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Highly purified liver microsomal cytochrome P-450 catalyzes the hydroperoxide-de- 
pendent hydroxylation of a variety of substrates in the absence of NADPH, NADPH- 
cytochrome P-450 reductase, and molecular oxygen. The addition of phosphatidylcholine 
is necessary for maximal activity. The absence of flavoproteins and cytochrome b, from 
the cytochromeP-450 preparations rules out the involvement of other known microsomal 
electron carriers. The ferrous form of cytochrome P-450 is not involved in peroxide- 
dependent hydroxylation reactions, as indicated by the lack of inhibition by carbon 
monoxide. With cumene hydroperoxide present, a variety of substrates is attacked, 
including N-methylaniline, N,N-dimethylaniline, cyclohexane, benzphetamine, and 
aminopyrine. With benzphetamine as the substrate, cumene hydroperoxide may be 
replaced by other peroxides, including hydrogen peroxide, or by peracids or sodium 
chlorite. A study of the stoichiometry indicated that equimolar amounts ofN-methylani- 
line, formaldehyde, and cumyl alcohol (o,o-dimethylbenzyl alcohol) are formed in the 
reaction of N,N-dimethylaniline with cumene hydroperoxide. Since H,180 is incorpo- 
rated only slightly into cyclohexanol in the reaction of cyclohexane with cumene hydro- 
peroxide, it appears that the oxygen atom in cyclohexanol is derived primarily from the 
peroxide. The data obtained are in accord with a peroxidase-like mechanism for the 
action of cytochrome P-450. 

The mixed function oxidase of liver mi- 
crosomal membranes is capable of hydrox- 
ylating or otherwise metabolizing fatty 
acids and steroids as well as a variety of 
foreign compounds, including drugs, insec- 
ticides, alkanes, anesthetics, and carcino- 
gens. This enzyme system was resolved 
into three components, P-450LM ,3 NADPH- 
cytochrome P-450 reductase, and phospha- 
tidylcholine (3-61, and more recently our 
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laboratory has described the purification 
and characterization of multiple forms of 
P-450LM from rabbit liver (7-9). 

The hydroxylation reaction mechanism 
is only partly understood. Under anaerobic 
conditions two electrons are transferred 
from NADPH to the P-450,,-substrate 
complex via the reductase, one to the iron 
atom and the other to an unidentified ac- 
ceptor (10, 11). Molecular oxygen is bound 
to the ferrocytochrome to form a ternary 
complex, as shown by Estabrook et al. (12) 
with liver microsomal suspensions and by 
Gunsalus et al. (13) and by Ishimura et al. 
(14) with bacterial cytochrome P-450. We 
have recently confirmed the formation of 
the oxyferro complex in steady-state ex- 
periments with purified P-45%M.4 Elec- 
tron transfer to the oxygen is believed to 

4 Guengerich, F. P., Ballou, D. P., and Coon, M. 
J., unpublished results. 

524 

Copyright 0 1976 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



HYDROXYLATION BY E 

occur with production of an “activated oxy- 
gen” capable of attacking the substrate; 
the possible involvement of superoxide in 
this process has been reported (15). Evi- 
dence has been presented for hydroperox- 
ides as intermediates in the biological hy- 
droxylation of tetralin (16), fluorene (17), 
and cholesterol (18). More recently, the 
ability of liver microsomal suspensions to 
utilize organic hydroperoxides for the hy- 
droxylation of various substrates and the 
possible role of cytochrome P-450 in these 
reactions have been reported by several 
laboratories (19-24). 

In the present paper, highly purified P- 
450LM is shown to catalyze the peroxide- 
dependent hydroxylation of various sub- 
strates in the absence of NADPH and the 
reductase. The cytochrome preparations 
used appeared to be homogeneous by gel 
electrophoresis and were known to be free 
of other microsomal electron carriers such 
as flavoproteins and cytochrome b,. 

