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SUMMARY

JEFFERY, ELIZABETH, KOTAKE, ALVIN, EL AZHARY, ROKEA & MANNERING, G. J.
(1977) Effects of linoleic acid hydroperoxide on the hepatic monooxygenase systems
of microsomes from untreated, phenobarbital-treated, and 3-methylcholanthrene-
treated rats. Mol. Pharmacol., 13, 415-425.

Increasing concentrations of linoleic acid hydroperoxide (10-250 p.M) destroyed increas-

ing amounts of P-450 hemoprotein in hepatic microsomes from untreated, phenobarbi-
tal-treated, and 3-methylcholanthrene-treated rats. Loss of P-450 hemoprotein in micro-
somes from untreated and phenobarbital-treated rats was biphasic; 50% was destroyed

at low concentrations of linoleic acid hydroperoxide (50 p.M or less), and only about half
the remainder was destroyed at relatively high concentrations (150 p.M or more). The
labile population of P-450 hemoprotein was designated P-450,11, and the stable, P-45O,1�,.
The loss of P-450 hemoprotein in microsomes from 3-methylcholanthrene-treated rats
was not biphasic, and most of the hemoprotein was in the stable form. Almost all of the
monooxygenase activity (ethylmorphine N-demethylase, aniline hydroxylase) and type

I binding (hexobarbital) was associated with P�45O(II. Microsomal NADPH-cytochrome c
reductase activities and cytochrome b5 levels were not affected by linoleic acid hydroper-
oxide until high concentrations were reached (150 p.M or more). NADH-cytochrome c
reductase activity was similarly unaffected by linoleic acid hydroperoxide in microsomes
from untreated rats, was slightly elevated in microsomes from 3-methylcholanthrene-
treated rats, and was greatly elevated in microsomes from phenobarbital-treated rats.
NADPH oxidase activity was unaffected by linoleic acid hydroperoxide in microsomes
from untreated and 3-methylcholanthrene-treated rats, but was decreased slightly in

microsomes from phenobarbital-treated animals. These results led to the conclusion that
P-450,11, functions in the oxidation of exogenous substrates, that ��45O(Is) functions in the
oxidation of endogenous substrates, and that the two functions are essentially independ-
ent of each other.

INTRODUCTION occur in at least three ways: (a) by disrupt-

NADPH-dependent lipid peroxidation ing the microsomal membrane (2), (b)

interferes with hepatic microsomal mono- by competing for reducing equivalents

oxygenase reactions (1). This is thought to through a common electron transfer sys-

This research was supported by Grant GM 15477 of this material has appeared in abstract form

from the United States Public Health Service. Part [(1975) Fed. Proc., 34, 7301.

415

Copyright © 1977 by Academic Press, Inc.

All rights of reproduction in any form reserved. ISSN 0026-895x



416

tem (1), and (c) by destroying the heme of
P-450 hemoproteins’ (3). The number and

diversity of these mechanisms greatly
complicate the interpretation of studies of
adverse effects of peroxidation on monoox-

ygenase systems. The observation of Hry-
cay and O’Brien (3) that synthetic linoleic
acid hydroperoxide destroys P-450 hemo-
proteins and lowers monooxygenase activ-
ity in microsomes presented an opportu-
nity to study the effects of the immediate
products of the peroxidase reaction on the
monooxygenase system without introduc-

ing those complicating factors which occur
when the lipid peroxides are generated in
the microsome enzymatically. Evidence is
presented to show that two types of P-450
hemoprotein exist in microsomes, one
which is highly susceptible to destruction
by linoleic acid hydroperoxide, and one
which is quite resistant. Most of the mono-
oxygenase activity of microsomes is associ-

ated with the labile hemoprotein. This
communication describes the effects of un-
oleic acid hydroperoxide on microsomal P-
450 and b5 hemoproteins, NADPH- and
NADH-cytochrome c reductases, NADPH
oxidase, ethylmorphine N-demethylase,
aniline hydroxylase, and the spectral bind-
ing of hexobarbital and aniline.

