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SUMMARY

The carbon monoxide-sensitive liver microsomal mixed-function oxidase has recently
been solubilized and resolved into three components: cytochrome P-450, TPNH-cyto-
chrome P-450 reductase, and a heat-stable fraction. Of a variety of compounds tested as
possible substrates in the reconstituted rat liver enzyme system, d-benzphetamine (N-ben-
zyl-N ,a-dimethylphenylethylamine) was the most active. A series of n-alkanes (hexane,
heptane, octane, nonane, decane, dodecane, tetradecane, and hexadecane) were
shown to serve as substrates, as well as compounds such as cyclohexane, ethylmorphine,
hexobarbital, aminopyrine, and norcodeine, which are known to undergo hydroxylation in
intact microsomal suspensions. Trilaurin, diolein, and triolein appeared to be active, whereas
certain other lipids, including a series of fatty acids, and aniline were not.

In the reconstituted rabbit liver enzyme system, hexane was the most active substrate,
followed by cyclohexane and benzphetamine. A series of fatty acids from hexanoate to
palmitoleate were found to undergo hydroxylation, in contrast to the results obtained in
the rat liver enzyme system.

An absolute requirement for the heat-stable lipid fraction was shown for the hydroxyla-
tion of the various drugs as well as of several alkanes. A study of the stoichiometry of
benzphetamine demethylation (resulting from hydroxylation of the methyl group and
liberation of the resulting hydroxymethyl group as formaldehyde) indicated that equimolar
amounts of TPNH and molecular oxygen were consumed and of formaldehyde were pro-
duced. The results corresponded to the stoichiometry expected of a mixed-function oxidase,
provided that catalase was added to the enzyme system. In the absence of catalase, a
significantly greater oxygen uptake was observed.

The K. of benzphetamine was 1.8 X 10~ M in the reconstituted enzyme system, and the
K, of benzphetamine, which was unaltered in the absence of the heat-stable lipid fraction,
was 5.5 X 10~ M. Aniline and octane were shown to act as competitive inhibitors with
respect to benzphetamine.

INTRODUCTION the carbon monoxide-binding pigment of
As described elsewhere (1-3), we have microsomes (4), in a solubilized form which

reoently obtained liver cytochrome P.450’ retains the ability of the microsome-bound
form of this pigment to w-hydroxylate fatty
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tions, cytochrome P-450, TPNH-cyto-
chrome P-450 reductase, and a heat-stable
component, all of which were required for
fatty acid hydroxylation to occur at the
maximal rate. The reconstitution of a drug-
demethylating system from these compo-
nents has recently been reported in a brief
communication (5). The present paper is
concerned with the substrate specificity and
other properties of the reconstituted enzyme
system and with the stoichiometry of the
benzphetamine demethylation reaction.

METHODS

The rate of hydroxylation of various sub-
strates was assayed by TPNH utilization,
oxygen uptake, or product formation. The
formation of formaldehyde from various N-
and O-methyl compounds was measured by
the method of Nash (6) as modified by
Cochin and Axelrod (7). The disappearance
of TPNH was determined at 340 mu with a
spectrophotometer equipped with a Gilford
multiple-sample absorbance recorder (5).
TPNH oxidation was found to be linear for
at least 10 min; all of the rates reported were
determined under such conditions of line-
arity. Oxygen consumption was measured
with a Clark type oxygen electrode used in
conjunction with a Sargent SRL recorder;
after equilibration of the mixture at 30°
TPNH was added through a capillary slit.
In all experiments the temperature was 30°,
and semicarbazide was included routinely in
the reaction mixtures as a formaldehyde-
trapping agent. MgCl, was added because of
the report of Peters and Fouts (8) that it
enhances the rate of some microsomal hy-
droxylation reactions, including that of benz-
phetamine. In our resolved enzyme system
the omission of either Mg++ or semicarba-
zide had no effect on the hydroxylation of
benzphetamine as estimated by TPNH oxi-
dation, but the omission of both caused a
slight diminution of activity. Phosphate
buffer, pH 7.5, was used (as the potassium
salt) because it provides the optimal pH for
fatty acid hydroxylation in the resolved rab-
bit liver enzyme system (3). In experiments
not presented here, benzphetamine demeth-
ylation was shown to have the same pH
optimum.
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Bovine liver catalase, grades A and B,
was obtained from Calbiochem; phospho-
lipids and di- and triglycerides were obtained
from the Anspec Company, Ann Arbor,
Mich.; and alkanes, from Phillips Petro-
leum, with the exception of dodecane, tetra-
decane, and hexadecane, which were ob-
tained from Beckman, and cyclohexane,
from Matheson, Coleman, and Bell. d-Benz-
phetamine was kindly donated by Dr. J. W.
Hinman of the Upjohn Company; norco-
deine, by Dr. T. R. Tephly; and ethylmor-
phine and aminopyrine, by Dr. H. A.
Sasame. The various fatty acids were ob-
tained from the Hormel Institute.