EXPERIMENTAL PROCEDURES 

Highly purified P-450tM was prepared from phe- 
nobarbital-induced rabbits as described previously 
(7, 8). This form of the cytochrome, which is desig- 
nated by its relative electrophoretic mobility as P- 
450tMQ (9), migrates as a single polypeptide band of 
molecular weight 50,000 when analyzed by sodium 
dodecyl sulfate-polyacrylamide-gel electrophoresis. 
Apparently due to the variable loss of heme during 
purification, the cytochrome P-450 content of the 
preparations varied from 10.9 to 16.9 nmol/mg of 
protein. Preparations with a specific content of 16.9 
were used in all of the experiments described in the 
present paper except in the initial studies on sub- 
strate and oxidant specificity and general require- 
ments of the system. 

n-[N-methyl-‘4Clbenzphetamine was generously 
provided by Dr. A. Y. H. Lu, Hoffman-La Roche 
Inc. and lN-methyl-‘4C1aminopyrine by Dr. D. W. 
Nebert, National Institutes of Health. [U-L4Clcyclo- 
hexane was obtained from Amersham/Searle; di- 
lauroyl-GPC from Serdary Research Laboratories, 
London, Ontario; horseradish peroxidase (type VI), 
hemin chloride (type III), and bovine liver catalase 
(twice crystallized) from Sigma; N,O-bis(trimethyl- 
silyl acetamide from Regis; cumene hydroperoxide 
andp-menthyl hydroperoxide from ICN-K & K Lab- 
oratories; t-but,yl hydroperoxide, m-chloroperben- 
zoic acid, and p-nitroperbenzoic acid from Aldrich, 
and ethyl hydroperoxide from Gallard-Schlesinger. 
The cumene hydroperoxide was routinely purified 
by extraction with alkali (25); the resulting material 
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was 95 to 98% pure. Ethyl isocyanide was prepared 
by the method of Schuster et al. (261, while benzyl 
ether and methyl cumyl ether (methyl a,cY-di- 
methylbenzyl ether) were prepared by treatment of 
the corresponding alkyl chlorides with methanol 
(27). Cumyl chloride was prepared by the method of 
Brown et al. (28). a-Hexylhydroperoxide was made 
by the reaction of n-hexyl tosylate with alkaline hy- 
drogen peroxide according to a general published 
procedure (29). The concentration of all hydroperox- 
ides was determined iodometrically (30). Water con- 
taining 95% IsO was obtained from Koch Isotopes. 

Assay of substrate hydroxylation and demethyla- 
tion. The components of the reaction mixtures were 
added in the following order and, unless stated oth- 
erwise, were at the final concentrations indicated: 
P-454,, (1.0 PM), dilauroyl-GPC (0.06 mM when hy- 
drogen peroxide was present or 0.15 mM when cu- 
mene hydroperoxide was present), potassium phos- 
phate buffer, pH 7.4 (0.1 M), substrate, and either 
hydrogen peroxide (50 mM) or cumene hydroperox- 
ide (3.3 mM) to initiate the reaction. The phospho- 
lipid was added in the form of a sonicated micellar 
suspension and was at the minimal concentration 
required for maximal reaction rates, as shown in 
experiments not presented here. The reaction mix- 
tures had a final volume of 1.0 ml when radioactive 
substrates were used (10 mM cyclohexane in 0.01 ml 
of acetone, 1.0 mM benzphetamine, or 10 mM amino- 
pyrine) or 1.5 ml when other substrates were used 
and were incubated at 30°C. The N-demethylation of 
radioactive benzphetamine (1.2 x lo” cpm/Fmol) 
and aminopyrine (1.6 x lo5 cpm/pmol) was deter- 
mined by the method of Poland and Nebert (31) and 
the hydroxylation of radioactive cyclohexane (1.8 x 
lo5 cpm/pmol) by isolation of the resulting cyclohex- 
an01 according to the chrumatographic procedure of 
Gholson et aZ. (32). In initial experiments (Table I) 
the N- or 0-demethylation of other substrates was 
measured by formaldehyde determination by the 
method of Nash (33) as modified by Cochin and 
Axelrod (34). In subsequent experiments, color de- 
velopment was carried out for 35 min at 25°C; under 
these modified conditions slightly greater accuracy 
was obtained because the formaldehyde was then 
completely stable in the presence of the hydroperox- 
ide. All experiments were carried out in duplicate or 
triplicate and included controls in which P-450r,n 
was omitted. The data presented are average val- 
ues. 