MATERIALS AND METHODS

Animals. Male Holtzman rats (180-220
g) were injected intraperitoneally with
NaCI, sodium phenobarbital (40 mg!kg/

day), or 3-methyicholanthrene in corn oil
(20 mg/kg!day) for 4 days and killed 24 hr

after the last injection.
Microsomal preparations. Hepatic mi-

crosomes, prepared as described previ-
ously (4), were suspended in a solution of
1.15% KC1 and 0.1 M phosphate buffer, pH

‘Throughout this communication, P-450 hemo-

protein is considered to be any hemoprotein occur-

ring in hepatic microsomes which, when reduced

and combined with carbon monoxide, gives a differ-

ence spectrum with a maximum absorption at or

near 450 nm. Examples of individual or classes of P-

450 hemoproteins are cytochrome P-450, the pre-

dominant P-450 hemoprotein in hepatic microsomes

from untreated rats, and cytochrome P,-450 (or P-

448), the predominant P-450 hemoprotein found in

hepatic microsomes from rats treated with 3-methyl-

cholanthrene.
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7.4, to a protein concentration of 5 mg!ml.
Amounts of linoleic acid hydroperoxide
were added to these suspensions to give

graded concentrations between 0 and 250
p.M. The preparations were allowed to

stand at room temperature for 20 mm,
after which reduced glutathione (final con-

centration, 2.0 mM) was added to remove
unreacted linoleic acid hydroperoxide. Ap-
propriate dilutions of untreated and lino-
leic acid hydroperoxide-treated micro-

somes were made with buffer solution. All
preparations were used on the day the ani-
mals were killed.

Assays. Ethylmorphine N-demethylase
and aniline hydroxylase activities of mi-
crosomal preparations were determined as
described previously (5), except that nico-

tinamide was omitted. The procedures of
Nash (6) and of Imai et al. (7), respec-

tively, were used to estimate rates of form-
aldehyde and p-aminophenol formation.
The concentrations of substrate were 2 and

0.2 m� for ethylmorphine N-demethylase

and aniline hydroxylase assays, respec-
tively; the concentration of microsomal

protein was 1 mg/ml in both assays. The
incubation media contained EDTA (0.2
mM) to prevent lipid peroxidation and
minimize nucleotide pyrophosphatase ac-
tivity (8). NADPH oxidase activity was
determined as described previously (8). P-

450 and b5 hemoproteins were determined
as described by Omura and Sato (9).
NADPH- and NADH-cytochrome c reduc-

tase activities were measured by a modifi-
cation of the method of Phillips and Lang-
don (10): 0.33 mg of microsomal protein

and 50 p.M cytochrome c in 0.1 M phosphate
buffer, pH 7.4, were warmed to 37#{176},and
the increase in absorbance at 550 nm was
recorded after the addition of 0.83 mM

NADPH or NADH. Cyanide was omitted
(11). Microsomal heme was determined by
the hemochromogen method of Paul et al.
(12) after treating the microsomes with

steapsin to remove cytochrome b5 (13).
Substrate binding spectra were deter-

mined as described previously (5), using a

concentration of microsomal protein of 1
mg/ml and concentrations of aniline and

hexobarbital of 10 and 30 m�i, respec-
tively. All spectral measurements were
made with an Aminco DW-2 spectropho-
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FIG. 1. Destruction of P-450 hemoprotein by linoleic acid hydroperoxide and its termination byglutathione

Linoleic acid hydroperoxide (113 or 250 �M) was added to suspensions of hepatic microsomes in 0.1 M

phosphate buffer (5 mg of protein per milliliter) at room temperature. Samples were taken at selected time

intervals, diluted to 1 mg of protein per milliliter with phosphate buffer, and assayed for P-450 hemoprotein

content. Glutathione (2.0 mM) was added (as shown by the arrows) 0, 8, 15, or 20 mm after the addition of 113

/LM linoleic acid hydroperoxide, or 20 mm after 225 �M hydroperoxide. P-450 hemoprotein assays were

performed 2, 7, 12, and 22 mm after the addition of glutathione.
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tometer. Protein was determined by the
method of Lowry et al. (14).

Chemicals. O’Brien’s methods (15) were
used for synthesizing and quantifying lino-
leic acid hydroperoxide. The quantifica-
tion procedure, which employs an extinc-

tion coefficient for linoleic acid hydroper-
oxide of 25.25 m�t’ cm’ at 233 nm, was
verified with a radioassay by mixing 50
p.Ci of [1-’4Cllinoleic acid (New England
Nuclear; 50 Ci!mole) with 5 g of carrier

linoleic acid (Sigma), which was then proc-

essed by the method of O’Brien to yield
purified labeled linoleic acid hydroperox-
ide. Radioactive and ultraviolet assays

were in good agreement. Linoleic acid hy-
droperoxide was shown by both procedures
to be stable for at least 2 weeks when

stored in ethanol at - 10#{176}.
Glutathione was obtained from Sigma.

