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(P-450a, P-450b, P-450c) from Aroclor 1254-induced rat

hepatic microsomes catalyzed the monooxygenation of 1-(2-

chloroethyl)-3-(trans-4-methylcyclohexyl)-1-nitrosourea

(MeCCNU) and 1-(2-chloroethyl)-3-(cyclohexyl)-1-nitro-

sourea (CCNU) in the presence of purified NADPH cytochrome

P-450 reductase, NADPH and oxygen. Cytochrome P -450-

dependent monooxygenation of CCNU gave six alicyclic

hydroxylation products with cis-4-hydroxy CCNU the prin-

cipal metabolite of cytochrome P-450a and P-450; trans-3-

hydroxy CCNU was the principal metabolite with cytochrome

P-450c. MeCCNU monooxygenation catalyzed by microsomal

and purified isozymes gave four alicyclic hydroxylation



products, an "-hydroxylation on the 2-chloroethyl moiety

and a trans-4-hydroxymethyl derivative with Cis-4-hydroxy-

trans-4-methyl CCNU the major hydroxylation product.

The nitrosoureas undergo denitrosation in the

presence of NADPH and deoxygenated hepatic microsomes or

purified NADPH cytochrome P-450 reductase to yield NO. A

microsomal cytochrome P-450 ferrousNO ligand which rapid-

ly formed was used to quantitate nitrosourea denitrosation

after establishing the ferrousNO extinction coefficient

as 36 mM -1
cm

-1 at 444-500 nm by optical difference spec-

troscopy.

Further analysis with highly purified PB cytochrome

P-450 and NADPH cytochrome P-450 reductase, reconstituted

with dilauroylphosphatidylcholine, suggested that NADPH

cytochrome P-450 reductase was solely responsible for

denitrosation. Although PB cytochrome P-450 was not

directly involved in denitrosation it stimulated NADPH

cytochrome P-450 reductase catalytic activity nearly

3-fold at a concentration equal to that of the reductase.

Furthermore, NADPH cytochrome P-450 reductase dependent

CCNU denitrosation was also stimulated by FMN.
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METABOLIC PATHWAY OF THE NITROSOUREAS CATALYZED

BY CYTOCHROME P-450 AND NADPH CYTOCHROME

P-450 REDUCTASE

I. INTRODUCTION

It has been the purpose of these studies to better

understand the mechanism of nitrosourea metabolism.

Previous work has demonstrated the rapid monooxygenation

of certain nitrosoureas in microsomes (May et al., 1974;

1975; 1979; Hilton and Walker, 1975). The hydroxylation

of CCNU and MeCCNU has been considered to be so rapid that

the hydroxylated metabolites may be the principal form

accounting for the observed in vivo therapeutic activity

(Reed, 1981). The work on CCNU and MeCCNU monooxygenation

has been continued with purified cytochrome P-450s. In

addition to monooxygenation, the NADPH cytochrome P-450

reductase-dependent nitrosourea denitrosation pathway was

examined for the first time. Although cytochrome P-450

might have a catalytic role in the denitrosation of some

nitrosoureas, it did not catalyze the denitrosation of

CCNU. While the therapeutic effect of nitrosourea

monooxygenation is speculative, nitrosourea denitrosation

renders the drugs inert. Research has been directed

toward the enzymology and mechanism of nitrosourea

metabolism.



II. BACKGROUND PERSPECTIVES

Cytochrome P-450 Monooxygenase

Cytochrome P-450, a tightly bound membrane bound

protein, was first discovered in liver microsomal fract-

ions by several groups (Garfinkel et al., 1958; Ryan and

Engel, 1958; Klingenberg, 1958) and initially named CO-

binding pigment because of its Soret maximum formation at

450 nm when CO binds to reduced cytochrome P-450. Later,

Omura and Sato coined the terms cytochrome P-450 (1962,

1964a, 1964b) and cytochrome P-420 for the denatured,

inactive form of cytochrome P-450. Drug-induction of

drug-oxidation in mammalian microsomes was shown by Remmer

(1959), Kato (1960) and Conney et al. (1960), but cvto-

chrome P-450 activity was not discovered until Estabrook

et al. (1963)and Cooper et al. (1965) elucidated the

steroid C21-hydroxylation reaction. Cytochrome P-450 has

been shown to be truly ubiquitous with forms found in

various mammalian tissue (Gilman and Conney, 1963:

Guengerich, 1977; Grundin et al., 1973; Menard and Purvis,

1973; Fang and Strobel, 1978: Sasame et al., 1977; Cohn et

al., 1977; Benedit et al., 1973; Levitt et al., 1975;

Shinchi et al., 1975; Mukhtar et al., 1978: Gelboin and

Blackburn, 1964; Takesue and Sato, 1968; Garfinkel, 1963;

Watenberg et al., 1962; Watenberg and Leong, 1962; Ryan

and Engel, 1957; Ickikawa and Yamano, 1967), bacteria
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(Appleby, 1967: Katagiri et al., 1968: Cardini and

Surtshuk, 1968; Hollenberg and Hager. 1973), seedlings

(Potts et al., 1974; Meehan and Coscia, 1967) and insects

(Ray, 1967; Lewis, 1967; Perry, 1970; Morello et al..

1971; Capdevilla et al., 1973). From these limited

studies it appears that cytochrome P-450 will be found in

a multitude of higher and lower order organisms. Many

forms of cytochrome P-450 have been demonstrated and it

remains difficult to speculate on the actual number that

may exist in nature (Sladek and Mannering, 1966; Gelboin,

1967; Conney, 1967; Alvares et al., 1967; Einarsson and

Johansson, 1968: Jefcoate and Gaylor, 1969: Levin and

Kuntzman, 1969; Wiebel et al., 1971; Capdevilla et al.,

1975; Haugen et al., 1975; Welton et al., 1975; Takemori

et al., 1975).

A schematic representation cytochrome P-450-dependent

monooxygenation of substrate (R) at the expense of one

oxygen and one NADPH molecule, is shown in Figure 1

(Estabrook, 1980). In step 1 of the monooxygenation

cycle, substrate binds to the ferric form of cytochrome

P-450 (Estabrook et al., 1966a, 1966b; Sato, 1966; Ullrich

et al., 1968). The heme configuration, concommitant with

substrate binding, undergoes a change from a low to a high

spin state (Peterson, 1971; Griffin and Peterson, 1972:

Sharroek et al., 1973; Hangen and Coon, 1976). Electron

transfer to cytochrome P-450 appears to be ,influenced by

the heme spin state. High spin Fe+3 is more easily
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reduced than low spin Fe+3 and thus has a greater redox

potential than low spin state iron (Gunsalus et al.,

1974). Thus, substrate-free cytochrome P-450 will prima-

rily be in the ferric state and cytochrome P-450 complexed

with substrate will be mostly in the ferrous state.

Once cytochrome P-450 is reduced, the binding of

oxygen occurs rapidly, to form oxycytochrome P-450

(Peterson et al., 1972; Guengerich et al., 1976; Schleyer

et al., 1977). In the 1-electron state it appears that

two forms of oxycytochrome P-450 exist in equilibrium; the

cytochrome P-450 ferric superoxide and the ferrous oxygen

complex. Further, without additional reducing equivalence

the oxycomplex may decay to form either dioxygen or

superoxide ion, generating the ferrous and ferric cyto-

chrome P-450 (Peterson et al., 1972; Gunsalus et al.,

1973; Schleyer et al., 1977).

The second reduction, 1-electron transfer to the oxy-

cytochrome P-450, remains controversial (step 4). Two

possible mechanisms of reduction have been described in

vitro, but the primary in vivo electron transfer pathway,

has yet to be elucidated.

First cytochrome P-450 can again be reduced by NADPH

cytochrome P-450 reductase or, second, by cytochrome b5.

Transfer of the second electron gives peroxycytochrome

P-450 (Tyson et al., 1972; Peterson et al., 1977;

Hildebrandt and Estabrook, 1971; Cohen and Fstabrook,

1971a, 1971b, 1971c). Cytochrome b5 is an intermediate in



electron transport to cytochrome P-450: with electron

equivalence from NADH via NADH cytochrome b5 reductase.

Once formed, the divalent peroxycytochrome P-450,substrate

complex rapidly decomposes to ferric cytochrome P-450 and

hydrogen peroxide or to ferric cytochrome P-450, water and

monooxygenated substrate (stens 5 and 6). Kinetic studies

indicate that the fourth step, transfer of the second

electron, is the rate determining step in the monooxygena-

tion cycle (Tyson et al., 1972; Peterson et al., 1977).

Little is known about the mechanism of steps 5 and 6,

mainly, because the speed of complex decay after the final

electron transfer is too rapid for analysis of subsequent

intermediates.

NADPH Cytochrome P-450 Reductase

NADPH cytochrome P-450 reductase, a loosely bound

membrane protein has been characterized as a flavoprotein

with equal amounts of FMN and FAD and is involved in

transfer of electrons from NADPH to cytochrome P-450

(Horecker, 1950; Williams and Kamin, 1962; Phillips and

Langdon, 1962; Coon et al., 1973; Iyanagi and Mason, 1973;

Vermilion and Coon, 1974, 1978; Coon et al., 1976;

Yasukochi and Masters, 1976; Digman and Strobel, 1977).

Microsomal flavoprotein that had been purified by a

procedure involving protease treatment to release it from

the membrane, retained its ability to reduce exogenous
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cytochrome c, but was unable to reduce cytochrome P-450

(Lu et al., 1969; Coon et al.,1973). Flavoprotein lacking

in cytochrome P-450 reductase activity has been attributed

to its inability to bind cytochrome P-450 (Coon et al.,

1976). The molecular weight of intact NADPH cytochrome

P-450 reductase was demonstrated to around 76,000 daitons

(Yasukochi and Masters, 1976; Digman and Strobel, 1977;

Vermilion and Coon, 1978).

Nitrosourea Metabolism

The 2-chloroethyl nitrosoureas are some of the most

promising anticancer agents in clinical use today. Those

most commonly used therapeutically are BCNU, CCNU and

MeCCNU. At physiological conditions, the nitrosoureas

undergo chemical degradation to form carbonium ion alkyla-

ting and isocyanate carbamylating intermediates (Montgo-

mery et al., 1976; Chen et al., 1972; Colvin et al., 1974;

Reed et al., 1975). The carbamylating moiety can specifi-__

cally inactivate several enzymes (Kann et al., 1974;

Woolley et al., 1976; Babson et al., 1977; Babson and

Reed; 1978) while the alkylating moiety forms adducts with

DNA and protein (Bowdon and Wheeler, 1971: Kramer et al.,

1974; Kohn, 1977: Lown et al., 1971).

Several cyelohexyl nitrosoureas undergo cytochrome

P-450-dependent monooxygenation with microsomes (May et

al., 1974, 1975, 1979; Hilton and Walker, 1975: Potter and
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Reed, 1980), monooxygenation in vivo (Kohlhepp et al..

1981) and with purified hepatic cytochrome P-450 isozymes

(Potter, unpublished data). Additionally, microsomal

denitrosation has been observed for BCNU (Hill et al.,

1975), MeCCNU (May et al., 1979) and many other

nitrosoureas (Potter and Reed, 1982). NADPH cytochrome

P-450 reductase was demonstrated, at least in part, as a

catalytic center for denitrosation (Potter and Reed,

1982a, 1982b).

Figure 2 shows the sites of catalytic attack by

either cytochrome P-450 or NADPH cytochrome P-450 reduc-

tase. Whereas denitrosation is catalyzed by NADPH

cytochrome P-450 reductase, and as far as can be

determined, not by cytochrome P-450, monooxygenation is

catalyzed by cytochrome P-450.
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STEREOSPECIFIC MONOOXYGENATION OF CARCINOSTATIC

1-(2-CHLOROETHYL)-3-(TRANS-4-METHYLCYCLOHEXYL)-1-NITRO-

SOUREA AND 1-(2-CHLOROETHYL)-3-(CYCLOHEXYL)-1-NITROSOUREA

BY PURIFIED CYTOCHROME P-450 ISOZYMES

Introduction

Among the growing class of 2-chloroethyl nitrosou-

reas, CCNU and MeCCNU are presently in clinical use.

Studies on the antineoplastic activity of the nitrosoureas

have demonstrated chemical activation by non-enzymatic

breakdown to form reactive isocyanates and carbonium ions

(Montgomery et al., 1967; Reed et al., 1975; Colvin et

al., 1974; Chen et al., 1972; Kann et al., 1974: Woolley

et al., 1976; Babson et al., 1977: Babson and Reed, 1978,

Kramer et al., 1974; Bowdon and Wheeler. 1971; Kohn, 1977:

Lown et al., 1978). Additionally CCNU and MeCCNU have

been shown to undergo rapid cytochrome P-450-dependent

monooxygenation with hepatic microsomes (May et al., 1974:

1975; Hilton and Walker, 1975). For reviewed see Reed

(1981). Phenobarbital (PB)-induced microsomes principally

gave the cis-4-hydroxy metabolite of CCNU and MeCCNU (May

et al., 1976; 1979) while methvlcholanthrene (3-MC)

induced microsomes gave trans-3-hydroxy CCNU (May et al.,

1976) as the main metabolite. Monooxygenation may occur

by homolytic cleavage of the hydrogen with a free radical

intermediate formed prior to hydroxylation (Potter and
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Reed, 1980).

Aroclor 1254 was shown to he a potent inducer of

microsomal P-450 with mixed substrate specificity similar

to that observed by combined PB- and 3-MC-induced microso-

mal preparations (Alvares et al., 1973). Further purifi-

cation studies by Ryan et al. (1979) and Levin et al.