RESULTS 

Hydroxylation of substrates by P-450LM 
in presence of cumene hydroperoxide. In 
initial experiments a series of possible sub- 
strates was tested for activity when cu- 
mene hydroperoxide was substituted for 
NADPH and NADPH-cytochrome P-450 



526 NORDBLOM. WHITE AND COON 

reductase in the usual reconstituted en- 
zyme system (35). The results shown in 
Table I indicate that cyclohexane was con- 
verted to cyclohexanol and that a variety 
of N- and O-methyl compounds, including 
benzphetamine and aminopyrine, under- 
went demethylation to produce formalde- 
hyde. Since subsequent experiments indi- 
cated that the conditons may not have 
been optimal with all of the substrates, the 
activities shown should be taken as ap- 
proximate values. The purified P-450LM 
used contained apoenzyme but was appar- 
ently homogeneous as judged by SDS- 
polyacrylamide-gel electrophoresis and 
was known to be free of other microsomal 
electron carriers such as flavoproteins and 
cytochrome b, . 

Benzphetamine demethylation in the 
presence of cumene hydroperoxide and re- 
lated compounds. A variety of other poten- 
tial oxygenating agents was substituted 
for cumene hydroperoxide in the P-450LM- 

TABLE I 

HYDROXYLATION OF VARIOUS SUBSTRATES BY 
CYTOCHROME P-450 IN PRESENCE OF CUMENE 

HYDROPEROXIDE” 

Substrate tested Substrate 
concentra- 

AC&iv? 

tion product 
b-m) formed/ 

nmol cyto- 
chrome P- 

450) 

NJ-dimethylaniline 5.0 290 
N-methylaniline 5.0 259 
Cyclohexane 10.0 198 
N-methylbenzylamine 6.7 50 
Methyl cumyl ether 6.7 42 
Benzphetamine 1.0 30 
N-methyl-n-butylamine 6.7 29 
Aminopyrine 10.0 12 
Methyl octanoate 6.7 8 
Methyl benzyl ether 20.0 46 

(1 Various substrates were tested at the concen- 
trations indicated in reaction mixtures containing 
P-45hM, cumene hydroperoxide, and phosphatidyl- 
choline. The concentrations of the other components 
and the order of addition were as described in the 
section on experimental procedures. The reaction 
mixtures were incubated for 15 min at 30°C. A con- 
trol experiment established that cumene hydroper- 
oxide does not yield a significant amount of formal- 
dehyde in the absence of an added substrate. 

b This low value is of doubtful significance. 

TABLE II 

BENZPHETAMINE DEMETHYLATION CATALYZED BY 
CYTOCHROME P-450 IN THE PRESENCE OF VARIOUS 

OXYGENATING AGENTS” 

Oxygenating agent Activity 
(nmol product 

formed/nmol cy- 
tochrome P-450) 

Cumene hydroperoxide 30 
p-Nitroperbenzoic acid 15 
m-Chloroperbenzoic acid 12 
p-Menthyl hydroperoxide 10 
Hydrogen peroxide 8 
Sodium chlorite 6 
t-Butyl hydroperoxide 4 
n-Hexyl hydroperoxide 2 
Ethyl hydroperoxide 2 

4 The conditions were as in Table I, except that 
various oxygenating agents (3.3 mM) were used and 
radioactive benzphetamine (1.0 mM) served as the 
substrate. The dilauroyl-GPC concentration was 
0.15 mM in all of the experiments. 

catalyzed demethylation of [N-methyl- 
Wlbenzphetamine with the results shown 
in Table II. Cumene hydroperoxide was 
the most effective under the conditons 
used, which were not necessarily optimal, 
but activity was also shown by other per- 
oxides as well as by peracids and sodium 
chlorite. Due to the high sensitivity of the 
radioactivity assay, all of the activities 
shown are significant. 