Because of the poor solubility of many of
the substrates tested, organic solvents were
employed. The alkanes and di- and triglye-
erides were dissolved in acetone and the
fatty acids in 5% acetone and added to the
reaction mixtures in amounts such that the
final acetone concentration was 1% or less.
The phospholipids were dissolved in meth-
anol and added in amounts such that the
final methanol concentration was 2 % or less.
The complete reaction mixtures containing
substrates added in this manner remained
free of turbidity during the course of the ex-
periments. In control experiments it was
shown that these concentrations of methanol
and acetone had no effect on the rate of
TPNH oxidation in either the presence or
absence of benzphetamine. Since all of the
drugs were routinely added in aqueous solu-
tion, the possible conversion of methanol to
formaldehyde was not a problem.

Liver microsomal suspensions were pre-
pared from rabbits induced with phenobar-
bital or rats induced with phenobarbital and
hydrocortisone in the manner described pre-
viously (5). The method of solubilization of
the enzyme system and resolution by column
chromatography into fractions containing
the heat-stable lipid, cytochrome P-450, and
TPNH-cytochrome P-450 reductase has
been described (3). The latter two compo-
nents were concentrated by the use of alu-

mina Cry gel.

RESULTS

Substrate specificity. A series of possible
substrates was tested with the reconstituted
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TABLE 1

Substrate specificilty of reconstituted rat liver
microsomal enzyme system

TPNH disappearance was determined in reac-
tion mixtures containing 100 umoles of phosphate
buffer (pH 7.5), 5 umoles of MgCl., 3 umoles of
semicarbazide, and the following components from
rat liver microsomes: reductase fraction (0.09 mg
of protein), cytochrome P-450 fraction (0.32 nmole;
0.44 mg of protein), and lipid fraction (0.1 mg),
in a final volume of 1.0 ml. The reaction was ini-
tiated by the addition of 0.15 umole of TPNH.
The rate with benzphetamine (AAso = —0.036/
min), corrected for the rate of TPNH oxidation in
the absence of the substrate (AAdj;o = —0.015/
min), gave a calculated rate of 3.4 nmoles/min.
The data given represent averages of two or more
determinations.

Compound tested  Final concentration l:g:?:;:;
M %%

Benzphetamine 1.0 X 107* 100
Ethylmorphine 1.0 X 107? 72
Hexobarbital 1.0 X 1072 42
Aminopyrine 1.0 X 1072 32
Norcodeine 6.0 X 1072 30
Aniline 0.2-1.0 X 10°? (14
Hexane 5.0 X 10~ 65
Cyclohexane 1.0 X 1072 30
Heptane 5.0 X 10~ 55
Octane 5.0 X 10~ 45
Nonane 5.0 X 10— 43
Decane 5.0 X 10~ 55
Dodecane 5.0 X 10~ 36
Tetradecane 5.0 X 10~ 14
Hexadecane 5.0 X 10 19
Fatty acids® 0
Lecithin 0.2-3.4 X 10 0
Lysolecithin 0.2-3.4 X 10~* 0
Phosphatidyl-

ethanolamine 0.2-3.2 X 10* (1
Tricaproin 2.0-5.0 X 10~ 0
Trilaurin 4.0 X 10~ 10
Diolein 4.0 X 10 25
Triolein 2.5 X 104 15

@ Determined by formaldehyde formation, since
turbidity prevented using the spectral assay for
TPNH disappearance.

b Aniline hydroxylation was determined as
described by Schenkman et al. (9); similar results
were obtained when the lipid fraction was omitted.