(1980) have demonstrated that the PB cytochrome P-450

(P-450b) and the 3-MC cytochrome P-450 (P-450c) are

induced by pretreating animals with Aroclor 1254. A minor

cytochrome P-450 isozyme, cytochrome P-450a. was not

dramatically induced by Aroclor 1254 pretreatment, was

also isolated.

The present report describes the monohydroxylation of

CCNU and MeCCNU catalyzed by cytochromes P-450a. P -450h,

and P-450c purified from Aroclor 1254-induced microsomes.

Purified cytochrome P-450 and NADPH cytochrome P-450

reductase reconstituted with dilauroylphosphatidylcholine

had greater catalytic activity than did the non-reconsti-

tuted enzymes. Cytochrome P-450b, was catalytically more

active than cytochromes P-450a and P-450c. Microsomal and

purified cytochrome P-450s primarily catalyzed the

monohydroxylation of CCNU and MeCCNU to the cyclohexyl

ring cis-4-hydroxy metabolites, with the exception of CCNU

monooxygenation catalyzed by cytochrome P-450c to give

trans-3-hydroxy CCNU as the major metabolite.
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Material and Methods

Purification of cytochrome P-450 - Hepatic microso-

mes from Aroclor 1294 pretreated Long Evans rats (55 to 60

g, Blue Spruce Farms, Altamont, NY) were prepared as

previously described (Levin et al., 1974; Ryan et al.,

1977). Cytochromes P-450a, P-450b, and P-450c were

purified from microsomal preparations by described methods

(Ryan et al., 1979) to a specific content of 12 to 16

nmol/mg protein. Protein was determined by method of

Lowry et al. (1951). The concentration of cytochrome

P-450 was determined according to Omura and Sato (1964a)

from the CO-reduced difference spectrum with an extinction

coefficient of 91 mM-1 cm -1.

NADPH cytochrome P-450 reductase - The NADPH cyto-

chrome P-450 reductase was purified by combined method of

Dignam and Stroebel (1975), and Yasukochi and Masters

(1976) from PB-induced microsomes (Ryan et al., 1979) to a

specific activity of 35.0 to 40.0 units/mg. NADPH cyto-

chrome P-450 reductase activity was assayed at 22°C by

following the rate of cytochrome c reduction (1 unit

equals one umol of cytochtome c reduced/min) by the method

of Phillips and Langdon (1962).

Incubation procedure - Reaction mixtures of 1.0 ml

contained NADPH cytochrome P-450 reductase (1.0 unit),

cytochromes P-450a, P-450b and P-450c (0-0.15 nmol),

dilauroylphosphatidylcholine (0-30 ug), potassium
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phosphate (100 umol), and CCNU or MeCCNU (500 nmol), pH

7.4. Reactions were initiated by the addition of NADPH

(1.0 umol), placed in a reciprocal shaker water bath at

37°C, and terminated after 10 min with the addition of

cold ether. Metabolites were extracted and analyzed by

liquid chromatography as previously described (May et al..

1974; 1975; 1979).

Results

CCNU was metabolized by Aroclor 1254-induced hepatic

microsomes to yield trans-3-hydroxy CCNU, cis-3-hydroxv

CCNU, cis-4-hydroxy CCNU, and trans-4-hydroxy CCNU in the

presence of oxygen and NADPH. As shown in Figure 3, the

rates of metabolite formation was specific for the cyclo-

hexyl ring region. The cis-4 position was more rapidly

hydroxylated than the trans-4 position. The cis-4-hydroxy

CCNU was the major hydroxylation product accounting for

72% of the total monohydroxylation products. In contrast,

trans-4-hydroxy CCNU isomer represented only 5.6% of total

metabolites formed. The principal carbon-3-monooxvgena-

tion product was cis-3-hydroxy CCNU with an observed rate

of formation nearly 4-fold greater than the trans -3-

isomer. Thus, the cis over the trans and carbon-4 over

carbon-3 were the preferred sites of Aroclor 1254-induced

microsomal cytochrome P-450 attack.
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CCNU MONOOXYGENASE PRODUCTS WITH

AROCLOR 1254 MICROSOMES
C

7.0-

ci,1 6.0
0
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Figure 3. Rates of formation of trans-3-hydroxy CCNU (t-3),
cis-3-hydroxy CCNU (c-3), cis-4-hydroxy CCNU (c-4), and trans-
4-hydroxy CCNU (t-4), from CCNU, catalyzed by Aroclor 1254 -
induced microsomes (1.0 nmol cytochrome P-450) in the presence
of NADPH (1.0 pmol). Incubations (1.0 ml) were carried out

for 10 min at 37°C. Metabolites were extracted with ether

and separated on HPLC.
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In the reconstituted system containing purified cyto-

chrome P-450 and NADPH cytochrome P-450 reductase, rates

of CCNU metabolism varied markedly with the different iso-

zymes (Figure 4). The rate of CCNU cytochrome P-450b-de-

pendent hydroxylation was approximately 2-times that of

the Aroclor 1254-induced microsomes, 20-times that of the

cytochrome P-450a and 8-times that of the cytochrome

P-450c, monooxygenation activity. The ratios of metabo-

lite formation which resulted from catalysis by cytochrome

P-450b and Aroclor 1254-induced microsomes were almost

indistinguishable except in the former case trace amounts

of cis-2-hydroxy CCNU and trans-2-hydroxy CCNU were formed.

Cytochrome P-450a was the least effective cytochrome

P-450 isozyme with respect to CCNU catalysis. Although

rates of catalysis were less with cytochrome P-450a than

with cytochrome P-450c they both were highly selective in

attack at the trans-3 and cis-4 positions. The major

monohydroxylated CCNU metabolite with cytochrome P-450c

was trans-3-hydroxy CCNU while cis-4-hydroxy CCNU was the

secondary metabolite. Together the trans-3- and cis-4-

hydroxy CCNU formed accounted for 92% of the total metabo-

lic activity of cytochrome P-450c. With cytochrome P-450a

formation of cis-4-hydroxy CCNU and trans-3-hydroxy CCNU

accounted for 77% and 17% of the total metabolites,

respectively.

Aroclor 1254-induced microsomes metabolized MeCCNU to

yield cis-4-hydroxy-trans-4-Methyl-CCNU, cis-3-hydroxy-
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CCNU MONOOXYGENASE PRODUCTS WITH
PURIFIED CYTOCHROME P-450s

C-2 t-2 t-3 C-3 C-4
CCNU METABOLITE
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Figure 4. Rates of formation of cis-2-hydroxy CCNU (c-2), trans-
2-hydroxy CCNU (t-2), trans-3-hydroxy CCNU (t-3), cis-3-hydroxy
CCNU (c-3), cis-4-hydroxy CCNU (c-4),and trans-4-hydroxy CCNU
(t-4), from CCNU, catalyzed by cytochrome P-450a, P-450b, and
P-450c. Reaction mixtures of 1.0 ml contained cytochrome P-450
(0.1 nmol) and NADPH cytochrome P-450 reductase (1.0 unit)
reconstituted with dilauroylphosphatidylcholine (10 pg), potassium
phosphate (100 pmol), CCNU (500 nmol) and NADPH (1.0 pmol), pH.7.4.
Other conditions were the same as described in Figure 3.
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trans-4-Methyl-CCNU, u-hydroxy-trans-4-Methyl-CCNU, trans-

-4-hydroxy-cis-4-Methyl-CCNU, trans-4-hydroxymethy1 -CCNU

and trans-3-hydroxy-trans-4-methyl-CCNU, in descending

order of the total metabolic rate (Figure 5). The overall

rate of MeCCNU monooxygenation activity compared to CCNU

was 84% with a similar specificity for cyclohexyl ring

monohydroxylation. However, MeCCNU was also hydroxylated

on the methyl and the 2-chloroethyl moiety demonstrating

that monooxygenation was less regioselective for MeCCNU

than CCNU.

The principal MeCCNU metabolite formed in the recon-

stituted system by purified cytochromes P-450a, P-450b and

P-450c was cis-4-hydroxy-trans-4-Methyl-CCNU accounting

for 66%, 63% and 90% of the total monooxygenated metabo-

lites, respectively (Figure 6). The catalysis of MeCCNU

and CCNU by purified cytochrome P-450b was similar with

respect to a doubling of metabolic rate. The metabolic

profile with cytochrome P-450b was also similar to that

observed with Aroclor 1254-induced microsomes. Like CCNU,

the trans-3-hydroxy-Methyl-CCNU isomer was preferentially

formed by cytochrome P-450a as secondary metabolite. In

contrast, no more than 10% of the cytochrome P-450c

hydroxylation activity was observed at sites other than

the cyclohexyl ring cis-4 position. Cytochromes P-450a

and P-450c catalytized MeCCNU slightly faster than CCNU.

The effect of lipid concentration on the rates of

CCNU and MeCCNU cyclohexyl ring cis-4 hydroxylation cata-
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MeCCNU MONOOXYGENASE PRODUCTS WITH
AROCLOR 1254 INDUCED MICROSOMES
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Figure 5. Rates of formation of trans-3-hydroxy-trans-4-methyl-
CCNU (t-3), a-hydroxy-trans-4-methyl-CCNU (a-OH), cis-4-hydroxy-

trans-4-methyl-CCNU (c-4), cis-3-hydroxy-trans-4-methyl-CCNU
(c-3), trans-4-hydroxy-cUs-4-methyl-CCNU (t-4),and trans-4-

hydroxymethyl-CCNU (t-4-Me),from MeCCNU, catalyzed by Aroclor

1254-induced microsomes as described in Figure 3.
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MeCCNU MONOOXYGENASE PRODUCTS WITH
PURIFIED CYTOCHROME P-450s
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Figure 6. Rates of formation of trans-3-hydroxy-trans-4-methyl-
CCNU (t-3), a-hydroxy-trans-4-methyl-CCNU (a-OH), cis-4-hydroxy-

trans-4-methyl-CCNU (c-4), cis-3-hydroxy-trans-4-methyi-CCNU (c-3),

trans-4-hydroxy-cis-4-methyl-CCNU (t-4), and trans-4-hydroxymethyl-
CCNU (t-4-Me), from MeCCNU, catalyzed by cytochromes P-450a,

P-450b, and P-450c as described in Figure 4.
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lyzed by purified cytochromes P-450a. P -450h and P-450c

and NADPH cytochrome P-450 reductase is shown in Figures

7, 8, and 9. Catalytic activity was usually greater when

purified enzymes were reconstituted with dilauroylphospha-

tidylcholine, particularly at higher cytochrome P-450

concentration. As indicated in Figures 7 and 9, the

effect of lipid concentration was less profound with

cytochromes P-450a and P-450c than with cytochrome P-450b

(Figure 8) where the catalytic rate of cis-4-hydroxy CCNU

formation was increased 5-fold in the presence of lipid

(10 pg). Furthermore, less deviation from linearity of

catalytic activity at greater cytochrome P-450 concentra-

tion was observed in reaction mixtures containing lipid.

Discussion

The principal hydroxy metabolite of CCNU was trans-

3-hydroxy CCNU with cytochrome P-450c and cis-4-hydroxy

CCNU with cytochromes P-450a and P-450b. All three puri-

fied cytochrome P-450 isozymes metabolized MeCCNU predomi-

nantly at the cis-4-cyclohexyl ring position. When cyto-

chrome P-450 isozymes and reductase were reconstituted

with dilauroylphosphatidylcholine rates of catalysis were

greater than when lipid was not included.

Traditionally, cytochrome P-450 monooxygenation of

foreign substances is regarded as a detoxification reac-

tion. However, it is well established that cytochrome
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EFFECT OF CYTOCHROME P-450a AND LIPID
CONCENTRATION ON RATES OF MONOOXYGENATION
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Figure 7. Rates of formation of cis-4-hydroxy CCNU and
cis-4-hydroxy-trans-4-methyl-CCNU,from cCNU and MeCCNU,
catalyzed by cytochrome P-450a reconstituted without

or with 10 pg (A-4), and 30 pg (110), of
dilauroylphosphatidylcholine/ml. Other conditions were
the same as described in Figure 4.
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EFFECT OF CYTOCHROME P-450b AND LIPID
CONCENTRATION ON RATES OF MONOOXYGENATION
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Figure 8. Rates of formation of cis-4-hydroxy CCNU and
cis-4-hydroxy-trans-4-methyl-CCNU,from CCNU and MeCCNU,

catalyzed by cytochrome P-450b reconstituted without
--.), or with 10 pg (k-), and 30 pg 011-40, of

dilauroylphosphatidylcholine/ml. Other conditions were

the same as described in Figure 4.
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EFFECT OF CYTOCHROME P-450c AND LIPID
CONCENTRATION ON RATES OF MONOOXYGENATION

a

E 400

i
ll] 300
0
co

H 200
2
-6 100
E

0.05 0.10 0.15 0.05 0.10 0.15
nmol CYTOCHROME P-450c/m1

Figure 9. Rates of formation on cis-4-hydroxy CCNU and

cis-4-hydroxy-trans-4-methyl-CCNU, .from CCNU and MeCCNU,

catalyzed by cytochrome P-450c reconstituted without

or with 10 pg (A A), and 30 pg 01-.-C, of dilau-

roylphosphatidylcholine/ml. Other conditions were the

same as described in Figure 4.
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P-450 activates certain compounds, to give metabolites

that are more toxic or carcinogenic than the parent

compound. The polycyclic aromatic hydrocarbons, in

particular, undergo cytochrome P-450 activation (for a

review see Grover and Sims, 1974; Jerina and Daly, 1974).