Kinetics of the reaction and evidence for 
destruction of P-450LM by peroxides. P- 
450LM heme was degraded with time, as 
determined by measurements of the Soret 
band of the oxidized protein at 417 nm 
(Fig. 1). Cumene hydroperoxide was par- 
ticularly destructive alone or in the pres- 
ence of benzphetamine but not with N- 
methylaniline present. In experiments not 
shown the P-454, loss was confirmed by 
measuring the pyridine hemochromogen 
and the CO difference spectrum of the re- 
duced protein at 450 nm (36). However, by 
limiting the concentration of the peroxides 
the reactions could be made linear with 
certain substrates for a brief time. As 
shown in Fig. 2, N-methylaniline demeth- 
ylation in the presence of 1.0 mM cumene 
hydroperoxide was linear for at least 2.5 
min and benzphetamine demethylation in 
the presence of 50 mM hydrogen peroxide 
for 5 min. In subsequent studies of these P- 
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CUMENE HYDROPEROXID 
+ N-METHYLANILINE 

+ BENZPHETAMINE 

20-3 6 * 3 3 1 
, 2 3 4 5 6 

MINUTES 

FIG. 1. Heme destruction as a function of time. 
The reaction mixtures contained 0.5 p,~ P-450,,, and 
the peroxides and substrates indicated; the usual 
conditions were employed except that cumene hy- 
droperoxide was 1.5 mM and A’-methylaniline 5.0 
mM. 

MINUTES 

FIG. 2. Substrate demethylation by cytochrome 
P-450 as a function of time in the presence of a 
peroxide. In Expt A cumene hydroperoxide (1.0 mM) 
was used with N-methylaniline (6.7 mM) as the sub- 
strate, and in Expt B hydrogen peroxide (50 mM) 
was used with benzphetamine (1.0 mu) as the sub- 
strate. The individual reaction mixtures were incu- 
bated for the time intervals indicated. 

450,,-catalyzed reactions, measurements 
were made within these linear ranges. 

Required components and effects of in- 
hibitors. As indicated in Table III, benz- 
phetamine demethylation shows a com- 
plete dependence onP-450LM, which cannot 
be replaced by boiled enzyme, P-420LM, 
heme, or ferric ions at the same concentra- 
tion. The reaction is also completely de- 
pendent on the presence of hydrogen per- 

oxide and requires phosphatidylcholine 
for full activity. Unlike the usual reconsti- 
tuted microsomal system which requires 
molecular oxygen when NADPH serves as 
the electron donor in the presence of the 
reductase, the peroxide-dependent de- 
methylation is unaffected when 0, is re- 
placed by N, or CO under highly anaerobic 

TABLE III 

REQUIREMENTS FOR SUBSTRATE HYDROXYLATION 

System” Rate of formaldehyde 
formation (nmol(nmo1 

P-450)-’ min-‘) 

Benzphe- N-methyl- 
tamine de- aniline de- 
methyla- 
tion with 

methyla- 
tion with 

hydrogen cumene 
peroxide hydroper- 

oxide 

Complete 27 
Complete, but P-450tM 2 

heat inactivatedb 
NoP-45&, 0 
No P-45RM; P-42&M (1.0 0 

PM) added 

84 

0 

No P-45%,; hemin chlo- 0 
ride (1.0 pM) added 

No P-45hM; FeCl, (1.0 0 
FM) added 

No peroxide 0 0 
No dilauroyl-GPC 14 24 
No 0, (N, present)! 27 
No 0, (CO present)’ 28 
Complete + cyanide (5.0 12 10 

mM) 
Complete + ethyl iso- 5 

cyanide (5.0 mM) 
25 

Complete + SKF 525-A 
(2.0 rnM) 

2 

’ The complete systems were as in Fig. 1, except 
that the incubation times were in the linear range 
(1.5 min with hydrogen peroxide and 2 min with 
cumene hydroperoxide). To prepare P-42RM, P-45RM 
was dialyzed overnight at 4°C against 200 volumes of 
0.05 M phosphate buffer, pH 7.4, to remove the glyc- 
erol; urea was then added to a final concentration of 
6.0 M, and the solution was stirred at room tempera- 
ture for 20 min. The urea was removed by dialysis 
for 3 h against 200 volumes of phosphate buffer at 
room temperature and then overnight aRer a 
change of buffer. The incubation time in each exper- 
iment was 1.5 min. 