The sources of other chemicals and en-
zymes have been given previously (5).

RESULTS

Time course of destruction of P-450

hemoprotein by linoleic acid hydroperox-

ide and termination of reaction with gluta-

thione. For the studies we had in mind, it
was first necessary to determine the time

course of destruction of P-450 hemoprotein
by linoleic acid hydroperoxide and to es-

tablish that excess hydroperoxide could be

destroyed at will with glutathione. The
destructive effect of 113 p.M linoleic acid
hydroperoxide on P-450 hemoprotein was
terminated by glutathione regardless
whether it was added at 0, 8, 15, or 20 mm

after the addition of the hydroperoxide
(Fig. 1). Figure 1 also shows that the maxi-
mal effects of both the lower (113 p.M) and
the higher (225 p.M) concentrations of lino-
leic acid hydroperoxide were achieved

within the 20-mm incubation period at
room temperature.

O’Brien and Rahimtula (16) showed that
lipid hydroperoxides induce lipid peroxida-

tion in hepatic microsomes and provided
indirect evidence that this reaction is me-
diated by cytochrome P-450. Their data

were derived from studies with cumene
hydroperoxide, but they stated that lino-
leic acid hydroperoxide is an even more
potent inducer of lipid peroxidation. The
possibility was therefore considered that

in our studies the loss of P-450 hemopro-
tein might have been due in part to lino-
leic acid hydroperoxide-induced peroxida-

tion of membrane lipids. This proved not
to be the case. O’Brien and Rahimtula
showed that 0.1 m�vi Mn� completely in-
hibited lipid peroxide-induced lipid peroxi-
dation in hepatic microsomes. The addi-
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tion of 0.1 mr*n Mn� to microsomes prior to
the addition of linoleic acid hydroperoxide

(150 p.M) had no effect on the loss of P-450
hemoprotein from microsomes from un-
treated rats (data not shown).

When linoleic acid (75 or 150 p.M) was
substituted for linoleic acid hydroperoxide,
no loss of microsomal P-450 hemoprotein

or ethylmorphine N-demethylase was ob-
served (data not shown).

Effect of temperature on destruction of

P-450 hemoprotein by linoleic acid hydro-

peroxide. Figure 2 shows the effect of tem-
perature on the time course of destruction
of P-450 hemoprotein by 250 p.M linoleic
acid hydroperoxide. The initial rates of de-
struction were not greatly affected by dif-
ferences of temperature between 0#{176}and
37#{176},and the extent of destruction at the

end of 20 mm did not vary greatly with
temperature.

Effect of concentration of linoleic acid

hydroperoxide on P-450 and b5 hemopro-

teins. Figure 3 shows the destructive effect
of increasing concentrations of linoleic
acid hydroperoxide on hemoproteins of he-

patic microsomes from untreated, pheno-
barbital-treated, and 3-methylcholan-
threne-treated rats. The disappearance of

Mm. after Addition of Linoleic Acid
Hydroperoxide (250pM)

FIG. 2. Effect of temperature on destruction of P-

450 hemoprotein by linoleic acid hydroperoxide

Hepatic microsomes were incubated for 20 mm

with linoleic acid hydroperoxide (250 �M) at 0#{176},24#{176},

or 37#{176}as described in Fig. 1, and glutathione (2.0

mM) was added at the end of the incubation period.

P-450 hemoprotein assays were performed at se-

lected time intervals after the addition of the hydro-

peroxide.

