potential determinant for bovine adrenal progesterone 21-

hydroxylase activity. 

Gradual and significant loss of [3H]protein emerged as a 

major experimental hindrance. Therefore, a relatively large 

amount of purified P450 C-21 (18 nmols) was initially labelled 

with [3H]17p-ethynylprogesterone. Affinity chromatography to 

remove the P450 reductase from the sample resulted in an 

estimated loss of 40-50% of the P450. without this step, a 

greater possibility existed of a P450 reductase peptide 

contaminating a [3H]P450 C-21 peptide and thus necessitating 

- ------ - --- -------------- -- -----" - -- - ----
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added chromatography steps. 

The preliminary experiments with the twice-trypsin 

digested sample yielded several useful findings. First, that 

the P450 C-21 sample should be washed with distilled water 

prior to proteolytic digestion. Al though the protein was 

previously dialyzed against volatile buffer (ammonium 

bicarbonate), dried protein sample appeared to contain a white 

precipitate and possibly glycerol. This wash procedure 

increased the digestion efficiency as demonstrated by a higher 

percentage of soluble counts in a later experiment (Tube 1, 

Table 8). 

Experiments involving the digestion of cytochromes P450 

by proteolytic enzymes rarely include details of the 

efficiency of digestion and the recovery of protein. P450s 

are relatively hydrophobic proteins with a hydrophobicity 

value ranging from 32.3 to 38.5% (Black and Coon, 1986). 

(Typical soluble proteins are <30% hydrophobic.) Comparison 

of different P450 structures shows several areas of 

hydrophobic residues which could be resistant to digestion. 

With the exception of the endoproteinase LYS-C digested 

sample, a significant amount of injected [3H] material was not 

recovered from the chromatography procedure. There is 

previous evidence indicating that protease- and cyanogen 

bromide-digested P450 samples tend to bind almost irreversibly 

to a C-18 HPLC column (Yuan et al., 1983; Ozols et al., 1981). 

--------_. __ .. _-------_ .. -_._.-.. - ._-
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One possible change in the chromatography procedure to try to 

increase the peptide recovery would be to use a smaller pore 

and less hydrophobic C-8 column. The larger the peptide 

fragments generated from the digestion procedure, the more 

attractive an alternative analysis method such as preparative 

gel electrophoresis becomes. 

--.-.--
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Summary and Perspective 

104 

The objectives, hypotheses, and experiments presented in 

this dissertation can be condensed into two primary themes; 

first, the use of a rational approach to design selective 

cytochrome P450 inhibitors, and second, the use of these 

chemical probes to investigate basic aspects of P450 function 

such as determinants of substrate specifici ty and overall 

monooxygenase acti vi ty. The purpose of this summary and 

perspective is to discuss these themes in light of current 

progress in the areas of basic and applied cytochrome P450 

research. 

Although there has been' no pretense of a direct 

therapeutic application for the 17p-substituted steroids 

tested, there is increasing evidence from the literature that 

the span from basic research on mechanism-based inactivators 

to clinical applications may be short. Four review articles 

examine the application of mechanism-based inactivators to 

therapeutics from the perspectives of medicinal chemistry and 

cancer research (Van Weauwe and Janssen, 1989; Santi and 

Kenyon, 1975), and also basic cytochrome P450 enzymology 

(Murray and Reidy, 1990; Ortiz de Montellano, 1988). Each 

author states that these compounds have potential, albeit 

underdeveloped, for many therapeutic applications. One 

experimental approach would be to proceed as done in this 

------_.- ---_. ..-.---.-- ... --- .. ----------.... - .-._- -
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dissertation and carefully determine enzyme selectivity, 

efficiency of inactivation, and the production and toxicity of 

reactive intermediates. 

We initially sought to design selective inactivators of 

progesterone 21-hydroxylases by the replacement of the 21-

methyl group of progesterone with a dihalomethyl group. 

Al though a great deal of time and energy was devoted to 

confirm the selectivity of 21,21-difluoroprogesterone as an 

inactivator of bovine adrenal P450 C-21 but not P450 17a, some 

of the more intriguing results stemmed from observations of 

differences in selectivity. For example, the results for 

21,21-dichloroprogesterone led us to conclude that the 

oxidative capacity of the bovine adrenal progesterone 21-

hydroxylase exceeds that of the rabbit enzyme. Even though 

the idea of testing 17 p-unsaturated steroids as selective 

inactivators of P450 C-21 seemed 'less rational' since the 

sUbstitution was not restricted to the C-21 position, again 

these experiments spawned new directions of research. 

Acetylenes such as 17p-ethynylprogesterone must now be 

recognized as useful tools to modify not only hepatic P450 

protein but also adrenal P450 forms. 

The inactivation of P450 17a by 21,21-

dichloroprogesterone was carefully considered. P450 C-21 was 

present during P450 17a inactivation experiments and therefore 

the possibility of P450 17a inactivation by a P450 C-21 

-------- ---
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reaction product cannot be ruled out. An effort to separate 

P450 17a and P450 C-21 using the pool 1 material was 

unsuccessful. The hypothesis that alterations of the 

substrate away from the normal site of enzyme attack can lead 

to 'promiscuous metabolism' (i.e. P45017a metabolism at C-21) 

and ultimately inactivation is an interesting future research 

project ••• for a future student of Dr. Halpert's. 

The efficiency of enzyme inactivation and the production 

of potentially toxic reactive intermediates is an important 

consideration. The production of a reactive acyl halide was 

suggested by the appearance of 21-pregnenoic acid during the 

metabolism of 21,21-dichloroprogesterone by P450 C-21 and rat 

liver P450IIC6. Although P450IIC6 had <5% of the progesterone 

21-hydroxylase activity of P450 C-21, it was obviously more 

efficiently inactivated by the dichloro compound based on 

partition ratio calculations. From a practical approach, a 

high partition ratio could be as biologically detrimental as 

a lack of selectivity, since both could result in nontarget 

biomolecule modification. 

The second theme poses the question, "What are the 

dete~inants of progesterone 21-hydroxylase activity and how 

can this information aid in the design of superior P450 

catalysts?" Consider, for example, the first step in the P450 

catalytic cycle. Substrate binding should maximize the 

chemical interactions between the substrate and the active 

------- -- ------------ -_.-_. ----
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site amino acids and result in high affinity (low Ks value). 

Substrate binding may depend on the 20-keto oxygen forming a 

hydrogen bond with an active site amino acid. For the 21,21-

dihalo compounds, steric factors may dictate that the smaller 

difluoro function will have higher affinity than the larger 

dichloro group. 

Enzymology needs assistance from molecular biology to 

define features of enzyme primary structure that are important 

for activity. constructing hybrids of the unrelated P450 C-21 

and P450IIC6 forms may indicate sequences critical to 

function. Whether these studies would prove to be as 

successful as the recent one critical amino acid findings of 

Negishi (Lindberg and Negishi, 1989) and Johnson (Johnson et 

al., 1990) is unpredictable. However, this area appears to be 

extremely promising to basic research in drug metabolism and 

to applied resear.ch on the molecular basis of genetic enzyme 

abnormalities. 
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