b The enzyme was boiled for 10 min at 100°C. 
o The gases were freed of 0, by passage through a 

train containing BASF catalyst (10). 
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conditions. The failure of carbon monoxide 
to inhibit the reaction suggests that the 
ferrous form of P-45b is not involved. On 
the other hand, cyanide and ethyl isocya- 
nide, which are capable of serving as li- 
gands to the iron atom in the ferric form of 
P-450,, (37, 38), are effective inhibitors. 
SKF 525-A, a known inhibitor of many 
microsomal hydroxylation reactions, is 
also inhibitory in the hydrogen peroxide- 
dependent demethylation of benzpheta- 
mine. Similar but less extensive studies 
were carried out on N-methylaniline de- 
methylation, which is also completely de- 
pendent on the presence of the peroxide 
used (cumene hydroperoxide) and P-450,, 
and requires phospholipid for full activity. 

pH optimum. Phosphate buffer, pH 7.4, 
was used in the various experiments be- 
cause this is about the pH optimum in the 
complete reconstituted system (5). The pH 
optimum was determined with two sub- 
strates, as shown in Fig. 3. The results 
show that with N-methylaniline the cu- 
mene hydroperoxide-dependent reaction 
has a broad pH optimum centered at pH 
7.5, whereas the hydrogen peroxide-de- 
pendent reaction increases with increasing 
pH through the range studied. The reason 
for this difference is not known. 

Other hemeproteins. In view of the find- 
ing that P-450,, catalyzes hydroxylation 
reactions in the presence of peroxides, the 
ability of horseradish peroxidase and cata- 
lase to catalyze benzphetamine demethyl- 
ation in the presence of oxygenating 
agents was also examined (Table IV). Un- 
der the conditions used, catalase appeared 
to be slightly active with cumene hydro- 
peroxide, and horseradish peroxidase was 
highly active but only with sodium chlo- 
rite. It should be noted that Gillette et al. 
(39) and Kadlubar et al. (19) have observed 
N-dealkyation by hemeproteins under dif- 
ferent conditions from those employed in 
the present study. 

Effect of peroxide and substrate concen- 
trations on kinetics. The results obtained 
when the concentration of hydrogen perox- 
ide or cumene hydroperoxide was varied in 
the usual system containing P-450,,, di- 
lauroyl-GPC, and substrate (benzpheta- 
mine with hydrogen peroxide or N-methyl- 

FIG. 3. Effect of pH on N-methylaniline demeth- 
ylation in the presence of cumene hydroperoxide 
(Expt A) or aminopyrine demethylation in the pres- 
ence of hydrogen peroxide (Expt B). Aminopyrine 
was used rather than benzphetamine because of the 
insolubility of the latter compound above pH 7.4. 
The usual conditions were employed but with phos- 
phate buffers of varying pH. The incubation time 
was 1.5 min with hydrogen peroxide and 2 min with 
cumene hydroperoxide. 

TABLE IV 

BENZPHETAMINE DEMETHYLATION CATALYZED BY 
HOFSERADISH PEROXIDASE AND CATALASE IN 

PRESENCE OF VARIOUS OXYGENATING AGEN@ 

Oxygenating agent Activity (nmol prod- 
uct formed/nmol 

hemeprotein) 

Horserad- Cata- 
ish eroxi- 

1 
lase 

ase 

Cumene hydroperoxide 1 5 
Hydrogen peroxide 0 0 
Sodium chlorite 107 0 

a The usual components were present, including 
0.15 mM dilauroyl-GPC, but with 1.0 FM peroxidase 
or catalase in place of P-45kM. The incubation time 
was 15 min. The concentration of the oxygenating 
agents was 3.3 mM. 

aniline with cumene hydroperoxide) are 
given in the double-reciprocal plots in Fig. 
4. The apparent& of H,O, is 250 D, and 
the estimated V,,, of the demethylation 
of benzphetamine is 140 nmol (nmol of P- 
450&-‘min-‘. The apparent K, of cu- 
mene hydroperoxide is 0.68 mM, and the 
estimated V,,,,, of the cumene hydroper- 
oxide-supported demethylation of N-meth- 
ylaniline is 147. The concentrations of 
benzphetamine and N-methylaniline were 
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t-’ 
I/IH2021 I/LCLMENE HYDROPEROXIDE] 