¢ The fatty acids and their concentrations were
the same as in Table 2.

4 Similar results were obtained when either
this compound or lauric acid was solubilized by
sonication in the absence of an organic solvent.
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rat liver system, using the spectral assay de-
scribed previously (5). The initial rate of
TPNH oxidation was determined at a series
of substrate concentrations; the values
shown in Table 1 are those which were ob-
tained at the concentrations found to be
optimal, and are therefore maximal veloci-
ties. Benzphetamine proved to be hydroxyl-
ated the most rapidly of any of the com-
pounds tested, and significant activity was
also obtained with other drugs known to
undergo demethylation in intact micro-
somes, as well as with cyclohexane, a series
of n-alkanes from hexane to hexadecane, and
certain glycerides (trilaurin, diolein, and
triolein). On the other hand, aniline, phos-
pholipids, and a series of fatty acids appeared
to be inactive. Laurate was not hydroxylated
when tested in the absence of acetone or
when, under the same conditions, the lipid
fraction was omitted. When the more sensi-

TABLE 2

Substrate specificity of reconstiluted rabbit liver
microsomal enzyme system

The conditions were similar to those already
described, except that the following components
were obtained from rabbit liver microsomes:
reductase fraction (0.21 mg of protein), cyto-
chrome P-450 fraction (0.26 mg of protein; 0.5
nmole), and lipid fraction (0.08 mg). The net
rate with benzphetamine, (Ads = —0.043/min),
corrected for the rate in the absence of substrate

(AAs = —0.016/min), gave a calculated net
rate of 4.0 nmoles/min.
Compound tested  Final concentration al.{cﬂ:ﬁ;i
M %
Benzphetamine 1.0 X 1072 100
Aniline 1.0-2.0 X 102 0
Cyclohexane 1.0 X 107 151
Hexane 5.0 X 10 200
Hexanoate 1.0 X 1072 12
Heptanoate 5.0 X 1073 8
Octanoate 2.5 X 10~ 28
Laurate 2.0 X 10 12
Tridecanoate 1.0 X 10~* 48
Palmitoleate 1.0 X 10— 32
Diolein 4.0 X 10~ 35
Lecithin 0.8-1.7 X 10~* 0
Lysolecithin 1.1-2.3 X 10~* 0

« Estimated by TPNH disappearance at 340
myu.
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TABLE 3
Lipid requirement for substrate hydrozylation
Rat liver microsomal fractions and various
substrates were used as in Table 1. The spectral
assay for TPNH disappearance was used, except
with norcodeine, for which formaldehyde produc-
tion was determined.

Rate of reaction

Substrate —
Lipid present Lipid absent
nmoles/min
Benzphetamine 3.8 0
Hexobarbital 1.7 0
Ethylmorphine 2.7 0.3
Aminopyrine 1.2 (4]
Norcodeine 1.2 0.2
Hexane 2.0 0
Cyclohexane 0.9 0
Octane 1.8 0

tive radioactive assay (10) was employed,
laurate was shown to exhibit low but signifi-
cant activity in the rat liver system.

A less extensive series of compounds was
tested with the reconstituted rabbit liver
system (Table 2). n-Hexane was the most
active substrate, followed by cyclohexane
and benzphetamine, and fatty acids from
hexanoate to palmitoleate were also attacked
at sufficiently rapid rates to be measured
spectrophotometrically. Aminopyrine, ethyl-
morphine, hexobarbital, norcodeine, and
p-nitroanisole were previously shown to
undergo demethylation in the presence of a
rabbit liver cytochrome P-450 fraction and
a rat liver reductase fraction (5); presumably
the substrate specificity was imparted by the
cytochrome P-450 fraction. It may be noted
that the optimal concentration of cyclohex-
ane was the highest of any of the compounds
studied.