P-450 hemoprotein in microsomes from un-
treated animals was biphasic; about 50% of
the P-450 hemoprotein was destroyed at a
concentration of linoleic acid hydroperox-
ide of 50 p.M or less, and only half the
remaining hemoprotein was destroyed at a
concentration of 150 p.M or more. To facili-
tate discussion of the types of P-450 hemo-

protein represented by these two phases,
we employ ��450(Il) to designate the hemo-
protein which is relatively labile at low

concentrations of linoleic acid hydroperox-
ide, and P-450(IS) to designate the hemopro-
tein which is relatively stable at low con-
centrations of linoleic acid hydroperoxide.
We emphasize at this point that these des-
ignations are intended to define popula-
tions, not species, of P-450 hemoprotein.
The effect of linoleic acid hydroperoxide on

the P-450 hemoprotein in microsomes from
phenobarbital-treated rats was about the
same as in microsomes from untreated an-
imals, except that almost twice the con-

centration of hydroperoxide was required
to produce a 50% loss. P-450 hemoprotein
of microsomes from 3-methylcholanthrene-
treated rats was even more resistant to the
bleaching effect of linoleic acid hydroper-
oxide; a 50% loss of P-450 hemoprotein was
not observed until the concentration of hy-
droperoxide reached 140 p.M. Moreover,
the loss of P-450 hemoprotein with increas-
ing concentrations of hydroperoxide was
not biphasic in these microsomes. Inter-
pretation of the results obtained with mi-
crosomes from 3-methylcholanthrene-

treated rats is complicated by the presence
in these microsomes of both cytochrome

P,-450 and the cytochrome P-450 that was
present before 3-methylcholanthrene was
administered (17). A small, unexplained

3 increase in P-450 hemoprotein was oh-
served consistently in the presence of 10 or
20 p.M linoleic acid hydroperoxide.

In contrast to P-450 hemoprotein, cyto-
chrome b5 was not readily acted upon by
linoleic acid hydroperoxide; no loss of cyto-

chrome b� was observed in microsomes
from treated or untreated animals until

concentrations of hydroperoxide exceeded
150 p.M.

No apparent cytochrome P-420 was

formed when linoleic acid hydroperoxide
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Linoleic Acid Hydroperoxide (tiM)

FIG. 3. Effect of linoleic acid hydroperoxide on microsoinal cytochrome levels

Values are the means ± standard errors of at least 10 experiments. One hundred per cent values are those

obtained in the absence of linoleic acid hydroperoxide (Table 1). PB, phenobarbital; MC, 3-methylcholan-
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by linoleic acid hydroperoxide

Hepatic microsomes were treated with increasing

concentrations of linoleic acid hydroperoxide at

room temperature as described in Fig. 1. After 20

mm, glutathione (2.0 mM) was added, and samples

were assayed for their P-450 hemoprotein (0) and

heme (0) contents. Total microsomal heme minus

cytochrome b5 heme (LII was calculated. The mean

cytochrome b5 content of untreated microsomes was

determined to be 0.33 nmole/mg of microsomal pro-

tein. The results are the means of three separate

experiments.

was added to microsomes. Cytochrome P-
420 formed by treatment of microsomes
with steapsin (13) was rapidly decolorized
by linoleic acid hydroperoxide (data not
shown); thus any cytochrome P-420 that
might have been formed from P-450 hemo-
protein through the action of linoleic acid

hydroperoxide would probably have been
destroyed before it could be observed by

our methods.

Destruction of heme of P-450 hemopro-

tein by linoleic acid hydroperoxide. The
destruction of the heme of P-450 hemopro-
tein in microsomes from untreated rats

with increasing concentrations of linoleic
acid hydroperoxide was determined (Fig.
4). Because cytochrome b5 is the only he-
moprotein in microsomes other than P-450

hemoprotein, and because it is not de-

stroyed by linoleic acid hydroperoxide un-
til very high concentrations are reached
(Fig. 3), the loss of heme is due entirely to
the destruction of P-450 hemoprotein. In
Fig. 4 it can be seen that the loss of heme
was biphasic and that it corresponded with
losses of the P-450(11) and P-450(lS) phases.