FIG. 4. K, values of hydrogen peroxide and cu- 
mene hydroperoxide determined by Lineweaver- 
Burk plots. The usual conditions were used with N- 
methylaniline (6.7 mM) or benzphetamine (1.0 mM) 
as substrate. The incubation times were 1 or 2 min, 
respectively. Velocity is expressed as nanomoles of 
formaldehyde liberated per nanomole of P-450,., per 
minute. 

then varied at several peroxide concentra- 
tions with the results shown in Fig. 5. The 
K, of benzphetamine in the H,O,-sup- 
ported reactions was 0.18 mM and was 
independent of the H,O, concentration 
over the E-fold range tested; a similar 
value has been obtained in the complete 
reconstituted system containing P-450,,,, 
reductase, NADPH, and phospholipids.5 
In contrast, the apparent K, of N-methyl- 
aniline was decreased from 11.8 to 3.0 mM 
when the cumene hydroperoxide concen- 
tration was decreased from 1.0 to 0.3 mM. 
One explanation of the results in Fig. 5 is 
that cumene hydroperoxide competes with 
substrate for binding to the cytochrome 
while H,O, does not. 

Source of oxygen atom in product. When 
the cumene hydroperoxide-dependent hy- 
droxylation of cyclohexane was carried out 
in a medium enriched in H2180, the result- 
ing cyclohexanol, isolated as the trimeth- 
ylsilyl ether, was found to have derived 
only 8.6% of its oxygen from water (Table 
V). Since, as already shown, peroxide-de- 
pendent hydroxylations do not require mo- 
lecular oxygen, it appears that over 90% of 
the oxygen must have been derived from 
cumene hydroperoxide. The low incorpora- 

5 Guengerich, F. P., and Coon, M. J., unpublished 

tion of I*0 from water may be due to a slow 
exchange reaction between water and 
some other component, such as activated 
oxygen, but has not been studied further. 

Stoichiometry of N,N-dimethylaniline 
demethylation. The data in Table VI show 
the stoichiometry of the cumene hydroper- 
oxide-dependent reaction with N,N-di- 
methylaniline as the substrate. Control 
experiments were included with either P- 
450LM or substrate omitted, and only in the 
case of cumyl alcohol formation in the ab- 
sence of substrate was a correction found 
to be necessary. The results indicate that 
essentially equimolar amounts of formal- 
dehyde, N-methylaniline, and cumyl alco- 
hol are formed in the reaction. 

DISCUSSION 

The hydroxylation reactions catalyzed 
by P-450LM in the presence of NADPH and 
NADPH-cytochrome P-450 reductase are 
illustrated by Reaction 111, in which RH 
represents the substrate: 

RH + 0, + NADPH + H+ [ll 
+ ROH + H,O + NADP+. 

The stoichiometry of the reaction has been 
established in the reconstituted system 
(40) and in microsomal suspensions (41). 
As shown in the present paper, the sub- 
strate hydroxylation catalyzed by P-450LM 

I/[N-METHYLANILINE] 

FIG. 5. Effect of hydrogen peroxide concentra- 
tion on the K, of benzphetamine and of cumene 
hydroperoxide concentration on the K,” of N-methyl- 
aniline as determined by Lineweaver-Burk plots. 
The incubation times were 1 and 2 min, respec- 
tively. Velocity is expressed as nanomoles of formal- 
dehyde liberated per nanomole of P-450,,, per min- 

results. ute. 
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TABLE V 

CUMENE HYDROPEROXIDE-DEPENDENT 
HYDROXYLATION OF CYCLOHEXANE IN LSO-E~~~~~~~ 

WATEP 

Water in Cyclohexanol 
medium 

mle Ratio Atom% Incor- 
excess pora- 

‘80 tion (%) 