It should be emphasized that the sub-
strate-dependent rate of TPNH oxidation
appears to be a reliable measure of the rate
of hydroxylation in the reconstituted en-
zyme system. Formaldehyde formation from
benzphetamine (see below), ethylmorphine,
hexobarbital, and aminopyrine and product
formation from typical radioactive alkane
and fatty acid substrates were all shown to
correspond satisfactorily to TPNH oxida-
tion.
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Lipid requirement. The rate of w-hydroxyl-
ation of laurate in the resolved rabbit liver
microsomal system was previously shown to
be reduced to about 30 % in the absence of
the lipid fraction (3). More recently, better
resolution of the lipid from the enzyme com-
ponents has been achieved with the rat liver
enzyme system by washing the DEAE-cellu-
lose column with buffer before eluting with
KCIl. For reasons that are not yet clear, how-
ever, this modified procedure does not con-
sistently improve the resolution. As shown
in Table 3, in the absence of the lipid frac-
tion the demethylation of benzphetamine
and other drugs and the hydroxylation of
hydrocarbons is reduced to an insignificant
level. The rate of benzphetamine hydroxyla-
tion was shown to be proportional to the
lipid concentration over a limited range
(Fig. 1).

Stoichiometry of benzphetamine demethyla-
tion. The data in Table 4 show the stoichi-
ometry of the hydroxylation reaction with
benzphetamine as the substrate. Essentially
equimolar amounts of TPNH and O, were
consumed and of formaldehyde were pro-
duced, provided that catalase was added to
the reaction mixture. In the absence of cat-
alase similar results were obtained for
TPNH disappearance and formaldehyde for-
mation, but the oxygen consumption was
high. The reason for this effect of catalase is
not yet known, but it is evident from the
data obtained that catalase had no signifi-
cant effect on the rates determined in the
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TPNH Oxidized (nmoles per min)

F1G. 1. Benzphetamine hydrozylation as a func-
tion of concentration of lipid fraction added

The reaction mixtures contained, in addition
to the usual components, 1 yumole of benzphetamine
and the following rat liver microsomal fractions:
reductase (0.15 mg of protein), cytochrome P-450
(0.26 nmole), and the indicated amounts of lipid.
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TABLE 4
Stoichiometry of benzphetamine hydrozylation

Reaction mixtures containing 300 umoles of phosphate buffer (pH 7.5), 10 umoles of semicarbazide,
20 umoles of MgCl: , 3 umoles of benzphetamine, rabbit liver cytochrome P-450 fraction (1.6 nmoles;
0.88 mg of protein), rabbit liver lipid fraction (0.18 mg), and rat liver reductase fraction (0.3 mg of
protein) were incubated at 30° for at least 2 min before the addition of TPNH (1 umole) to initiate the
reaction; the final volume was 3.0 ml. The formation of formaldehyde and the disappearance of TPNH
and O; were shown to be linear with time for the entire incubation. Where indicated, catalase (Calbio-
chem, grade B; 40 ug of protein) was added prior to TPNH; similar results were obtained with crystalline
catalase (4 ug). The data are averages of at least two determinations.