Effects of linoleic acid hydroperoxide on

metabolism and binding of type I com-

pounds. The effects of linoleic acid hydro-
peroxide on the N-demethylation of ethyl-
morphine and the spectral binding of hexo-

barbital are shown in Fig. 5. Like P-450
hemoproteins, ethylmorphine N-demeth-
ylase activity and the hexobarbital bind-
ing spectrum2 were destroyed biphasically
when increasing concentrations of linoleic
acid hydroperoxide were added to micro-

somes from untreated and phenobarbital-
treated rats, whereas destruction of de-
methylation was monophasic in micro-

somes from 3-methylcholanthrene-treated

rats. Losses of demethylase activity and

Hexobarbital was used for the binding studies

rather than ethylmorphine, because the type I spec-

trum produced by hexobarbital is induced by pheno-

barbital, whereas that produced by ethylmorphine

is not (18).
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FIG. 5. Effect of linoleic acid hydroperoxide on microsomal ethylmorphine N-demethylase activity and

hexobarbital binding (type I)
#{149}-�, ethylmorphine N-demethylase activity; 0- - -0, hexobarbital binding; LI LI, cytochrome P-

450. Values are the means ± standard errors of at least four experiments. One hundred per cent values are

those obtained in the absence of linoleic acid hydroperoxide (Table 1). PB, phenobarbital; MC, 3-methylchol-

anthrene.

the hexobarbital binding spectrum in mi-
crosomes from untreated and phenobarbi-
tal-treated rats coincided,3 but the losses of

P-450 hemoprotein did not. Thus more
than 80% of the demethylation and bind-
ing were lost when only 50-60% of the P-

450 hemoprotein had been destroyed. This
is interpreted to mean that P-4501111 is asso-
ciated with high demethylase activity and
type I spectral binding, and that P-450(IS) is
associated with low demethylase activity

and low type I spectral binding. These re-
lationships were not seen when micro-
somes from 3-methylcholanthrene-treated
rats were employed, in which case demeth-
ylase activity correlated quite well with

the P-450 hemoprotein content of the mi-
crosomes at all but the highest concentra-

tions of linoleic acid hydroperoxide.

The correlation between loss of demeth-
ylase activity and loss of P-450 hemopro-
tein is meaningful only if rates of demeth-
ylation were linear throughout the se-
lected incubation periods at all levels of
linoleic acid hydroperoxide addition. Mi-
crosomes from untreated rats were treated
with 0, 20, and 100 p.M linoleic acid hydro-

peroxide, which destroyed 0%, 33%, and

70% of the P-450 hemoprotein, respec-
tively. With all three preparations, rates

The effect of linoleic acid hydroperoxide on

hexobarbital binding in microsomes from 3-methyl-

cholanthrene-treated rats is not observable; hexo-

barbital produces a reverse type I spectrum with

these microsomes (19, 20).

of metabolism of both ethylmorphine and
aniline were linear throughout incubation
periods of 15 and 20 mm, respectively.

Effects of linoleic acid hydroperoxide on

metabolism and binding of a type II com-

pound. Aniline hydroxylase activity and
the type II binding spectrum of aniline
were destroyed biphasically by increasing

concentrations of linoleic acid hydroperox-
ide in microsomes from all three sources
(Fig. 6). Thus the pattern of destruction of
aniline hydroxylase activity was similar to
that observed when ethylmorphine was
the substrate, except that destruction of
demethylase activity was monophasic
when microsomes from 3-methylcholan-

threne-treated rats were used. Loss of type
II binding correlated well with loss of hy-

droxylase activity when microsomes from
phenobarbital- and 3-methyicholanthrene-
treated rats were employed, but not when

microsomes from untreated rats were
used. In this case essentially all hydroxyl-

ase activity had been lost while 40% of the
P-450 hemoprotein and 30% of the type II
binding remained. This lack of correlation
between type II binding and hydroxylation

of aniline has been observed previously in
microsomes from untreated rats that were

not treated with linoleic acid hydroperox-
ide (21).

Effects of linoleic acid hydroperoxide on
NADPH- and NADH-cytochrome c re-

ductases. Irrespective of the tissue source,
microsomal NADPH-cytochrome c reduc-
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tase was unaffected by linoleic acid hydro-
peroxide until very high concentrations of
linoleic acid hydroperoxide were reached