Monooxygenation of the cyclohexyl nitrosoureas,

possibly via a free radical intermediate (Potter and Reed,

1980), give metabolites, that are not truly activated or

inactivated (Wheeler et al., 1977). The hydroxy

metabolites of CCNU and MeCCNU exhibit antitumor activity

as do the parent nitrosoureas. Since cytochrome P-450

monooxygenation is rapid, the hydroxylated metabolites of

MeCCNU and CCNU are considered to be the principal in vivo

form accounting for the observed therapeutic activity

(Reed, 1981). Although the advantages of monooxygenation

are difficult to assess, a comparison of physical and

chemical properties of CCNU metabolites indicate that some

metabolites may have a therapeutic advantage over CCNU

(Wheeler et al., 1977). In particular, trans-2-hydroxy

CCNU showed promise. But as studies with microsomes (May

et al., 1975; Hilton and Walker, 1975: Farmer et al.,

1978) and purified enzyme preparations (this manuscript)

demonstrate, trans-2-hydroxy CCNU formation is barely

detectable. Thus, the advantages or disadvantages of

monooxygenation remain obscure.

With the recent attention given to nitrosourea deni-

trosation (Potter and Reed, 1982a; 1982b) one possible
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advantage of hydroxylation may be that metabolites are

less susceptible to denitrosation. In support of this

suggestion, certain CCNU metabolites are denitrosated at

rates less than CCNU (Potter. unpublished data). A slower

rate of denitrosation could change the therapeutic activi-

ty, since loss of the nitroso group renders the nitroso-

urea inert.

Although microsomal induction and inhibition indica-

ted potential cytochrome P-450 isozyme specificity, the

necessity of demonstrating the oxidation of nitrosoureas

with purified cytochrome P-450 remained. CCNU metabolite

formation, first elucidated by May et al. (1974; 1975)

using PB- and 3-MC-induced microsomes, were useful in

anticipating the ratio of metabolite formation with

cytochromes P-450b and P -45Oc, yet uniquivocable assign-

ment of isozyme specificity was not possible. Direct

analogy between the induced and purified system cannot be

made. Although PB-induced microsome and purified cyto-

chrome P-450b primarily formed cis-4-hydroxy CCNU, PB

microsomes gave a larger proportion of trans-3-hydroxy

CCNU than cytochrome P-450c. Likewise, with 3-MC micro-

somes and purified P-450c trans-3-hydroxy CCNU was the

predominant form; cis-3-hydroxy CCNU accounted for 25% of

the metabolites formed. Only trace amounts were formed

with cytochrome P-450c.

Differences in the stereospecificity of MeCCNU

metabolism by microsomal and purified enzymes was also
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demonstrated. In particular, trans-4-hydroxymethyl-CCNU

was the primary metabolite formed with non-induced and 14%

with PB-induced microsomes (May et al.. 1979). Of the

three isozymes, cytochromes P-450a, P-450b, and P-450c

none exhibited specificity toward the hydroxylation of the

cyclohexyl methyl group. Therefore, the data suggest the

involvement of, at least one other, cytochrome P-450, with

stereoselective activity for the methyl moiety of MeCCNU

cyclohexyl ring.
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DENITROSATION OF CARCINOSTATIC NITROSOUREAS BY PURIFIED

NADPH CYTOCHROME P-450 REDUCTASE AND RAT LIVER MICROSOMES

TO YIELD NITRIC OXIDE UNDER ANAEROBIC CONDITIONS

Introduction

The 2-chloroethyl nitrosoureas are an important class

of antitumor agents which are effective in clinical use

against several types of malignancies. Of those nitroso-

ureas, BCNU (1,3-bis(2-chloroethyl)-1-nitrosourea), CCNU

(1-(2-chloroethyl)-3-(cyclohexyl)-1-nitrosourea), and

MeCCNU (1-(2-chloroethyl)-3-(trans-4-methylcyclohexyl)-1-

nitrosourea) are the most commonly used therapeutic

drugs. Although the mode of action of nitrosoureas is not

known, research has been directed toward the alkylating

and the carbamylating intermediates liberated during non-

enzymatic chemical degradation under physiological condi-

tions (Montgomery et al., 1967; Reed et al., 1975: Colvin

et al., 1974; Chen et al., 1972). Studies have demonstra-

ted enzymatic inactivation by carbamylation (Kann et al.,

1974: Woolley et al., 1976; Babson et al., 1977: Babson

and Reed, 1978). Formation of DNA adducts, crosslinking

of DNA to either DNA or protein, and DNA strand breakage

(Kramer et al., 1974; Bowdon and Wheeler, 1971: Kohn,

1977; Lown et al., 1978) occurs via 2-chloroethyl alkyla-

tion.
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Cytochrome P-450-dependent monooxygenation metaboli-

tes of CCNU and MeCCNU (May et al., 1974; 1975: 1979:

Hilton and Walker 1975) but not BCNU have been identi-

fied. However, BCNU does undergo enzymatic denitrosation

(Hill et al., 1975) to yield the therapeutically inert BCU--

(1,3-bis-(2-chloroethyl)-urea). In addition to hydroxy-

lation, MeCCNU also undergoes hepatic microsomal denitro-

sation (May et al., 1979). Previous measurement of

denitrosation of the nitrosoureas has relied on analysis

with isotopically labeled drugs. Deuterated BCNU has been

useful in showing the formation of BCU by mass spectro-

scopy (Levin et al., 1979). Denitrosation products of

radiolabeled MeCCNU (May et al., 1979) and CCNU (this

paper) were extracted from incubation mixtures, isolated

by HPLC, and quantitated by scintillation counting.

Previous observations have demonstrated that the

optical difference spectra of CCNU in the presence of

NADPH, and PB-induced microsomes during anaerobic incu-

bation conditions underwent a spectral change with an

increase in absorbance at 445 nm (Reed and May, 1977).

The similarity between these spectra and those obtained

when paramagnetic NO was a ligand to ferrous cytochrome

P-450, in the absence of oxygen (Schlosnagle et al., 1974;

Ebel et al., 1975: O'Keeffe et al., 1978), led us to

suspect the liberation of NO during CCNU denitrosation.

This paper presents evidence that establishes the

products of 2-chloroethyl-nitrosourea denitrosation to be
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NO and the parent urea. Optical difference spectroscopy

was utilized to demonstrate a cytochrome P-450 ferrous NO

Soret absorption band (Schlosnagle et al., 1974: Ebel et

al., 1975; O'Keeffe et al., 1978). We developed a method

of quantitation of denitrosation based on the increase in

absorbance at 444 nm when the nitrosoureas were incubated

in the presence of NADPH, and microsomes under anaerobic

conditions. Purified reconstituted NADPH cytochrome P-450

reductase was found to support denitrosation catalysis.

Methods

Preparation of hepatic microsomes - Liver microsomes

were prepared from Sprague-Dawley rats according to

methods described by Levin et al (1974). Rats were

administered an aqueous 0.1% phenobarbital solution for 5

days or by daily intraperitoneal injection of a solution

of phenobarbital (75 mg/kg) in 0.9% NaC1 saline for 14

days. Microsomal pellets from 10 to 15 rats were pooled

and suspended in 0.25 M sucrose and stored at -80°C. The

microsomes were used within 1 week after preparation.

Protein concentrations were determined by the method of

Lowry et al. (1951). Cytochrome P-450 monooxygenase

concentrations were determined by methods of Omura and

Sato with Ac = 91 mM- 1
cm- 1 at 450 minus 490 nm (Omura and

Sato, 1964a).
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Anaerobic optical difference spectroscopy - Optical

difference spectra were recorded on a dual-beam Cary 219

spectrophotometer equipped with a thermostatically con-

trolled circulating water bath which was used to maintain

a constant temperature during all assays. Spectra were

recorded at 37°C unless stated otherwise. A magnetic

stirring device was used to ensure proper suspension and

mixing of samples. Cuvettes were maintained anaerobically

by enclosure with serum caps. An oxygen scavenger system,

which consisted of 18 units each of catalase and glucose

oxidase was added to 0.1 M potassium phosphate buffer, pH

7.4, containing 75 mM glucose. This system insured the

removal of oxygen present after purging with ultrapure

nitrogen for at least 1 min. Samples were allowed to pre-

incubate at 37°C before initiation of reactions. To

examine rates of NO binding to cytochrome P-450, incu-

bations were usually initiated by the addition of nitro-

sourea in a 2 ul aliquot of a dimethyl sulfoxide (DMSO)

solution after a 10 ul solution of NADPH. However, the

same rate was observed if nitrosourea was added first and

catalysis initiated with NADPH. Monitoring of the rapidly

forming ferrousNO at 444 nm was started about 3 s after

the addition of nitrosourea and initial rates were

observed within 30 s. Linearity was not observed after

this time. This may be due to NO binding sites in

cytochrome P-450 becoming saturated with NO. After the

rate of increase in optical density slowed, absorbance
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finally reached a plateau and subsequently became lower

with time. The extinction coefficients of NO bound to the

ferric and ferrous forms of cytochrome P-450 were

determined by scanning difference spectroscopy and

subtracting absorbance at the absorption maxima of 436 or

444 nm, respectively, from that at 500 nm. The ferricNO

complex was stable for at least 9 min and the Ac at 436

minus 500 nm was determined after bubbling with NO for 30

s. Due to the instability of the ferrousNO complex,

special care was taken to increase the stability of the

complex once it was formed, by the addition of 0.1 mM

5-a-androstane-3,17-dione (O'Keeffe et al., 1978). The

ferricNO complex (formed as above) was converted to the

ferrousNO complex by the addition of NADPH to a final

concentration of 500 PM. The optical difference spectra

were scanned repetitively from 500 to 444 nm. Extra-

polation back to zero time, permitted As at 444 minus 500

nm to be determined.

Acrolein treatment - Partial inactivation of cyto-

chrome P-450 and complete inactivation of NADPH cytochrome

P-450 reductase by the addition of acrolein to liver

microsomes has been shown (Patel et al., 1980). Hepatic

microsomes from phenobarbital-pretreated rats were incu-

bated with 0.2% (v/v) of acrolein for 30 min at room

temperature. NADPH cytochrome P-450 reductase activity

was determined at 25°C by following the rate of cytochrome

c reduction (1 unit/umol cytochrome c reduced/min) with
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the extinction coefficient of 21 mM-1 cm -1 at 550 nm

(Williams and Kaning. 1962). The reaction mixture

contained 1.5 mM potassium cyanide, 0.05 M potassium

phosphate, 0.1 mM NADPH, and 0.75 mg cytochrome c/ml, nH

7.4.

NO analysis in head gas - Stoppered test tubes

containing a 3-ml suspension of microsomes and a 5-ml head

space were deoxygenated with ultrapure nitrogen. An

oxygen scavenger system was added in the same manner as in

preparation of anaerobic incubations in cuvettes. NADPH

was added to give a final concentration of 2.0 mM and the

reaction was initiated by addition of 2 pl of a BCNU solu-

tion (500 mM in DMSO). At time intervals between 0 and 16

min, 1-ml aliquots of head gas were removed and injected

into a Thermal Energy Analyzer (TEA) made by Thermo

Electron Corporation. In the TEA, nitroso compounds are

catalytically split at temperatures in excess of 250°C

(Fine et al., 1975a; 1975b) and the effluent is passed

into an evacuated reaction chamber. NO is allowed to

react with ozone forming electronically excited nitrogen

dioxide and oxygen. Chemiluminescence is detected in the

near infrared region of the spectra when the excited

electron of nitrogen dioxide returns to its ground state.

For the purpose of NO detection the catalytic pyrolyzer on

the Thermal Energy Analyzer was allowed to cool to room

temperature and head gas NO was analyzed without

contamination from BCNU. Detection by the Thermal Energy
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Analyzer was sensitive enough to analyze subnanogram

levels of NO.

Radiolabeled CCU extraction technique - Deoxygenated

hepatic microsomes from phenobarbital-pretreated rats were

diluted to about 1.1 mg microsomal protein with 0.1 M

potassium phosphate buffer, pH 7.4, containing 75 mM glu-

cose, 5 mM glucose 6-phosphate, 1 mM NADP, and 2 units of

glucose 6-phosphate dehydrogenase/ml. Aliquots (1.0 ml)

were made anaerobic with an oxygen scavenger and purged

with nitrogen as described elsewhere. Cytochrome P-450

inhibitors in DMSO (2-5 pl) were added to the anaerobic

samples prior to preincubation in a 37°C shaker bath for 3

mina Initiation of incubations were made by addition of

r14
L C]CCNU (2 Pi DMSO) to give a final CCNU concentration

of 500 PM. All incubations were performed in the dark to

ensure a minimal amount of light-caused denitrosation. An

additional precaution of working with a yellow safe light

was used in some experiments. After 10 min the incuba-

tions were terminated by the addition of cold hexane and

14rremaining L C]CCNU was extracted with three 1-ml portions

of hexane. L
r14 CiCCU was isolated with an extraction

efficiency of 0.79 by three 1-ml portions of ether. Ether

extracts were dried over anhydrous sodium sulfate and

evaporated with a stream of nitrogen. [
14 C]CCU was sepa-

rated by adsorptive phase-liquid chromatography with a

LiChrosorb 5160 (5 pm) column (3.1 mm x 25 cm). The

solvents used were 2,2,4-trimethylpentane:methylene
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chloride:2-propanol (v/v), 930:63:32. HPLC was carried

out with a Spectra Physics Model 8000 liquid chromatograoh

equipped with a Pharmacia 254 nm detector. Authentic

[14C]CCU was synthesized by low-pressure hydrogenation of

[14C]CCNU with 5% rhodium on charcoal (May et al., 1979)

for 12 h. Synthetic [ C]CCU had a retention time of 31

min with the above column and solvent system at a flow

rate of 2 ml/min. Metabolic
[14 C]CCU had an identical

retention time. Fractions of metabolite were collected

and counted in a toluene-based liquid scintillation

solution with a Packard scintillation counter.