Increase or decrease in components

Ratio relative

Reaction component Catalase
determined present Ben;e:;eet::nine Benill))lgglt:mine Net change l:‘t’lh’l;l; ffoﬁn
nmoles/min
Experiment 1
Formaldehyde - +21.3 +3.6 +17.7 0.9
TPNH - —26.3 —6.0 —-20.3 1.0
0. - —47.5 —-18.8 —28.7 1.4
Experiment 2
Formaldehyde + +21.6 +4.1 +17.5 0.9
TPNH + —26.8 —6.8 —20.0 1.0
0: + —-35.0 —16.1 —18.9 0.9
40— — T effect of the benzphetamine concentration
on the magnitude of the difference spectrum,
3 1  determined as Aws — Aus, is shown in the
-3 20- i inverse plot in Fig. 2. From these data the

P PP P

T2 3 ¢ s m

(Benzphetamine)

F1G. 2. Inverse plot for determination of K,
of benzphetamine

The magnitude of the spectral change induced
by varying concentrations of benzphetamine was
determined at room temperature as Ass minus
A in the presence of the rat liver cytochrome
P-450 fraction (2.1 nmoles; 6.1 mg of protein)
and 100 umoles of phosphate buffer, pH 7.5, in
either the presence (O) or absence (A) of the rat
liver lipid fraction (0.4 mg). The final volume was
1.0 ml. The K, of benzphetamine is 5.5 X 1074 M.

absence of benzphetamine. Rat and rabbit
liver enzyme components were found to be
interchangeable in the experiments establish-
ing the stoichiometry of the reaction.
Kinetic constants and effects of inhibitors.
As reported previously (5), benzphetamine
gives a type I difference spectrum with the
resolved cytochrome P-450 fraction. The

K, of benzphetamine was found to be 5.5 X
10~ M, and it should be noted that the pres-
ence of the lipid fraction had no effect on
the magnitude of this dissociation constant.
The K. of benzphetamine was found to be
1.8 X 10~* M in the complete hydroxylation
assay system (Figs. 3 and 4). These constants
obtained in the resolved enzyme system are
similar in magnitude, although not identical,
to those recently obtained by Peters and
Fouts! for benzphetamine in rat liver micro-
somal suspensions; these investigators found
that magnesium ions brought about a slight
decrease in the apparent K, and a slight in-
crease in the apparent K. of this substrate.

The effect of octane on the velocity of
benzphetamine hydroxylation is shown in
the inverse plot in Fig. 3. Formaldehyde
formation was determined in such experi-
ments, rather than TPNH disappearance,
since the latter method would measure the
hydroxylation of the added octane as well as
that of benzphetamine. The results indicate

1 J. R. Fouts, personal communication.
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F16. 3. Inverse plot showing effect of octane on velocity of benzphetamine hydrozylation
Formaldehyde formation was determined in the presence (A) or absence (O) of 6 X 10~* M octane in
reaction mixtures containing, in addition to the usual components, the following rat liver microsomal
fractions: reductase (0.2 mg of protein), cytochrome P-450 (0.21 nmole; C.51 mg of protein), and lipid
(0.12 mg). The velocity is expressed as nanomoles of formaldehyde formed per minute. The Knm of benz-

phetamine and the K; of octane were found to be 1.9 X 10~¢ M and 4.4 X 104 M, respectively.
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Fig. 4. Inverse plot indicating effect of aniline on velocity of benzphetamine hydrozxylation
The benzphetamine-dependent disappearance of TPNH was determined in the absence (O) or pres-
ence of 5.0 X 107 M (@) or 2.0 X 107 M (A) aniline in reaction mixtures containing, in addition to the
other usual components, the following rat liver microsomal fractions: reductase (0.16 mg of protein),
lipid (0.1 mg), and cytochrome P-450 (0.13 nmole; 0.2 mg of protein). The velocity is expressed as nano-
moles of TPNH oxidized per minute. The K of benzphetamine and the K; of aniline were found to be
1.8 X 10~* M and 8.0 X 1074 M, respectively.

that octane is a competitive inhibitor with exception of a loss of activity toward aniline
respect to benzphetamine. Since aniline is (tested in the rat liver system only) and a
not hydroxylated in the reconstituted en- much decreased activity toward fatty acids
zyme system, the rate of TPNH oxidation in the rat liver system (but not in that from
could be used to determine the effect of this rabbit liver), the solubilized form of eyto-
compound on the rate of benzphetamine chrome P-450 evidently retains the catalytic
hydroxylation. The inverse plot of the data activity of the particulate, microsomal form
obtained (Fig. 4) indicates that aniline, like of this pigment. Liver microsomal suspen-
octane, behaves as a competitive inhibitor sions have been shown to hydroxylate fatty

with respect to benzphetamine. acids (1-3, 11-13), various steroids (14-17),
carcinogenic polycyclic hydrocarbons (18),
DISCUSSION and a variety of drugs and related substances