(Fig. 7). NADH-cytochrome c reductase
activity was also unaffected by linoleic

acid hydroperoxide in microsomes from
untreated rats, but, in contrast to
NADPH-cytochrome c reductase activity,
it was greatly enhanced in microsomes
from phenobarbital-treated rats after addi-
tion of linoleic acid hydroperoxide and was
slightly enhanced in microsomes from 3-
methylcholanthrene-treated animals. The
increase in activity can be regarded as

restoration rather than enhancement.
From absolute values given in Table 1 it
can be seen that NADPH-cytochrome c

reductase was not altered greatly by phe-
nobarbital or 3-methylcholanthrene ad-

ministration; activity was increased only

15% and 4%, respectively. On the other
hand, phenobarbital and 3-methylcholan-

threne administration caused 40% and
20% decreases in NADH-cytochrome c re-

ductases, respectively. Thus the effect of
linoleic acid hydroperoxide on microsomes
from the phenobarbital- and 3-methylchol-

anthrene-treated rats was to raise their
NADH-cytochrome c reductase activities
to the level found in microsomes from un-

treated rats.
Effect of linoleic acid hydroperoxide on

NADPH oxidase. Figure 8 shows that
NADPH oxidase was not affected by con-

Untreated

I00
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40 k. �..#{149}#{149}
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00 200

Linoleic Acid Hydroperoxide (pM)

FIG. 6. Effect of linoleic acid hydroperoxide on microsomal aniline p-hydroxylation and aniline binding

(type II)

#{149}-�, aniline p-hydroxylase activity; 0- - -0, aniline binding; LI . LI, cytochrome P-450. Values

are the means ± standard errors of four experiments. One hundred per cent values are those obtained in the

absence of linoleic acid hydroperoxide (Table 1). PB, phenobarbital; MC, 3-methylcholanthrene.

Linoleic Acid Hydroperoxide (pM)

MG-Treated

I

�a.

5..

FIG. 7. Effect of linoleic acid hydroperoxide on microsomal NADPH- and NADH-cytochrome c reductase

activities

#{149}-#{149}, NADPH-cytochrome c reductase activity; 0- - -0, NADH-cytochrome c reductase activity;

LI-- - - LI, cytochrome P-450. Values are the means ± standard errors of four experiments. One hundred per

cent values are those obtained in the absence of linoleic acid hydroperoxide (Table 1). PB, phenobarbital;

MC, 3-methylcholanthrene.



TABLE 1

Components, enzyme activities, and substrate binding properties of microsomes not treated with linoleic acid

______ _______ hydroperoxide (100% values used in Figs 1 -5)

Untreated Phenobarbital-
treated

3-Methylcholan-
threne-treated

0.56 1.02 0.87

0.37 0.39 0.46

4.0 23.0 5.3

0.30 2.05 0.25

0.045 0.037

0.064 0.041 0.083

7.5 21.4

11.1 43.4

3.6 22.0

353 405

(nmoles/min) 1536 927 1315

“Values (means of at least three experiments) are in units per milligram of protein.
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Measurement#{176}

Cytochrome P-450 (nmoles)

Cytochrome b5 (nmoles)

Ethylmorphine N-demethylation

(nmoles/min)

Aniline hydroxylase (nmoles/min)

Hexobarbital binding (�A:,s�,2n)
(�AImg)

Aniline binding (�A,i2,9, UA/

mg)

NADPH oxidation (nmoles/min)

-Ethylmorphine (A)

+Ethylmorphine (2.0 mM) (B)

B-A

NADPH-cytochrome c reductase

(nmoles/min)

NADH-cytochrome c reductase

Linoleic Acid Hydroperoxide (pM)

14.0

19.3

5.3

FIG. 8. Effect of linoleic acid hydroperoxide on NADPH oxidase activity

#{149}-#{149}, NADPH oxidation in the presence of 2 m�vi ethylmorphine; 0-0, NADPH oxidation in the

absence of ethylmorphine; LI LI, cytochrome P-450. Values are the means ± standard errors of three

experiments. One hundred per cent values are those obtained in the absence of linoleic acid hydroperoxide

(Table 1). PB, phenobarbital; MC, 3-methylcholanthrene.

centrations of linoleic acid hydroperoxide
as high as 200 p.M when microsomes from
untreated and 3-methylcholanthrene-
treated rats were used. When microsomes
from phenobarbital-treated rats were

used, a gradual loss of NADPH oxidase
activity was seen with increasing concen-
trations of linoleic acid hydroperoxide; at a
concentration of 180 p.M, the loss was

about 40%. With microsomes from all
three sources, increases in rates of
NADPH oxidation caused by addition of

ethylmorphine were equal to the rates of

ethylmorphine N-demethylation observed
at each concentration of linoleic acid hy-
droperoxide (Fig. 5).