NADPH cytochrome P-450 reductase purification -

NADPH Cytochrome P-450 reductase was purified by methods

of Guengerich and Mason (1979) to a specific activity of

22.7 units/mg (1 unit/umol cytochrome c reduced/min, as

described before). Purified NADPH cytochrome P-450 reduc-

tase (0.19-0.48 nmol) was reconstituted in 30 ul of 0.1%

dilauroylphosphatidylcholine. All other assay parameters

were identical to the microsomal [14C]CCU isolation tech-

nique.

Results

Nitric oxide (NO) detection during nitrosourea deni-

trosation - Optical difference spectroscopy of anaerobic

PA-induced hepatic microsomal cytochrome P-450 ferrousNO

has been previously shown to exhibit a Soret maximum at
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444 nm, a single visible absorbance band maximum at 585

mm, and a minimum that developed at about 412 nm (Ebel et

al., 1975; O'Keeffe et al., 1978). The cytochrome P-450

ferrous NO absorption spectra underwent change with time

which is believed to indicate conversion to cytochrome

P-420 ferrousNO (O'Keeffe et al., 1978). Results from

our studies showed the unstable ferrousNO optical

difference spectra at 37°C, exhibited a complete decay of

the Soret maximum at 444 nm within 14 min (Figure 10,

right panel). Concomitant with changes in the maximum,

the initial trough exhibited between 410 and 415 nm

gradually deepened and shifted to longer wavelengths with

time. Identical ferrousNO difference spectra were

observed when BCNU was added to NADPH and deoxygenated

PB-induced hepatic microsomes (Figure 10, left panel).

The BCNU-initiated difference spectra produced an

identical visible maximum at 585 nm. The development and

slow decay of the 444-nm maximum as well as a shifting to

longer wavelengths and deepening trough were taken as

strong evidence that formation of the cytochrome P-450

ferrousNO complex was catalyzed by NADPH-reduced

microsomes. The ferrousNO difference spectra were not

observed if microsomes were aerated before either NO or

BCNU addition. Once formed, the complex was destroyed

upon exposure to air. No microsomal catalyzed

denitrosation was demonstrated when BCNU was added to

microsomes in the absence of NAD(P)H. If NO had been
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Figure 10 . Repetitive scanning of cytochrome P.450 ferrous-NO optical difference spectra generated

by the addition of BCNU to a final concentration of 500 psi into anaerobic microsomes containing

500 gm NADPH (left vane!). MicressomaI protein was 4 mg/ml containing 2.5 nmol cytochrome P-

450 and 0.235 units of NADPH cytodtrome P.450 reducts.s./ mg. Scans were recorded every 1.5 min

from A to F. Scan of cytochrome P-450 ferrous-NO optical difference spectra of the visible region

from 640 to 500 nm was taken 14 min after BCNU was added (not shown). Repetitive scanning of

cytochrome P-450 ferrous-NO optical difference spectra using identical microsomal suspensions

A3 above. less BCNU bubbled with NO gas forZO s prior to addition of NADPH (right panel). Scans

were recorded every 1.5 min from A to .1.
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produced spontaneously, the more stable ferricNO Soret at

436 nm would have been observed.

Similar to cytochrome P-450, NO bound to deoxygenated

human hemoglobin gave a distinct optical difference spec-

tra (Kon, 1968: Kon and Kataoka, 1969). The right panel

of Figure 11 shows that the anaerobic hemoglobin ferrous

NO optical difference spectra Soret maximum at 415 nm

which was observed in the presence of PB-induced micro-

somes with a cytochrome P-450 hemoglobin ratio of 1:4.

As shown in Figure 11 (left panel), formation of the

hemoglobin ferrousNO optical difference spectra was

observed after the addition of BCNU to a mixture of NADPH

and deoxygenated microsomes.

NO production during denitrosation of BCNU was also

demonstrated by the analysis for NO production during

denitrosation of BCNU. NO was analyzed with samples of

the head gas of microsomal suspensions at given time

intervals (described under Materials and Methods). By the

removal of 1-ml aliquots of head space gas and in.iecting

them into a Thermal Energy Analyzer, relative NO peak

heights were obtained. As shown in Figure 12, the head

space gas concentration of NO increased over time.

Precise quantitation of head gas NO was not undertaken.

However, due to the sensitivity of detection by the TEA

method the subnanogram amounts of NO which were detected

represent a small fraction of the total NO formed during

the denitrosation reaction.
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Figure 11. Repetitive scanning of hemoglobin-NO optical difference spectra generated by the ad-

dition of BCNU final concentration) to anaerobic PB-Induced hepatic mierosames containing

500 Au NAOMI. and 8 psi human hemoglobin. Mlcrosomal protein was 0.8 mg/m1 containing 2.0

tonal cytochrome F-450 and 019 units of NADPH cytochrome P-450 reductasilent Scans were

recorded every 30 3 from A to M (left panel). Right panel shows optical difference spectra of human

hemoglobin (4 AO, PB-Induced hepatic miterosornes (0.4 mg protein/nil) less BCNU bubbled with

NO gas for 30 3. For further Information see Materials and Methods.
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Figure 12. Determination of relative NO formation with

time in the head gas above incubations of 500PM BCNU

in the presence of 2.0 mM NADPH and anaerobic PB-

induced hepatic microsomes. NO was analyzed at

appropriate time intervals by removing 1-ml aliquots

from the 5-ml head gas above microsomal incubations

and injecting them into a modified thermal energy

analyzer. For further information see Materials and

Methods.
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Determination of the NO extinction coefficient -

Previously, rates of BCNU and MeCCNU denitrosation had

been examined with either stable or radioactive isotopes

followed by isolation of the urea (May et al., 1979: Hill

et al., 1975; Levin et al., 1979). Formation of the

ferrousNO Soret absorbance at 444 nm led to the belief

that a general method of determining rates of denitro-

sation could be achieved, eliminating the need for drugs

labeled with isotopes.

Measurement of nitrosourea microsomal denitrosation

was based on the formation of the cytochrome P-450

ferrousNO complex. Therefore, it became necessary to

determine the extinction coefficient at 444 minus 500 nm.

The ferricNO was formed first and then converted to the

ferrousN0 by adding NADPH. The ferricNO was stable for

at least 9 min at 37°C, but as the right panel of Figure

10 illustrates, the ferrousNO complex was unstable.

Determination of the extinction coefficient was made by

calculation of the absorption value at 444 minus 500 nm

obtained with linear regression analysis when extrapolated

to zero time (Figure 13). The ferrousNO extinction

coefficients were nearly linear over a range of cytochrome

P-450 concentrations (Figure 14). At zero time the

average extrapolated change in absorbance at 444 minus 500

nm was 36 mM-1 cm-1. To test whether linearity of

denitrosation could be achieved over a range of protein

concentrations, 500 PM BCNU was incubated with NADPH and
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Figure 13. Cytochrons. P-450 ferrousNO extinction
coefficient was determined by repetitive scanning of
the optical difference spectra of anaerobic PB-in-
duced hepatic microsomee containing 1.9 pal( cyto
chrome P-430 previously bubbled for 30s with NO
gas and converted to ferrous-NO upon addition to
500 pM NADPH with 10 p1 in buffer. The ferrous-
NO extinction coefficient was determined by using
the calculated linear regression absorption value ob-
tained when extrapolated to zero time value for
change in absorbance at 444 minus 500 met.
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Figure 14. Cytochrome P-450 ferrous-NO extinction
coefficient determined as in Figure 13 with various
concentrations of cytochrome P-450. The average

cytochrome P-450 ferrousNO Ac at 444 minus 500 nm

was 36 ± 1.6 mM-lcm- . For further information see

Materials and Methods.
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deoxygenated PB-induced hepatic microsomes, at four

protein concentrations (0.9, 1.8, 2.8, and 4.1 mg/ml).

Near linearity was observed with an average denitrosation

value of 4.8 nmol NO/min/mg protein.

Estimation of rates of CCNU and BCNU denitrosation -

Liver microsomes from either phenobarbital or nontreated

rats catalyzed denitrosation at different rates. PB-

induced microsomes gave a rate of NO formation that was

higher on the basis of either cytochrome P-450 concentra-

tion, protein concentration, or NADPH cytochrome P-450

reductase activity (Table I) than microsomes from untrea-

ted rats. The rate of denitrosation with PB-induced

microsomes could be lowered with the addition of cyto-

chrome P -1450 inhibitor, a-naphthoflavone (ANF). The above-

mentioned changes tend to favor a cytochrome P-450 depen-

dent process. However data presented later demonstrating

denitrosation with purified NADPH cytochrome P-450 reduc-

tase suggest that denitrosation may proceed without cyto-

chrome P-450 necessarily being involved as a catalytic

center.

P-450: Role in denitrosation - Acrolein-treated

microsomes were used to aid in elucidation of the central

role of the cytochrome P-450:NADPH cytochrome P-450 reduc-

tase as the catalytic center of denitrosation. It has

been shown by others that addition of acrolein to hepatic

microsomes from rats pretreated with phenobarbital results

in partial conversion of cytochrome P-450 to cytochrome
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TABLE I

RATES OF DENITROSATION OF BCNU AND CCNU UNDER ANAEROBIC

CONDITIONS WITH PB AND CONTROL HEPATIC MICROSOMES

Rat pre-
treatment

Substrate and
treatment

nmol NO per min

Per mg
protein

Per nmol
P-450

Per unit
reductase

Control BCNU 0.6 ± 0.1 0.7 ± 0.1 8.1 ± 1.0

+ NADPH (500 01)

Control CCNU 0.2 ± 0.0 0.2 ± 0.0 2.6 ± 0.4

+ NADPH (500 MM)

PB BCNU 4.8 ± 0.5 1.9 ± 0.2 21.3 ± 2.2

+ NADPH (500 uM)

PB CCNU 2.0 ± 0.2 0.8 ± 0.1 9.0 ± 1.1

+ NADPH (500 01)

PB BCNU 0.8 ± 0.1 0.3 ± 0.0 3.4 ± 0.2

+ NADH (500 uM)

PB CCNU 0.3 ± 0.0 0.1 ± 0.0 1.1 ± 0.1

+ NADH (500 LM)

PB BCNU 0.0 0.01

+ acrolein (0.2%)
+ NADPH (500 uM)

Note. Rates were based on the formation of the cytochrome P-450 ferrous

NO optical difference spectra at 444 nm with Ae = 36 mM-1 cm-1.

Inactivation of NADPH cytochrome P-450 reductase with acrolein prevented

cytochrome P-450 reduction. Rates were based on the formation of the

cytochrome P-450 ferricNO optical difference spectra at 436 nm with Lie =

74 mM-1 cm-1. Drug concentrations were 500 mM. For further

information see Materials and Methods.
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P-420 with inactivation of the NADPH cytochrome P-450

reductase activity (Patel et al., 1980). Acrolein-treated

microsomes do not support either benzphetamine or ethyl-

morphine N-demethylation or aniline hydroxylation unless

active purified NADPH cytochrome P-450 reductase is added

to microsomal suspensions (Patel et al., 1980). In our

investigations, 62% of the cytochrome P-450 was converted

to cytochrome P-420 by treatment of PB-induced microsomes

with 0.2% (v/v) acrolein (Figure 15). NADPH cytochrome

P-450 reductase activity was not detectable.

Acrolein-treated microsomes incubated anaerobicallv with

BCNU and NADPH resulted in slow increase in absorbance at

436 nm (Figure 16); the Soret absorbance maximum of

ferricNO (Ebel et al., 1975; O'Keeffe et al., 1978).

With Ae = 74 mM-1 cm-1, determined by optical difference

spectroscopy for the ferricNO at 436 minus 500 nm, less

than 1% of control activity was evident. These data

indicated an absolute requirement for NADPH cytochrome

P-450 reductase in nitrosourea denitrosation.

Liver microsomes from both phenobarbital, and non-

treated rats catalyzed denitrosation at different rates on

a cytochrome P-450 basis. Phenobarbital-induced

microsomes displayed rates of turnover of 4.8 and 2.0 nmol

NO/min/mg protein for BCNU and CCNU, respectively (Table

I). Noninduced microsomes supported 36 and 25% of the

PB-induced microsomal enzymatic denitrosation activity

with BCNU and CCNU as substrates, respectively.
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Figure 15. CO optical difference spectra of dithionite.
reduced PR-induced hepatic nalcrosornes (A). Scan B
shows optical difference spectra 0.5 h altar treatment
with 0.2%. (v/v) of acrolein. Crochrenr P-450 am"
version to eytochrorne P420 W*3 62% and NADPH
cytochronie P-450 reductase activity was not ob-
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Figure 16. Repetitive optical difference spectra scan-
ning of anaerobic acrolein-treated PB-induced hepatic
microsomes (CO optical difference spectra shown in
Figure 15) incubated with 500 pm of BCNU and NADPH.
Scans were recorded every 1.5 min A to E. Formation

of a ferricNO optical difference spectra developed
slowly over time.
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Radiolabel isolation technique - With the radiolabel

isolation technique, rates of denitrosation were examined

in either the presence or absence of cytochrome P-450

inhibitors and in the presence of purified reconstituted

NADPH cytochrome P-450 reductase. Incubation mixtures

were made anaerobic, treated with a specific inhibitor,

and preincubated at 37°C for 3 min. Cytochrome P-450

inhibitors lowered the rate of [
14 C)CCU formation. The

most effective inhibitors were ANF (0.18 mM) and CO which

gave 50 and 49% inhibition, respectively (Table II).