Normal 129:131 63.00 0 0 
157159 68.91 0 0 

‘*O-enriched 129131 30.46 1.65 8.5 
157:159 31.22 1.70 8.8 

n The components of the reaction mixtures were 
added at 30°C in the order and at the concentrations 
stated in the experimental procedure section, except 
that P-450,,, was present at a level of 10 pM and the 
total volume was 2 ml. The water in the enriched 
reaction mixture contained 19.7% H,‘*O. A control 
experiment was carried out in ordinary water. The 
hydroxylated product was extracted with dichloro- 
methane and treated with N,O-bis(trimethylsilyl1 
acetamide, and the solution was concentrated and 
applied to a short alumina column. Cyclohexyl tri- 
methylsilyl ether was eluted with n-pentane, and 
the solution was analyzed by gas chromatography/ 
mass spectrometry, utilizing a 5-ft 2.5% SE-30 
column operating at 80°C. The ratios of m/e 129:131 
and m/e 157:159 were calculated by computer from 
intensities of the cyclohexyl trimethylsilyl ether 
mass spectral peaks. 

in the presence of a hydroperoxide 
(XOOH) has the following stoichiometry: 

RH + XOOH + ROH + XOH. [21 

When an N-methyl compound serves as 
the substrate, the resulting N-hydroxy- 
methyl compound is presumably formed 
and then breaks down spontaneously to 
form formaldehyde and the demethylated 
amine. That the oxygen in the hydroxyl- 
ated product is derived from the hydroper- 
oxide is established by the lack of incorpo- 
ration of 180-labeled water. Molecular oxy- 
gen as the source of the hydroxyl oxygen is 
ded out by the experiments performed 
anaerobically. 

Reactions [ll and 121 are stimulated to a 
similar extent by phospholipid (71, but 
only the former reaction requires molecu- 
lar oxygen and is inhibited by carbon mon- 
oxide. Presumably, therefore, the activity 
of P-45QLM in the peroxide-supported reac- 
tion does not involve the ferrous state. Ra- 

himtula et al. (20) have proposed the occur- 
rence of higher valence states in such reac- 
tions, ad Rahimtula ad O’Brien (22) 
have suggested that a peroxidase-type 
mechanism may be in operation. The re- 
constitution of NADPH- and NADH-per- 
oxidase activities from solubilized compo- 
nents of rat liver microsomes has recently 
been reported (42). 

The present studies with highly purified 
P-45&, establish that other microsomal 
electron carriers are not required in 
the hydroperoxide-supported reactions. 
Clearly, therefore, the same catalyst is in- 
volved in Reactions [II and [21, and the 
question may be considered whether the 
two types of reactions have common mech- 
anistic features. A two-electron reduction 
of 0, by NADPH in Reaction [ll would 
yield H202, which could be utilized by cyto- 
chrome P-450 in functioning as a peroxi- 
dase. The results presented in this paper 
demonstrate that H202, as well as various 
other peroxides, supports substrate de- 
methylation catalyzed by the purified P- 
45kM. The failure of H,O, to function in 
this manner in microsomal suspensions, 
as reported by others (43), may have been 
due to its destruction by catalase or other 
contaminating enzymes. 

The relatively high concentration of hy- 
drogen peroxide required compared with 
that needed with the alkyl hydroperoxides 
suggests that the species actually binding 
to the enzyme surface may be the hydro- 
peroxide ion, H02-, which could coordi- 
nate more strongly to the iron atom. Cal- 
culation based on the known pKa of hydro- 
gen peroxide of 11.6 (44) shows that, at the 
concentration of hydrogen peroxide usu- 
ally employed (50 mM) at pH 7.4, the con- 
centration of HO,- is 3 ELM. Postulation 
of HO,- as the active species explains the 
observed shape of the pH profile for the 
H,O,-dependent reactions. As the pH in- 
creases the concentration of HOz- will also 
increase, resulting in a greater rate. Hy- 
droperoxides containing an alkyl residue 
may bind at the substrate-binding site and 
consequently not require a preliminary 
ionization step. 