DISCUSSION

One of the advantages of working with
soluble enzyme systems is that concentra-

tions of individual components of the sys-
tems can be adjusted to suit the objectives
of the experiment. A major disadvantage
of working with membrane-bound systems
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is that concentrations of individual compo-
nents are established in vivo and usually

cannot be manipulated in vitro without
also disturbing those characteristics of the
membrane which impart special proper-
ties to the bound systems. The current
study describes a procedure whereby a
component of the membrane-bound he-
patic monooxygenase system can be re-
moved in a stepwise manner without af-

fecting other electron-transferring compo-
nents of the system. The procedure used

synthetic linoleic acid hydroperoxide to re-
move membrane-bound P-450 hemopro-

teins. As much as 75% of these cyto-
chromes can be removed without losses of

cytochrome b5, NADPH-cytochrome c re-
ductase, or NADH-cytochrome c reduc-

tase.
The loss of P-450 hemoprotein from mi-

crosomes with increasing concentrations of
linoleic acid hydroperoxide was biphasic
when microsomes from untreated or phe-
nobarbital-treated rats were employed.

The least stable population of P-450 hemo-
proteins was designated cytochrome P-

450(11), and the more stable, cytochrome
P450(lS). Almost all of the monooxygenase

activity involved in the oxidation of added

substrates in associated with cytochrome
P-450(1(). Type I binding (hexobarbital) is
also almost exclusively associated with cy-
tochrome P-450(11). The remainder of the P-

450 hemoprotein [cytochrome 450)1S)1 ap-
pears not to be involved in the oxidation of
exogenous substrates. The view that not

all of the P-450 hemoprotein of hepatic
microsomes functions as a terminal oxi-

dase in the biotransformation of xenobiot-
ics has been expressed from time to time

by several investigators; for example, Ull-
rich (22) estimated from spectral binding
studies that only about 12% of the P-450
hemoprotein of microsomes from un-

treated rats functions in the hydroxylation
of cyclohexane. Our studies do not show
how much of the cytochrome P-450,11 is

involved as a terminal oxidase when drug
substrates are oxidized; they show only
that most of this oxidase activity is associ-
ated with that fraction of the total P-450
hemoprotein designated cytochrome P-
450(11).

Stern and Peisach (23) stated that the
sixth ligand of hepatic cytochrome P-450 is
probably a mercaptide ion. Green et al.

(24) have suggested that linoleic acid hy-
droperoxide destroys cytochrome P-450 by
reacting with the sulfur ligand. If these
are correct assumptions, the question
arises as to how P-450(lS( is prevented from
reacting with linoleic acid hydroperoxide.
The difference between cytochrome P-
450(��) and cytochrome P-450(IS) may be that
the sulfur ligand of the former is free to
react with linoleic acid hydroperoxide,
whereas that of the latter may be bound to

a membrane component which prevents
the ligand from reacting readily with lipid

peroxides. Strong attachment of cyto-

chrome P-4501�1 to membrane components
might also account for its low drug hydrox-
ylase activity and type I spectral binding.
When rats were administered 3-methyl-

cholanthrene, a higher proportion of the P-
450 hemoprotein existed in the linoleic
acid hydroperoxide-stable form than when
rats were untreated or treated with pheno-
barbital (Fig. 3). 3-Methylcholanthrene

causes the synthesis of cytochrome P1-450
(25). From this it can be concluded that
more P1-450 than P-450 hemoprotein exists

in the linoleic acid hydroperoxide-stable

form. If the instability of P-450 hemopro-
tein is due to the reaction of the hydroper-

oxide with a mercaptide ion, the stability
of cytochrome b5 to linoleic acid hydroper-

oxide is understandable; the coordination
of the iron in cytochrome b5 is symmetrical
and consists of six octahedral ligand sites
occupied by imidazole or pyrole nitrogen

atoms (26).
The possibility should be considered

that cytochrome P-450(11) and P-450(IS) may

not be different hemoproteins or classes of
hemoproteins, but that they reflect differ-

ences in the proximities of the same P-450
hemoproteins to NADPH-cytochrome c re-
ductase. If we assume that cytochrome P-
450(��) represents P-450 hemoprotein that is
closely associated with its reductase, and
that this P-450-hemoprotein is more sus-