Denitrostion was inhibited 40% by 2 mM SKF-525A and 37% by

0.7 mM metyrapone.

As shown in Table III, purified reconstituted NADPH

cytochrome P-450 reductase in the absence of cytochrome

P-450 supported N-nitroso denitrosation catalysis. How-

ever, the rate of reductase catalyzed denitrosation with

either the reconstituted reductase or the noninduced

microsomes was less than with PB-induced microsomes. With

PB-induced microsomes, the rate of denitrosation was

dependent upon the content of both reductase and cyto-

chrome P-450.

Discussion

The N-nitrosoureas, exemplified by BCNU and CCNU,

have been shown to undergo metabolic denitrosation by a

deoxygenated hepatic microsomal system in the presence of
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TABLE II
.

botomoz or 34111003 itoonfrOls Os RAT= or ("CICCNI/ DENtiROSATION AND (14C1CM1 FORMATION Di

. THE PRIMENCE or NADPH RECCIERATIMG SYSTEM AND ANAERORIC PB-INDUCED HEPATIC MICROSOULS

Unto' CCU per min

Treatment
Per Mg
proteio

Per ninol
P-450

Per unit
reductas.

Percentage
of control

Control 21 * 03 0.8 -I- 0.2 9.4 2: 2.2 100

MCP-525A
(2 mu) 1310.1 0.5 * 0.1 5.6 * 0.6 613

AN?
(120 $24) 1.5 * 0.2 0.6 * 0.1 6.8 * 1.0 72

Ala
(180 pu) 11101 OA I: 0.1 4.7 t 0.6 SO

Metyrapone
.(300 AA) 16 -...... (13 0.6 -.t. 0.1 72 * 1.2 76

Me tyrapone
(700 pM) 3At02 0.5 -.L. 0.1 5.9 11.- 0.9 63

CO 1.1 t 0.2 0.4 ...tt 0.1 4.8 ±11 51

Note. PB- induced rnicrosornee--0microsomal protein was 1.2 mg protein containing3.0 nrnol P-450 and 0.2S

units NADPH cytochrotne P450 reductasehnl. Microsomal incubations were protected from light or incu-
bated with an amber safe light to prevent as much nitrosourea degradation by light as possible. After
incubation vessels with or without NADPH regenerating system and microsornes wermade anaerobic and
cytochrome P-450 inhibitor was added by 1- to 5-pl aliquots in DMSO. Vessels were preincubated. at 37*C

In a reciprocal shaker water bath and incubation Initiated with [11C3CCNIT in 2 pl DMSO making a anal
concentration of 500 pH. Incubations were terminated at 10 min with cold hexane and extracted three times
with 1-ml aliquots of hexane. Further extractions with 3 X I ml ether were prepared asstated under Materials

and Methods. Samples were run on HPLC and appropriate fractions quantitated by scintillation counting.

All cumbers were adjusted for extraction efficiency and background formation of tuciccu.



50

TABLE III

RAU or r4CICCNT7 Demarnowertort orrnz PRESENCE
or NADPH Rzcantr.A.TING SYSTEM AND Pour=
NADPH Crroaotom P.450 Rroucts..0 Rzcorart-

'rum 'MX EVAUNDYLMOSMATIVII.OtOLOOC

Units of cytoehrome nnsol CCU /min/unit
P-450 reductase/m1 reductase

0.19 3.2 ± 0.6
029 3.9 ± 0.3
0.39 3.0 tt:
0.43 3.6 =1.3

I.. 3.4 ± 0.4

Note. Assays were conducted anaarobically in an
identical manner as described for Tabl: IL All num-
bers were adjusted for extraction efficiency and for-
motion of CUCJCCU In control Incubation mixtures
without NADPH cytochrome P-450 reductase.
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NAD(P)H. It has been demonstrated that NO and the parent

urea were the products of a catalyzed denitrosation.

Determination of the cytochrome P-450 ferrousNO optical

difference spectra extinction coefficient at 444 minus 500

nm, allowed for the estimation of rates of denitrosation.

Similar rates of
[14C]CCNU denitrosation to form [14C]CCU

were observed. [14C]CCNU denitrosation by purified NADPH

cytochrome P-450 reductase, noninhibited PB-induced micro-

somes and noninduced microsomes suggested a possible

unique interaction of the NADPH cytochrome P-450 reductase

and cytochrome P-450s in the cytochrome P-450 system that

remains to be understood.

Ebel et al. (1975) and O'Keeffe et al. (1978) report-

ed distinct optical difference spectra when paramagnetic

NO was a ligand of ferric or ferrous cytochrome P-450.

They clearly elucidated Soret and visible maxima of

ferrousNO and ferricNO with both purified and microsomal

cytochrome P-450. The ferrousNO maximum at 444 nm has

been useful in quantitation of NO production during

nitrosourea denitrosation. Reed and May (1977) observed

an increase in absorbance at 445 nm when CCNU was incuba-

ted in the presence of NADPH, anaerobic PB-induced micro-

somes; however, NO formation was not established.

Enzymatic denitrosation of BCNU to BCU in mouse liver

has been reported (Hill et al., 1975). Mouse liver micro-

somes were found to convert BCNU to BCU at a rate of 0.7

and 3.4 nmol/min/ mg microsomal protein with control and
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PB-pretreated animals, respectively (Hill et al., 1975).

Other investigators found 9000g rat liver homogenates gave

V values of 1.7 nmol/min/mg protein with control and 4.2

nmol/min/mg protein with PB-pretreated animals (Levin et

al., 1979). Furthermore, an increased clearance of BCNU

and a lower antitumor activity against intracerebral rat

tumors in PB pretreated over the control animals was noted

(Levin et al., 1979). These observations indicate the

possible significance of in vivo denitrosation of BCNU.

Although it has been established that BCNU undergoes

enzymatic denitrosation, a CCNU denitrosation product had

not been identified until this report. However, it has

been established that MeCCNU can be denitrosated by rat

and mouse microsomes (May et al., 1979). Further investi-

gation with nine other nitrosoureas in our lab have shown

that all but one are denitrosated (to be reported else-

where).

Several reports indicate a similar denitrosation

event. Kawachi et al. (1970) showed that a substantial

dose of N-methyl-N'-nitro-N-nitrosoguanidine was excreted

in the urine as N-methyl-N'-nitroguanidine. Hashimoto and

Tada (1972) demonstrated that 5% of an administered dose

of N-butylnitrosourea was found to be N-butylurea in the

urine of mice. Urine studies of rats given [1
4 Cidimethyl-

nitrosamine were shown to yield the parent amine (1974).

Appel et al.(1979) and Saprin et al. (1977) suggest that

optical difference spectroscopy and ESR of incubations
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with nitrosamines, sodium dithionite, or NADPH,

deoxygenated microsomes indicate formation of a cytochrome

P-450 ferrousNO complex. However, their optical

difference spectral data were ambiguous, especially with

sodium dithionite-reduced microsomes, since the Soret

maximum appeared between 450 and 453 nm rather than 444

nm. A comparison of these results with those of Franklin

(1977), Mansuy et al. (1977) and Jonsson and Lindeke

(1976) led to the suggestion that the spectral changes

might result from amine or nitroso alkane complexing with

reduced microsomal cytochrome P-450 (Appel et al., 1979:

Saprin et al., 1977). This speculation could not be

confirmed.

Our studies provide evidence that N-nitroso reduction

caused formation of a cytochrome P-450 ferrousNO liqand

when either nitrosoureas or nitrosamines (to be reported

elsewhere) were incubated with NAD(P)H, deoxygenated

microsomes. Rates of denitrosation appeared to be greater

with the nitrosoureas than the nitrosamines. Although the

data were ambiguous, high concentrations of nitrosamines

(up to 35 mM) were required to obtain spectral changes in

the 443- to 455-nm range (Appel et al., 1979). Quantita-

tion of the ferrousNO complex formation with nitrosamine

substrates by optical difference spectroscopy appeared to

be underestimated due to low rates of substrate turnover.

With these compounds, the cytochrome P-450 ferrousNO com-

plex might be destroyed before adequate quantitation could
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be accomplished. However, measurements taken within 30 s

appeared to yield reasonable estimations of denitrosation.

Due to the instability of the cytochrome P-450

ferrousNO complex, it was difficult to obtain a Soret ex-

tinction coefficient in the conventional manner. Extra-

polation to zero time absorbance at 444 minus 500 nm gave

an estimated extinction coefficient of 36 mM-1 cm -1. We

have substantiated similar rates of [
14 C]CCNU conversion

14rto L C]CCU with NADPH and microsomes under anaerobic

incubation conditions. The spectral method of denitrosa-

tion rate determination appeared accurate when rates being

measured were below 2.5 nmol of NO formed/min/mg protein.

Determination of the rates of BCNU turnover required rapid

measurements due to the high rate of BCNU denitrosation.

Comparison of our rates with those published by others

(Hill et al., 1975; Levin et al., 1979) for this nitroso-__
urea indicated our rates were slightly higher.

One of the general criterion for a cytochrome P -450-

dependent microsomal catalysis has been to show an

increase in metabolic activity with induced microsomes as

well as a decreased rate of catalysis when cytochrome

P-450 inhibitors such as ANF, metyrapone, SKF-525A, and CO

are present. Although use of these agents suggest a cyto-

chrome P-450 dependency for denitrosation of nitrosoureas,

incubations with purified, reconstituted NADPH cytochrome

P-450 reductase suggest another possible conclusion.

r14Incubations of L C]CCNU with reconstituted purified
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reductase showed a rate of formation of [14C]CCU of 3.4

nmol/min/unit reductase. These results might indicate

dual catalytic sites on NADPH cytochrome P-450 reductase

and cytochrome P-450. Alternatively, an argument

compatible with the available information suggests NADPH

cytochrome P-450 reductase catalysis with augmentation by

cytochrome P-450. Increase in catalysis with induced

microsomes may have been due to an increase in population

of cytochrome P-450 proteins which preferentially bind

CCNU and thereby increase its concentration and proximity

to the reductase active site. Further studies are

underway with purified, reconstituted cytochrome P-450 and

NADPH cytochrome P-450 reductase. These studies should

help clarify the precise role of these two enzymes in the

reductive catalysis of denitrosation of N-nitrosoureas.
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INVOLVEMENT OF FMN AND PB CYTOCHROME P-450 IN

STIMULATING A ONE-ELECTRON REDUCTIVE DENITROSATION OF

1-(2-CHLOROETHYL)-3-(CYCLOHEXYL)-1-NITROSOUREA CATALYZED

BY NADPH CYTOCHROME P-450 REDUCTASE.

Introduction

Cytochrome P-450 monooxygenases, found in the endo-

plasmic reticulum of various organs and tissues, have the

ability to metabolize a wide range of endogenous compounds

and xenobiotics (Conney, 1967: Gillette et al., 1972). It

has been demonstrated that NADPH cytochrome P-450 reduc-

tase, a flavoprotein containing one molecule of FAD and

FMN/reductase polypeptide (Iyanagi and Mason, 1973:

Iyanagi et al., 1974; Vermilion and Coon, 1974, 1978a.

1978b; Masters et al., 1975: Dignam and Strobel, 1975:

Yasukochi and Masters, 1976), plays a major role in the

reduction of cytochrome P-450 during substrate monooxy-

genation (Lu and Coon, 1968; Coon and Lu, 1969; Strobel et

al., 1970). In some instances, particularly under

anaerobic conditions, this enzyme system has been shown to

function in a reductive rather than in an oxidative

capacity. Studies germane to the mechanism of catalytic

reduction have offered conflicting interpretations

contingent on methodology of investigation.

NADPH cytochrome P-450 reductase has been implicated

in azoreductase and nitroreductase activity (Mueller and
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Miller, 1950; Kamm, 1963; Hernandez et al., 1967a;

Gillette et al.. 1968: Fouts and Brodie. 1957: Kamm and

Gillette, 1963; Wang et al., 1974, 1975; Mason and

Holtzman. 1975a,1975b). However, hepatic microsomal

catalysis is inhibited by oxygen and carbon monoxide,

suggesting that cytochrome P-450 is in part responsible

for azo and nitro group reduction (Kamm, 1963: Hernandez

et al., 1967a, 1967b; Shargel and Mazel, 1972: Fulita and

Peisach, 1976: Sugiura et al., 1974, 1976). Later

evidence demonstrated that oxygen did not inhibit nitro-

aromatic-reductase, but was responsible for reoxidizing

the nitroaromatic anion free radical once formed by a

NADPH cytochrome P-450 reductase dependent one-electron

transfer (Mason and Holtzman. 1975a, 1975b; Peterson et

al., 1979).Similarly, various anthracycline quinone anti-

tumor agents are reduced by NADPH cytochrome P-450 reduc-

tase one-electron transfer to form semiquinones (Iyanagi

and Yamazaki, 1969: Goodman and Hochstein, 1977). The

semiquinones are unstable in air and are rapidly reoxidi-

zed to yield parent quinone and superoxide (Goodman and

Hochstein, 1977; Bachur et al., 1977, 1979).