We envision a mechanism sharing com- 
mon features with that of peroxidrses 
(Fig. 6). Binding of substrate and two-elec- 
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TABLE VI 

STOICHIOMETRY OF PEROXIDE~UPPORTEID DEMETHYLATION REACTION” 
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Component determined Amount of component (nmol) 

Complete sys- P-450ccomit- 
tern 

Substrate 
omitted 

Net change Ratio relative 
to y;$;;pl- 

N-methylaniline 518 0 0 +518 1.0 
Formaldehyde 438 0 0 +438 0.8 
Cumyl alcohoP 684 0 161 +523 1.0 

a Reaction mixtures containing 2.1 nmol of P-450LM, 7.0 pmol ofN,N-dimethylaniline, 3.0 pmol of cumene 
hydroperoxide, and the usual buffer and phospholipid, in a final volume of 1.5 ml, were incubated for 5 min 
at 30°C. Formaldehyde was determined by a modification of the Nash method in which color development 
was allowed to take place for 35 min at 25°C; under these conditions formaldehyde was stable in the presence 
of the peroxide. For determination of the other products the reaction was stopped by the addition of 0.5 ml of 
0.25 M NaOH, and the mixture was extracted with 5.0 ml of chloroform. The chloroform layer was 
concentrated to 0.5 ml on a rotary evaporator, and aliquots were injected into a gas-liquid chromatograph 
equipped with a flame ionization detector and a glass column (5 ft x l/e in.) containing 1% Carbowax 20M on 
Diatoport S (SO/l00 mesh). The temperature was 100°C and the carrier gas was N,. The amounts of cumyl 
alcohol and N-methylaniline were estimated by comparison with standards. The data are averages of at 
least two determinations. 

b The cumyl alcohol values are corrected for a small amount of this compound which occurs as a 
contaminant in the purified cumene hydroperoxide. 

FIG. 6. Proposed mechanism for catalytic action 
of liver microsomal cytochrome P-450. 

tron reduction (with formation of the fer- 
rous protein and with a second electron 
bound elsewhere in this hemeprotein) (ll), 
followed by binding of oxygen and protona- 
tion generates a ternary peroxide complex. 
This complex may also be produced by di- 
rect interaction of substrate-bound ferric 
P-4510~~ with hydrogen peroxide, as indi- 
cated. Further protonation and subse- 
quent loss of a molecule of water leaves an 
activated oxygen species which rapidly in- 
serts an oxygen atom into a favorably posi- 
tioned C-H bond of the substrate. Disso- 
ciation of the hydroxylated product regen- 
erates the free ferric form of the enzyme. 
The protonation state of the various inter- 
mediates shown in Fig. 6 is largely specu- 
lative. 

be an oxenoid species, which we have for- 
mulated as a ferric-bound oxygen atom, 
although we recognize that other reso- 
nance structures involving higher oxida- 
tion states of the iron or the porphyrin (45) 
may contribute. Such an intermediate is 
analogous to Compound I of catalase and 
peroxidase. In the case of cytochrome P- 
450, the activated oxygen is reduced by 
reaction with a C-H bond, while, in cata- 
lase, Compound 1 is reduced by abstraction 
of the hydrogen atoms from a second mole- 
cule of hydrogen peroxide. Schonbaum and 
Lo (46) have provided evidence that Com- 
pound I of horseradish peroxidase contains 
a single oxygen atom. Similarly Hager et 
al. (47) have shown through ‘*O-labeling 
studies and stoichiometry determinations 
that Compound I of chloroperoxidase con- 
tains one oxygen atom. In addition, Ra- 
himtula et al. (48) have demonstrated the 
migration and retention of a hydrogen 
atom (“NIH shift”) during hydroxylation 
of 4-L3H]acetanilide. The percentage of re- 
tention was the same in a reconstituted 
system containing cytochrome P-448 in 
NADPH-dependent and cumene hydroper- 
oxide-dependent reactions. These authors 
interpreted their results as evidence for 
the intermediacy of an oxenoid species. 

The activated oxygen moiety appears to In summary, we propose that cyto- 



532 NORDBLOM. WHITE AND COON 

chrome P-450 functions through a peroxi- 
dase-like mechanism in which peroxide is 
generated at the active site by reduction of 
bound oxygen. We have shown that the 
requirement for molecular oxygen, 
NADPH, and NADPH-cytochrome reduc- 
tase may be eliminated by substitution of 
H202, alkyl hydroperoxides, or peracids for 
these components. The peroxides may be 
able to generate an activated oxygen 
which is capable of hydroxylating sub- 
strates and may be essentially the same as 
the intermediate in the reaction cycle of 
cytochrome P-450 in the complete reconsti- 
tuted system. 
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