ceptible to degradation by linoleic acid hy-
droperoxide than P-450 hemoprotein that
is not closely associated with the reductase
(cytochrome P-45O1�1), then a loss of mono-
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oxygenase activity would be seen only
when cytochrome P-450(11) is destroyed.
This concept requires that the cytochrome
P-450(IS) in either untreated or linoleic acid
hydroperoxide-treated microsomes does
not possess monooxygenase activity be-
cause it lacks proximity to its reductase.
This concept would include the possibility
that qualitative features of a P-450 hemo-
protein, or its degree of binding to other
membrane components, or both, may de-

termine whether or not it associates inti-
mately with NADPH-cytochrome c reduc-

tase. That much of the P-450 hemoprotein
may not be closely associated with its re-
ductase is suggested by the 20:1 ratio of

cytochrome P-450 to NADPH-cytochrome
c reductase in microsomes.

In microsomes from untreated and 3-
methylcholanthrene-treated rats, NADPH

oxidase activity remained constant when
exogenous substrate was absent, regard-
less of the degree of depletion of cyto-

chrome P-450 by linoleic acid hydroperox-
ide (Fig. 8). If all of the NADPH oxidase

activity was mediated through cytochrome
P-450, one would have to conclude that all

or nearly all endogenous NADPH oxida-
tion is catalyzed by cytochrome P-450(IS).

Stoichiometric relationships show that es-
sentially all of the increase in NADPH
oxidation caused by the presence of ethyl-
morphine was due to its N-demethylation
(8) (Figs. 5 and 8). Because the disappear-

ance of ethylmorphine N-demethylase ac-
tivity and the loss of the increased rate of

oxidation of NADPH caused by the addi-
tion of ethylmorphine both coincided with
the loss of cytochrome P-450�11 (Figs. 5 and
8), it can be concluded that when ethyl-

morphine is present, cytochrome P-450(11)
functions only in the oxidation of ethyl-
morphine; in the presence of NADPH, cy-

tochrome P-450(11) does not turn over when
exogenous substrate is absent, and cyto-
chrome P-450(lS) turns over at the same
rate whether exogenous substrate is pres-
ent or not. Cytochrome P-450(11) is acti-
vated only when exogenous substrate is

added. In short, cytochrome P-450�11 would
appear to function only in the oxidation of

exogenous substrates, and cytochr#{248}me P-
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450(1s), only in the oxidation of endogenous
substrates. This is not difficult to rational-
ize if cytochrome P-450(IS) is tightly bound
to membrane components which can also
serve as substrates and if cytochrome P-
450(11) is not bound to oxidizable membrane

components or is bound to oxidizable com-
ponents which can be quite readily dis-
placed by exogenous substrates.

These studies do not attempt to define

the kind of endogenous NADPH oxidation
that occurs when NADPH is incubated
with microsomes - whether it involves the
hydroxylation of phospholipid fatty acids

or steroids, the production of hydrogen
peroxide, the formation of superoxide, or

the uncoupling of activated oxygen to form
water - but merely point out that these
reactions are apparently not directly af-

fected by the presence of substrate, which
appears to use only cytochrome P450)11), a
cytochrome not involved in endogenous
NADPH oxidation. The possibility should

be considered that not all endogenous
NADPH oxidation is mediated through P-

450 hemoprotein.
Ernster and Orrenius (27) and Jansson

and Schenkman (28) observed that
NADH-cytochrome c reductase was de-
pressed in microsomes from rats that had
been treated with phenobarbital. We have

confirmed this finding and shown that the
addition of linoleic acid hydroperoxide re-
stores the activity of these microsomes to
the level seen in microsomes from un-
treated rats (Fig. 7). We have no immedi-

ate explanation for either the depressant
effect of phenobarbital or the restorative
action of linoleic acid hydroperoxide. Jans-
son and Schenkman (28) showed that
NADH-dependent reductase activity is not
depressed in microsomes from phenobarbi-
tal-treated rats when ferricyanide replaces

cytochrome c as the electron acceptor in
the reaction. We have confirmed this ob-
servation and shown further that linoleic

acid hydroperoxide (200 p.M) does not alter
NADH-ferricyanide reductase activity
(data not shown). In the NADH-cyto-

chrome c reductase reaction, cytochrome c

accepts electrons from NADH via cyto-
chrome b5 (29). Thus it would appear that
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the depression of reductase activity seen

after phenobarbital administration occurs
at the level of cytochrome b5.
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