Three nitrosoureas which are currently used clinical-

ly as antitumor agents, CCNU, 1,3-bis(2-chloroethyl)-1-

nitrosourea (BCNU), and l-(2-chloroethyl)-3-(trans-4-

methylcyclohexyl)-l-nitrosourea (MeCCNU), undergo hepatic

microsomal enzymatic denitrosation to their inactive form

(Hill et al., 1975; May et al., 1979; Levin et al., 1979;
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Potter and Reed 1982a). BCNU and CCNU denitrosation in

the presence of NADPH or NADH and deoxygenated hepatic

microsomes yields nitric oxide (NO) and the denitrosated

parent urea (Potter and Reed 1982a). Anaerobically, CCNU

microsomal denitrosation is enhanced by phenobarbital

pretreatment and partially decreased by cytochrome P-450

inhibitors, SKF-525A, u-naphthoflavone, metyrapone, and

CO: purified NADPH cytochrome P-450 reductase supports

denitrosation in the absence of cytochrome P-450 (Potter

and Reed 1982a).

In the present study we have investigated the mecha-

nism of CCNU catalytic denitrosation with purified NADPH

cytochrome P-450 reductase and PB cytochrome P-450, recon-

stituted with dilauroylphosphatidylcholine. NADPH cvto-

chrome P-450 reductase catalyzed a one-electron reduction

to form the denitrosated parent urea. FMN, riboflavin, PB

cytochrome P-450 and cytochrome c stimulated catalytic

denitrosation in the presence of but not in the absence of

NADPH cytochrome P-450 reductase.

Methods

Preparation of hepatic microsomes - Liver microsomes

were prepared from Sprague-Dawley rats according to

methods described by Levin et al. (1974). Rats (200-250g)

were administered an aqueous 0.1% phenobarbital solution

for 5 days or Aroclor 1254 in corn oil at a dose of 300
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mg/Kg (Ryan et al., 1977) by a single intraperitoneal

injection and killed 5 or 4 days later, respectively.

Microsomes were stored at -80°C as pellets layered with a

1.15% KC1 solution for no longer than 2 weeks.

PB cytochrome P-450 and NADPH cytochrome P-450 reduc-

tase purification - Stored microsomes were thawed and KC1

removed. PB cytochrome P-450 was subsequently purified

from PB-induced microsomes according to Guengerich (1978)

with a specific content of 15.8 nmol PB cytochrome P-450/

mg of protein. Cytochrome P-450 concentrations were

determined by methods of Omura and Sato with Ae = 91 mM-1

cm
-1 at 450 minus 490 nm (Omura and Sato, 1964b). All

spectral work for this and other assays were performed on

a Cary 219 spectrophotometer manufactured by Varian.

Protein concentration was determined by the method of

Lowry et al.(1951) with bovine serum albumin standard.

NADPH cytochrome P-450 reductase from Aroclor 1254 -

induced or PB-induced microsomes was first partially puri-

fied on an n-octylamino (Guengerich, 1978) or tryptamine

sepharose column (Lu et al., 1980). NADPH cytochrome

P-450 reductase fractions were purified further on a

2',5'-ADP-agarose column (Yasukochi and Masters, 1976;

Guengerich and Mason, 1979). The two preparations used

had specific activities of 23.8 and 22.3 units of cyto-

chrome c reduced/mg of protein (11.5 and 10.8 nmol of

flavoprotein/mg of protein). NADPH cytochrome P-450

reductase activity was assayed at 25°C by following the
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rate of cytochrome c reduction (1 unit/umol cytochrome c

reduced/min) with the extinction coefficient of 21 mM'1

at 550 nm (Williams and Kanning, 1962). The reaction

mixture contained 1.5 mM potassium cyanide, 0.05 M

potassium phosphate, 0.1 mM NADPH, and 50 uM cytochrome c,

pH 7.4. FMN and FAD concentrations were determined by

optical spectroscopy with the extinction coefficients of

12.2 and 11.3 mM
_1

cm
_1

, respectively (Beinert, 1969;

Whitby, 1953). The flavin composition of NADPH cytochrome

P-450 reductase was determined fluorometrically on a

Perkin-Elmer 650-10 S fluorescence spectrophotometer with

modifications of method by Faeder and Siegel (1973).

Briefly, NADPH cytochrome P-450 reductase dilutions to

approximately 2-22 mg of protein/ml were boiled in the

dark for 3 min, cooled on ice and centrifuged at 50,000 g

for 20 min at 4°C. Fluorescence determinations were made

at pH 7.7 and then again at pH 2.6 after an addition of

HC1. Sample values were quantitated by comparing with

fluorescence constants obtained with standared solutions

of FMN and FAD (Faeder and Siegel, 1973). As an addition-

al precaution, known concentrations of FMN and FAD were

added to duplicate samples as an internal standard to

determine possible quenching.

[14C]CCNU denitrosation assay - [14C]CCNU metabolism

was carried out in reaction mixtures contained in a total

of 1.0 ml: 0 to 40 pg (0-73 nmol) dilauroylphosphatidyl-

choline, 0 to 1.5 units (0-0.73 nmol) NADPH cytochrome
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P-450 reductase, 0-0.4 nmol PB cytochrome P-450, 0-8 nmol

cytochrome c, 0-30 nmol FMN. 0 or 30 nmol riboflavin, or

30 nmol FAD, 0-100 nmol 7,8-benzoflavone, 0-600 nmol

flavone, 75 umol glucose and 100 mol potassium phosphate.

pH 7.4. Dilauroylphosphatidylcholine was added in a

sonicated suspention. All anaerobic reaction mixtures

contained an oxygen scavenger system, 2 units each of

catalase and glucose oxidase, added immediately prior to

enlosure of reaction vessel with serum cap. The air space

above sample was purged with ultrapure nitrogen as descri-

bed before (Potter and Reed 1982a). A deoxygenated 10 ul

solution containing 1.0 umol NADPH or 10.0 umol solution

of sodium dithionite was added to incubation mixtures

prior to 3 min preincubation in a reciprocal shaker water

bath at 37°C. Reaction mixtures were initiated by the

addition of 500 nmol [14C]CCNU in 5 pl DMSO and terminated

after 5-15 min. All incubations were performed in the

dark with a yellow safe light to minimize non-enzymatic

denitrosation. Since the nitrosoureas undergo sodium

dithionite and light-dependent denitrosation, control

samples containing all components except enzyme were

routinely incubated and assayed in the same manner as

samples containing enzyme. Denitrosation products formed

in the absence of enzyme were substracted from identical

samples containing enzyme. L
r 1 4 C)CCNU denitrosation to

[14C]CCU was analyzed by HPLC, using a Spectra Physics

Model 8000 liquid chromatograph equipped with a Model 230
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14Spectra Physics detector at 254 nm. [ C]CCU was separa-

ted by adsorptive (Potter and Reed 1982a) or reversed-

phase (Potter and Reed to be submitted for publication)

liquid chromatography and fractions collected and counted

in liquid scintillation solution with a Packard scintilla-

tion counter.

When samples were analyzed by reversed-phase liquid

chromatography, incubation reactions were terminated by

the addition of 1.0 ml acetonitrile and immediately frozen

in liquid nitrogen and stored at -80°C. Individual samples

were thawed in the dark, vortexed and placed in a centri-

fuge and spun at 1500g for a short period of time. A 0.5

r I 4ml aliquot was injected and L C]CCU was separated from

the parent compound by HPLC on a Nucleosile C18 column

(3.1 mm x 25 cm) as follows: The column was equilibrated

with a mixture of 25% methanol and 75%, 2.0 mM MOPS, pH

7.2. Samples were run at ambient temperature with a 2.0

ml flow rate. Separation was performed with a 15 min

linear gradient to a mixture of methanol/buffer (60/40)

which was held constant for the remaining 10 min of the

program. Fractions were collected and counted in Formula

963 aqueous scintillation cocktail.

Stoichiometric determination of reducing equivalents

during CCNU catalytic denitrosation by cytochrome P-450

reductase - Rates of NADPH oxidation were determined at

340 nm on a Cary 219 spectrophotometer equipped with a

thermostatically controlled circulating water bath main-
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tained at 37°C. Reaction mixtures of 1.0 ml contained 20

ug dilauroylphosphatidylcholine. 0.2-0.8 units cytochrome

P-450 reductase, 100 umol potassium phosphate, and 0.1 or

0.5 umol NADPH, pH 7.4, were preincubated for several min

before CCNU was added.

NADPH oxidation prior to CCNU addition was observed.

This was probably due to the reduction of 02 by NADPH

cytochrome P-450 reductase. Differential steady state

rates of NADPH oxidation were established by comparing

NADPH oxidation before and after a 2 ul aliquot addition

of CCNU (0.5 umol) in dimethyl sulfoxide (DMSO). Electron

equivalents consumed during NADPH cytochrome P-450 reduc-

tase-dependent denitrosation was obtained from the ratio

of NADP to j
[14

u
_, CCU rate of formation.

Results

Effect of dilauroylphosphatidylcholine concentration

on the metabolism of [ 14 C]CCNU denitrosation to [
14 C]CCU

by NADPH cytochrome P-450 reductase - The optimal rate of

anaerobic [14C]CCNU denitrosation catalyzed by purified

NADPH cytochrome P-450 reductase, in the presence of

NADPH, was observed when the system was reconstituted with

10-30 ug of dilauroylphosphatidylcholine/ml (Figure 17).

Maximum rate of denitrosation occurred with approximately

20 ug of lipid/ml, but was only slightly greater than with

10 or 30 ug of lipid/ml. Without lipid, the metabolic
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EFFECT OF LIPID CONCENTRATION ON RATES
OF [14C]CCNU DENITROSATION WITH NADPH
CYTOCHROME P-450 REDUCTASE

10 20 30 40
DILAUROYLPHOSPHATIDYLCHOLINE (//g/ml)

Figure 17. Effect of dilauroylphosphatidylcholine concentration
on rates of anaerobic [14C]CCNU denitrosation to [14C]CCU cata-

lyzed by NADPH cytochrome P-450 reductase in the presence or
absence of FMN. Reaction mixtures of 1.0 ml, with or with-

out 4-A FMN (30 nmol), contained dilauroylphosphatidylcholine
(0-40 pg, 0-73 nmol), added in a sonicated suspension, NADPH
cytochrome P-450 reductase (0.27 units, 0.14 nmol), glucose
(75 pmol) and potassium phosphate (100 pmol), pH 7.4. Prior to

enclosing reaction vessel with serum cap and purging the head
space with ultrapure nitrogen, an oxygen scavenger containing
2 units each of catalase and glucose oxidase was added. A 10 pl

deoxygenated solution of NADPH (1.0 pmol) was then added, samples
preincubated for 3 min in a reciprocal shaker water bath at 37°C
and reaction mixtures initiated by the addition of [14C]CCNU
(500 nmol) in 5 1 of DMSO. Incubations were terminated after
10 min and [14C]CCU was separated from [14C]CCNU by HPLC as
described in methods section. All data points are the averages of
at least two experiments.
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rate was approximately one-half and with 40 ug of lipid

approximately one-fourth of the observed rate at optimal

lipid concentration. Identical results were obtain with

NADPH cytochrome P-450 reductase purified from either

Aroclor 1254- or PB-induced hepatic microsomes.

r14
L C]CCNU denitrosation catalyzed by NADPH cytochrome

P-450 reductase in the presence of FMN - As shown in

Figure 17, 30 nmol of FMN/ml stimulated [14C]CCNU meta-

bolism as much as 3-fold at optimal lipid concentration.

[14c]
CCNU catalyzed by NADPH cytochrome P-450 reductase

in the presence of FMN was maximized with 10-30 ug of

dilauroylphosphatidylcholine/ml. Without lipid, rates

were approximately three-fourths and with 40 ug of

lipid/ml approximately one-third the rates obtained at

optimal lipid concentrations.

NADPH cytochrome P-450 reductase reconstituted with

20 ug of lipid/ml was shown to metabolite [14C]CCNU at

greater rates with increasing concentrations of FMN

(Figure 18A). As shown in Figure 18B, double-reciprocal

analysis demonstrated that FMN concentration at half' -

maximal rate during anaerobic denitrosation was 10 uM with

a maximal turnover rate of 4.6 nmol [
14
C]CCU/min/unit of

NADPH cytochrome P-450 reductase. These effects were

nearly identical in the presence of oxygen. Metabolism of

14r
L C]CCNU was not observed when NADPH cytochrome P-450

reductase was excluded.
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EFFECT OF FMN CONCENTRATION ON RATES OF [14C]CCNU
DENITROSATION WITH NADPH CYTOCHROME P-450 REDUCTASE
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Figure 18. Effect of FMN concentration on rates of [1C]CCNU denitrosation
catalyzed by NADPH cytochrome P-450 reductase in the presence or absence
of oxygen. Assay conditions were the same as described in the legend of
Figure 17 at optimal dilauroylphosphatidylcholine concentration (20 Pg/m1).
Anaerobic incubations were performed' in the presence .-4., or absence A-A,
of NADPH cytochrome P-450 reductase (0.14 nmol). In the presence of oxygen
A--A, oxygen scavenger was not added and samples were not purged with nitrogen.
(B) shows the reverse reciprocal analysis of (A) in the absence of oxygen.
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In order to obtain further information about [14C]

CCNU denitrosation catalyzed by NADPH cytochrome P-450

reductase, sodium dithionite (10 mM) was examined as a

potential reducing agent, in place of NADPH. Although

oxidative metabolism by the cytochrome P-450 system would

not be expected in the presence of sodium dithionite

because of oxygen depletion, reductive metabolism was

expected. As demonstrated in Figure 19 [
1 4 C]CCNU was

catalyzed in the presence of sodium dithionite by NADPH

cytochrome P-450 reductase at a rate approximately

three-fourths of that obtained with NADPH. Further, FMN

stimulated denitrosation by NADPH cytochrome P-450

reductase in the presence of sodium dithionite, but rates

of denitrosation were approximately 16% less than when

NADPH was utilized as the reducing agent. Although, as

stated in the methods section, sodium dithionite did cause

non-enzymatic denitrosation in excess of that observed

with NADPH alone, additional denitrosation due to FMN was

not observed in reaction mixtures containing sodium

dithionite and FMN in the absence of enzyme (Figure 19).

Since sodium dithionite quickly reduced enzyme free FMN,

and FMN stimulation was only observed in the presence of

NADPH cytochrome P-450 reductase, the FMN stimulated

denitrosation was not the result of electron transfer from

NADPH cytochrome P-450 reductase to FMN, resulting in

enzyme-free FMNH2 non-enzymatic denitrosation.



68

EFFECT OF FMN CONCENTRATION ON RATES

OF [14C]CCNU DENITROSATION WITH NADPH
CYTOCHROME P-450 REDUCTASE

MOM

IIII1
+ SODIUM DITHIONITE

Cytochrome P-450
Reductase

Al Al' A I I A
5 10 15 20 25 30

FMN (nmol/ml)

Fiure 19. Effect of FMN concentration on rates of anaerobic
[1 C]CCNU denitrosation catalyzed by NADPH cytochrome P-450
reductase in the absence of NADPH and presence of sodium
dithionite. Assay conditions were the same as described in the
legend of Figure 18 for anaerobic incubations, except sodium
dithionite (10 pmol) replaced NADPH. [14C]CCU formation was
analyzed in the presence re, and absence lk-4, of NADPH cyto-
chrome P-450 reductase.
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Another possible explanation for FMN stimulated NADPH

cytochrome P-450 reductase denitrosation was considered.

Increased rates of metabolism might be expected if the

endogenous FMN was lost from the flavoprotein during

purification. Our analysis for FMN showed, however, that

this was not the case. The purified NADPH cytochrome

P-450 reductase contained nearly equal amounts of FMN and

FAD, with a molar ratio of FMN to FAD of 0.96, in agree-

ment with the theoretical value of 1.00 shown elsewhere

(Iyanagi and Mason, 1973; Iyanagi et al., 1974; Vermilion

and Coon, 1974, 1978a, 1978b: Masters et al., 1975; Dignam

and Strobel, 1975; Yasukochi and Masters. 1976). Further-

more, the specific activity of cytochrome c reduction by

NADPH cytochrome P-450 reductase was not effected by the

addition of 30 nmol FMN/ml. This was in keeping with

finding of Vermilion and Coon (1978a) demonstrating that

the cytochrome c reductase activity of native enzyme, with

a molar ratio of FMN to FAD of at least 0.91, was

increased only 2-5% by the addition of FMN.

The catalytic properties of NADPH cytochrome P-450

reductase were markedly different with other flavins and

flavonoids as compared to FMN (Table IV). Riboflavin (30

nmol/ml) stimulated denitrosation marginally. FAD appear-

ed to inhibit completely denitrosation. The flavonoids,

flavone and 7,8-benzoflavone also exhibited some ability

to inhibited denitrosation, however the inhibition was not

concentration dependent.
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Table IV

Ef'ect of flavins and flavonoids on rates of anaerobic
[ C]CCNU denitrosation catalyzed by NADPH cytochrome
P-450 reductase

Flavins or flavonoid r14
L C7CCU (nmol/min/unit)

Control

FAD (30 nmol/ml)

Riboflavin (30 nmol/ml)

FMN (30 nmol/ml)

7,8-benzoflavone (50 nmol/ml)

7,8-benzoflavone (100 nmol/ml)

Flavone (300 nmol/ml)

Flavone (600 nmol/ml)

0.9

0.0

1.2

3.4

0.6

0.6

0.7

0.7

Note: Assay conditions were the same as described in
Figure 17 at optimal dilauroylphosphatidylcholine
concentration (20 pg/m1).
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Stoichiometry of NADPH consumed during CCNU denitro-

sation catalyzed by NADPH cytochrome P-450 reductase -

The electron equivalents consumed during CCNU denitro-

sation catalyzed by NADPH cytochrome P-450 reductase was

determined by comparing rates of NADPH oxidation with

rates of [14C]CCU formation. [14C]CCNU denitrosation

catalyzed by NADPH cytochrome P-450 reductase was linear

for over 15 min (Figure 20); therefore, direct comparison

of NADPH oxidation and [14C]CCU formation, under identical

experimental conditions, could be made. As Table V

indicates, between 1.9 and 1.5 molecules of [14C]CCU were

formed per mole of NADPH oxidized. Although the ratios

were somewhat less than a 2:1 stoichiometry, the evidence

strongly suggested that denitrosation was the consequence

of a one-electron transfer from NADPH cytochrome P-450

reductase to the nitrosourea giving the denitrosated

parent urea at the expense of half a molecule of NADPH.

Effect of PB cytochrome P-450 on [14C]CCNU denitrosa-

tion - Anaerobic incubation mixtures containing purified

PB cytochrome P-450 and NADPH cytochrome P-450 reductase,

reconstituted with 20 of lig dilauroylphosphatidylcholine/

ml, showed an increase in rates of denitrosation with

increasing concentrations of PB cytochrome P-450. At high

P-450 concentrations rates of denitrosation decreased.

Optimal rates of turnover were observed at nearly equi-

molar concentrations of PB cytochrome P-450 and NADPH

cytochrome P-450 reductase; approximately 3-fold greater
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EFFECT OF TIME ON RATES OF [14*CNU
DENITROSATION WITH NADPH CYTOCHROME

P-450 REDUCTASE

:4-7- 15.0

10.0
0

qzr E
c 5.0

5 10 15

TIME (min)

Figure 20. Effect of time on rates of anaerobic [

14
C]CCNU

denitrosation catalyzed by NADPH cytochrome P-450 reductase.
Assay conditions were the same as described in the legend of
Figure 17 at optimal dilauroylphosphatidylcholine concentration
(20 pg/m1), except incubation were terminated at 5, 10, and
15 min time intervals.
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Table V

Stoichiometric determination of NADPH requirement for
CCNU denitrosation catalyzed by NADPH cytochrome P-450

reductase

Units of
,

[14C]CCU NADP+ C]CCU/NADP+
Reductase (nmol/min)

0.27 0.24 0.16 1.5

0.54 0.53 0.28 1.9

0.81 0.77 0.43 1.8

Note: Assay condition for determination of [14C]CCNU
denitrosation were the same as described in the legend of
Figure 17 at optimal dilauroylphosphatidylcholine concen-
tration (20 ug/m1). Rates of NADPH oxidation during CCNU
catalysis were determined, as described in methods sec-
tion, by optical spectroscopy at 340 nm under identical
incubation conditions as those described for the determi-
nation of [ 4C]CCNU metabolism.
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than with NADPH cytochrome P-450 reductase alone (Figure

21). PB cytochrome P-450 concentrations above the 1;1

ratio began to inhibit metabolism. As shown previously in

this paper, sodium dithionite could replace NADPH as

reducing agent. Figure 21 demonstrated that the PB cyto-

chrome P-450 effect on denitrosation was approximately 15%

lower with 10 mM sodium dithionite than with 1.0 mM NADPH.

To determine if PB cytochrome P-450 was a catalytic center

or played some other role in denitrosation, PB cytochrome

P-450 was reconstituted with lipid and incubated in the

presence or absence of NADPH cytochrome P-450 reductase.

PB cytochrome P-450 did not catalyze denitrosation in the

presence of sodium dithionite, but reaction mixtures

containing NADPH cytochrome P-450 reductase did.

As shown in Figure 22, [14C]CCNU denitrosation rates

were directly proportional to NADPH cytochrome P-450

reductase concentration; whereas in the presence of PB

cytochrome P-450 (0.07 nmol/ml) reaction kinetics were

more complex. A rapid phase of denitrosation at low

concentration and a slower phase at high concentration of

NADPH cytochrome P-450 reductase was observed. The rapid

phase of denitrosation was apparent at reductase concen-

tration approaching the concentration of PB cytochrome

P-450 and seemed to agree with data shown in Figure 21

where optimal denitrosation rates were obtain with nearly

equal concentrations of reductase and P-450. When NADPH

cytochrome P-450 reductase concentration was in excess of
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EFFECT OF PB CYTOCHROME P-450 ON

RATES OF [14C]CCNU DENITROSATION

600
.c
E

400
o
E

200

+Sodium

+ NADPH

Dithionite

NADPH Cytochrome
/P-450 Reductase

0.1 0.2 0.3 0.4

PB P-450 (nmol/ml)

Figure 21. Effect of PB cytochrome P-450 concentration
on rates of anaerobic [ 141C]CCNU denitrosation in the
presence and absence of NADPH cytochrome P-450 reductase
(0.14 nmol). Other assay conditions were the same as
described in the legend of Figure 18, except FMN was
excluded. Reaction mixtures were performed in the
presence of NADPH --4, the presence of sodium dithionite
(10 mol)A--A, or in the presence of sodium dithionite and
absence of NADPH cytochrome P-450 reductaseSIII.



76

EFFECT OF NADPH CYTOCHROME P-450
REDUCTASE ON RATES OF [14*CNU
DENITROSAT1ON

1800
.c
E
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E
L-1 Q.
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0.32 0.64 0.96 1.28

NADPH CYTOCHROME P-450 REDUCTASE
(unit/ml)

Figure 22. Effect of NADPH cytochrome P-450 reductase concentra-

tion on rates of u1CONU denitrosation in the presence and

absence of PB cytochrome P-450. Other assay conditions were the

same as described in the legend of Figure 17 at optimal dilauroyl-

phosphatidylcholine concentration (20 pg/ml). Metabolism was

measured in the presence of PB cytochrome P-450 (0.07 nmol)

or in the absence of PB cytochrome P-450 4A.
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PB cytochrome P-450, rates of denitrosation became propor-

tional to reductase concentration with a slope of similar

to that observed with reductase alone.

Cytochrome c effect on metabolism of anaerobic [14c]

CCNU denitrosation catalyzed by NADPH cytochrome P-450

reductase - Cytochrome c stimulated NADPH cytochrome

P-450 reductase-dependent denitrosation was similar to

that of PB cytochrome P-450. Maximal stimulation occurred

within the concentration range of NADPH cytochrome P-450

reductase (Figure 23). At optimal cytochrome c concentra-

tion, the rate of denitrosation was stimulated approxima-

tely 1.5 fold; PB cytochrome P-450 stimulation was almost

3-fold. Like the concentration effect of PR cytochrome

P-450, rates of denitrosation were inhibited at higher

cytochrome c concentrations. Reductase activity was

completely inhibited in reaction mixtures where the mole

ratio of cytochrome c to reductase was 28.

Discussion

The experimental data presented here supports the

proposal that electron transfer from NADPH to CCNU during

reductive denitrosation was mediated by NADPH cytochrome

P-450 reductase, and not by PB cytochrome P-450. Oxygen

did not effect the rate of NADPH cytochrome P-450-reduc-

tase-dependent denitrosation. These results suggest that

certain aspects of electron transfer to CCNU may differ
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EFFECT OF CYTOCHROME C ON RATES OF

[14C]CCNU DENITROSATION WITH NADPH

CYTOCHROME P-450 REDUCTASE

c 0.5

1 I

1.0 2.0 3.0
CYTOCHROME C (nmol/ml)

Fiure 23. Effect of cytochrome c on rates of anaerobic
[1 C]CCNU denitrosation catalyzed by NADPH cytochrome P-450
reductase. Other assay conditions were the same as described
in the legend of Figure 17 at optimal dilauroylphosphatidyl-
choline concentration (20 pg/ml).
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from electron transfer to other substrates, yet the FMN

stimulated catalysis, so commonly observed during

reductive metabolism (Fouts and Brodie, 1957: Kamm and

Gillette, 1963; Gillette, 1971; Kato et al.. 1969, 1970,

1978; West et al., 1982) was also observed with CCNU.

The reductive metabolism of various oxygenated

nitrogen compounds with hepatic microsomes is well esta-

blished, and both cytochrome P-450 and NADPH cytochrome

P-450 reductase may directly support catalysis (Fouts and

Brodie, 1957; Kamm, 1963; Kamm and Gillette, 1963: Wang et

al., 1974; 1975; Mason and Holtzman, 1975a; 1975b;

Hernandez et al., 1967b; Gillette et al., 1968). Whether

cytochrome P-450 or NADPH cytochrome P-450 reductase act

as the catalytic center for catalysis may depend entirely

on the chemical nature of the substrate, as exemplified by

the apparent contrast in the mechanism of electron

transfer to CCNU, nitrobenzene, and ranidazole. Harada

and Omura (1980) suggest that the reduction nitrobenzene

to nitrosobenzene may involve NADPH cytochrome P-450

reductase. Cytochrome P-450 and NADPH cytochrome P-450

reductase were both required for further reduction of

nitrosobenzene to aniline. On the other hand, West et

al. (1982), using purified enzymes, demonstrated the NADPH

cytochrome P-450 reductase but not the PB cytochrome P-450

involvement in the reduction of ranidazole. Although the

involvement of other cytochrome P-450 isozymes was not

examined, microsomal P-450 inhibition studies indicated
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that other P-450 isozymes might play a role in the reduc-

tion of ranidazole (Williams and Kaning, 1962). Both

nitrobenzene and ranidazole reduction were oxygen sensi-

tive.

A one-electron transfer, anticipated from microsomal

studies that demonstrated catalysis of CCNU denitrosation

yields NO and the parent urea (Potter and Reed, 1982a) and

confirmed by the stoichiometric studies presented in this

manuscript, may account for the nearly identical rates of

denitrosation catalyzed by purified NADPH cytochrome P-450

reductase in the presence or absence of oxygen. In

contrast to CCNU denitrosation oxygen lowered the apparent

rate of nitroaromatic reduction. This may be due to the

number of electrons required for metabolism. CCNU

reduction had a one and nitroaromatic reduction had a

two-electron requirement. The nitroaromatic free radical

intermediate, formed by the first of the two reductase

one-electron transfer steps is unstable and can be

reoxidized by oxygen to give the parent nitroaromatic

compound and the superoxide anion before the second

electron transfer (Mason and Holtzman, 1975a; 1975b;

Peterson et al., 1979). A lower apparent rate of CCNU

denitrosation would also be expected in the presence of

oxygen if denitrosation required two rather than one-

electron. If indeed a transitory free radical CCNU inter-

mediate formed, the NO cleavage was probably rapid enough

that the electron was not transferred to oxygen.
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The work presented here provides evidence that puri-

fied NADPH cytochrome P-450 reductase catalyzed the

14rdenitrosation of L C]CCNU but purified PB cytochrome

P-450 lacked catalytic activity. Reductive catalysis by

reconstituted reductase or reductase and P-450, but not by

PB cytochrome P-450 alone, was established in reaction

mixtures in which sodium dithionite replaced NADPH.

Although the enzyme activity was 10-25% less with sodium

dithionite than NADPH, the effect of PB cytochrome P-450

concentration on the relative rates of denitrosation were

the same. However, PB cytochrome P-450 reconstituted with

lipid in the presence of sodium dithionite and in the

absence of NADPH cytochrome P-450 reductase did not cata-

lyze [
14 C]CCNU denitrosation. Since sodium dithionite can

reduce cytochrome P-450 in the absence of NADPH cytochrome

P-450 reductase, our studies strongly indicated that PB

cytochrome P-450 did not catalyze the denitrosation

reaction.

The role of PB cytochrome P-450 remains unclear, but

one possible explanation is that denitrosation was

promoted by CCNU ligand formation with P-450. Binding of

CCNU to PB cytochrome P-450 may facilitate denitrosation

by increasing the concentration or by positioning the

molecle, making it more susceptible to attack by the

reductase. This proposal is supported by evidence demons-

trating that purified PB cytochrome P-450 did not catalyze

CCNU denitrosation, but stimulated CCNU denitrosation
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catalyzed by NADPH cytochrome P-450 reductase. Further

microsomal PB cytochrome P-450 binds CCNU (May et al.,

1974; 1975), rates of denitrosation were greater with

PB-induced microsomes than with control microsomes and

that P-450 inhibitors partially inhibited PB-induced

microsomal denitrosation. Although PB cytochrome P-450

catalytic activity was not observed, the catalytic role of

other P-450 isozymes has yet to be examined.

Although the stimulation of denitrosation may have

been due to P-450:CCNU ligand formation, other explana-

tions must be considered. This is particularly true in

light of the experiments that demonstrated cytochrome c

stimulation. Striking similarities between cytochrome c

and cytochrome P-450 stimulation were observed. With

either protein, stimulation was maximized at cytochrome:

reductase mole ratios approximately equal to one; at mole

ratios greater than one, inhibition was observed. There-

fore, the analogous cytochrome c and P-450 effects were

either fortuitous, or in part were stimulating denitrosa-

tion in a similar manner. If the mechanism of stimulation

was the same then cytochrome c would also be expected to

bind CCNU if the above proposal is correct, otherwise CCNU

binding to the cytochromes may not fully explain the

observed results.

Several groups have studied the interaction between

cytochrome P-450 and NADPH cytochrome P-450 reductase and

have demonstrated that cytochrome P-450 monooxygenation
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activity was optimized with equal amounts of NADPH cyto-

chrome P-450 reductase (Miwa et al., 1979; French et al.,

1980). Our results also demonstrated optimal denitrosa-

tion activity when NADPH cytochrome P-450 reductase and

cytochrome P-450 were at the nearly equal molar concentra-

tions. However, the catalytic activity was not inhibited

when NADPH cytochrome P-450 reductase was in a molar

excess to PB cytochrome P-450. These results were consi-

dered as further evidence indicating the role of NADPH

cytochrome P-450 reductase in catalysis.

The mechanism of FMN stimulated CCNU denitrosation

catalyzed by NADPH cytochrome P-450 reductase has not been

resolved, but the results indicated that attention should

be focused on the simultaneous interactions of substrate,

FMN, and reductase. Two alternative explanations for FMN

stimulation were considered and in light of the evidence

disregarded: First, indirect denitrosation by reduced FMN

might be expected, since NADPH cytochrome P-450 reductase

can reduce FMN with NADPH (Kamm and Gillette, 1963).

Although our studies did not disprove FMNH2-dependent,

denitrosation they demonstrated that denitrosation was

slow, at best, in reaction mixtures containing [
14 C]CCNU

and sodium dithionite reduced FMN; in the presence of

NADPH cytochrome P-450 reductase rapid denitrosation was

observed. Second, however unlikely the loss of FMN from

reductase might have been, it was considered. Analysis of

flavin composition established that the NADPH cytochrome
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P-450 reductase was intact, with a molar ratio of FMN to

FAD of 0.96, close to the theoretical value of 1.00

(Iyanagi et al., 1974; Iyanagi and Mason, 1973: Vermilion

and Coon 1974; 1978a, 1978b; Masters et al., 1975: Digman

and Strobel, 1975; Yasukochi and Masters, 1976).

The stimulation of denitrosation by NADPH cvtochrome

P-450 reductase appeared specific for FMN. Other flavins

and flavonoid did little or inhibited catalytic ativity.

While riboflavin slighty stimulated, FAD inhibited, deni-

trosation. The latter result was surprising, for which an

explanation cannot be ventured until the mechanism, con-

centration-dependence, and specificity of stimulation is

better understood. Since the flavanoids, 7,8-benzoflavone

and flavone, stimulated cytochrome P-450 benzo[a]pyrene

monooxygenation (Huang et al., 1981a; 1981b), their

influence on NADPH cytochrome P-450 denitrosation was

considered. A similar stimulation of denitrosation was

not observed with the flavonoids.
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VI. CONCLUSIONS AND COMMENTS

The nitrosoureas upon introduction into biological

systems may have many effects. It has been well estab-

lished that they can undergo enzymatic metabolism and non-

enzymatic break down in an aqueous environment to form

reactive intermediates. The reactive intermediates are

responsible for the alkylation and carbamylation of numer-

ous macromolecules. Chemical modification of the cellular

constituents are considered important in the elimination

of tumor cells as well as the toxic side effects.

It has been demonstrated that prior to chemical

degradation certain nitrosoureas can first undergo enzyma-

tic transformation. The microsomal enzymes of the endo-

plasmic reticulum are responsible for the reductive and

oxidative nitrosourea metabolism. Reductive metabolism

results in the formation of nitric oxide and the denitro-

sated parent compound. Cleavage of the nitroso group

renders the drug therapeutically inert. Therefore, depen-

ding on the enzymatic activity and how susceptible a given

nitrosourea is to reductive denitrosation, a substantial

loss of nitrosourea capable of chemical degradation to the

reactive intermediates may be observed.

Of the eleven nitrosoureas tested all undergo

enzymatic denitrosation. This may be indicative of all

nitrosoureas. The importance of denitrosation, however,

will probably depend on distribution, degradation half-
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life, and relative enzymatic activity toward a given

nitrosourea. It has been demonstrated that enzymatic

denitrosation by hepatic microsomes varies from 0.2 to 4.8

nmol/min/mg protein, depending upon the nitrosourea and

whether animals have been pretreated with drugs that might

induced cytochrome P-450 isozymes (Potter, unpublished

results). Furthermore, the studies of Levin et al. (1979)

suggest that rapid in vivo denitrosation of BCNU resulted

in PB pretreated over control animals with less antitumor

activity in the PB pretreated animals.

The consequence of cytochrome P-450 monooxygenation

is elusive. Although it has been demonstrated that two of

the cyclohexyl ring substituted 2-chloroethyl nitroso-

ureas, CCNU and MeCCNU, are rapidly hydroxylated, it

cannot be assumed that this is true for all of the

nitrosoureas. The event of enzymatic hydroxylation may

shift the therapeutic effect, but interpreting the effect

has remained difficult due to active monooxygenation

products. Even in those studies demonstrating a decrease

in antitumor activity associated with an increase in vivo

metabolic activity of CCNU are difficult to interpret

(Levin et al., 1979). It may be the increased denitrosa-

tion activity or the combination of denitrosation and

monooxygenation activities that are responsible for the

change in activity.

Further studies of the nitrosoureas and the effects

of these metabolites in hepatocytes may prove to he infor-
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PROPOSED MECHANISM OF DENITROSATION CATALYZED BY NADPH
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88

mative. It has been established that purified glutathione

reductase is inactivated more effectively by CCNU than

BCNU (Babson and Reed, 1978). Hepatocyte studies, how-

ever, demonstrated glutathione reductase inactivation by

BCNU (Babson and Reed, 1981) but not by CCNU (Babson and

Potter, independent observations). Differences in the

ability of CCNU and BCNU to inactivate hepatocyte gluta-

thione reductase may be very complex and have little to do

with metabolic activity. Alternatively, the route and

extent of drug metabolism could account for these results.

While BCNU is rapidly denitrosated to give the parent urea

and NO, CCNU is less likely to be denitrosated, but rapid-

ly hydroxylated to yield monooxygenated metabolites that

are capable of further denitrosation of chemical degrada-

tion. Continued investigation with hepatocytes may show

that the metabolic pathway as well as the extent of

metabolism is important in the modification of macromole-

cules.

With the current information, a schematic representa-

tion of denitrosation by NADPH cytochrome P-450 reductase

can be simulated. Figure 24 shows a possible mechanism of

nitrosourea denitrosation catalyzed by NADPH cytochrome

P-450 reductase. The proposal includes the state of

flavin reduction which is based on work by Vermilion et

al. (1981). NADPH cytochrome P-450 reductase is indicated

as existing as the air-stable semiquinone (Oprian et al.,

1979). An NADPH 2-electron transfer to FAD gives FADH2.
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From our studies it does not appear that denitrosation is

the consequence of electron transfer from the FADH2 moiety

to the drug. Because of the cytochrome P-450 and cyto-

chrome c effect on denitrosation which both appear to

accept electrons from FMN rather FAD, it seems more likely

that the nitrosoureas interact at the FMN site. There-

fore, the transfer of 1-electron from FADH2 to FMNH is

the next proposed step. In the FMNH2, FADH state, the

reductase may interact with the nitrosourea, transfer 1-

electron to give NO, the urea and the reductase flavins in

the semiquinone state. Next, the FADH electron may be

transfered to FMNI to give FMNH2. The FMNH2 could then

cycle back to the original air-stable semiquinone by

another 1-electron transfer to the nitrosourea. Further

validation of this proposal is necessary. Studies using

FMN depleted NADPH cytochrome P-450 reductase would be

especially enlightening and helpful in the verification of

this scheme.

A second scheme is proposed to suggest a possible

mechanism of cytochrome P-450 stimulated denitrosation

catalyzed by NADPH cytochrome P-450 reductase (Figure

25). This proposal is based solely on the assumption that

P-450 stimulation is caused by cytochrome P-450 binding to

the nitrosourea, thus increasing the proximity of the

nitrosourea to the flavoprotein. Strengths and weaknesses

of this cycle will be discussed with respect to existing

data.
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First, ferric cytochrome P-450 binds the nitrosourea,

causing the P-450 heme to change from the low to high spin

state. After P-450substrate ligand formation it is

unclear whether NADPH cytochrome P-450 reductase transfers

an electron to the P-450 or to the nitrosourea. In the

first case, if P-450 is reduced to give the P-450 ferrous

nitrosourea complex, an additional electron transfer from

the reductase to the nitrosourea is necessary since P-450

does not catalyze the denitrosation reaction. According

to this scheme, the P-450 ferrousnitrosourea complex

would decompose to give P-450 ferrous*NO and the denitro-

sated urea. Alternatively, NADPH cytochrome P-450 reduc-

tase may transfer an electron to the nitrosourea instead

of the ferric P-450. Thus P-450 ferricnitrosourea may

decompose to give P-450 ferricNO. If the P-450 ferric*NO

complex is formed, rapid reduction must occur, since

spectral data shows formation of the P-450 ferrousNO but

not ferricNO complex. Thus, the present evidence does

not clearly depict which pathway in the denitrosation

scheme is correct. Indeed, both pathways are possible and

denitrosation may occur when P-450 is in either the ferric

or ferrous state.

Although, much of the information suggests that

binding of nitrosourea to P-450 results in the stimulation

of denitrosation, the rapid formation of cytochrome P-450

ferrousNO complex is unsettling. Since P-450 inhibitors

do inhibit denitrosation; likewise, it would seem that
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formation of the ferrousNO complex would also inhibit

denitrosation. Yet, PB-induced microsomal analysis

indicated similar denitrosation rates determined by

optical difference spectroscopy quantitated by ferrousNO

ligand formation and by the radio-isotope technique after

10 min incubation (See Figure 10 of this dissertation).

An obvious conclusion to this apparent inconsistency is

not forthcoming without additional information. In the

same vein, several questions must be asked. Spectral

analysis suggests that microsomal cytochrome P-450

ferrous. NO is inactivated to cytochrome P-420 ferrous. 1\10.

Why then is microsomal P-450 monooxygenation activity

retained after 2 hrs in incubation mixtures containing

sodium nitrite which also gives the P-4501\10 complex

during reductive metabolism (Duthu and Shertzer, 1979)?

Is it possible to obtain further reductive products of

NO? Is the cytochrome P-450 ferrous1\10 complex less

stable than might be suggested by hemoglobin1\10 binding

studies?
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