The results presented show that the solu- (18, 19). We have previously reported that
bilized and reconstituted enzyme system ex- octane hydroxylation occurs in the reconsti-
hibits activity toward a variety of drugs, hy- tuted microsomal enzyme system (3, 20).
drocarbons, and fatty acids. With the Spectral data showing the interaction of
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hexane with rat liver microsomal cytochrome
P-450 (21) and evidence for the occurrence
of heptane oxidation in the microsomal frac-
tion of rat liver (11) and of hexadecane oxi-
dation in the microsomal fraction of guinea
pig intestinal mucosa (22) have been re-
ported by others. During the course of the
present investigation, papers appeared by
Ichihara et al. (23, 24) describing the oxida-
tion of long-chain alkanes in mouse liver
microsomal suspensions. Ullrich (25) has
recently reported that cyclohexane is con-
verted to cyclohexanol by rat liver micro-
somes, and has clearly shown the involve-
ment of cytochrome P-450 in the reaction.

The requirement for a heat-stable lipid
fraction for reconstitution of an active en-
zyme system, previously demonstrated for
fatty acid w-hydroxylation (3) and benz-
phetamine demethylation (5), has now been
shown for the hydroxylation of hydrocarbons
as well as several other drugs. The function
of the lipid fraction remains to be estab-
lished; no lipid-dependent change in the
rate or extent of cytochrome P-450 reduction
or in the K, of laurate was observed previ-
ously (3), or in the K, of benzphetamine in
the present investigation. Although deoxy-
cholate does not replace the lipid fraction,
the possibility remains that an impurity in
the deoxycholate used to aid in the solubili-
zation of the enzyme system is the active
component, or one of the active components,
of the heat-stable, chloroform-soluble frac-
tion obtained by column chromatography of
the system on DEAE-cellulose.

The competitive inhibition observed when
octane or aniline is added to the reconsti-
tuted enzyme system in the presence of
benzphetamine as the substrate suggests a
common binding site for these compounds.
Kinetic data obtained with microsomal sus-
pensions have been reported previously by
Rubin et al. (26), showing that certain drugs
are mutually competitive; by Tephly and
Mannering (27), showing that steroids com-
petitively inhibit the oxidation of drugs; and
by Wada et al. (28), indicating that pred-
nisolone and hydrocortisone competitively
inhibit aniline hydroxylation and aminopy-
rine demethylation. Although the existence
of multiple forms of cytochrome P-450
would account for the broad substrate speci-
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ficity, no more than one form has been
identified with certainty by spectral meth-
ods (29, 30). Recently, Leibman et al. (31)
have studied the effects of certain substrates
upon the difference spectra produced by the
binding of other substrates to liver micro-
somes and have concluded that a single cyto-
chrome P-450 may be capable of interacting
in different ways with type I and type II sub-
strates. It seems unlikely, from the evidence
now available, that the remarkably broad
specificity of cytochrome P-450 is due to the
occurrence of many distinct forms of this
hemoprotein. Evidence is now available,
however, that the administration of 3-meth-
ylcholanthrene to animals induces the syn-
thesis of a spectrally distinct form of P-450
involved in the hydroxylation of aromatic
carcinogens (32-36). An alternative explana-
tion to the problem of specificity is that cyto-
chrome P-450 possesses multiple sites. The
mutually competitive inhibition which has
been observed between substrates is in ac-
cord with the hypothesis that this hemopro-
tein possesses multiple catalytic sites, pro-
vided that these also function as effector
sites, thereby giving allosteric control. For
example, substrate A, in binding to cat-
alytic-effector site A’, may, by promoting a
conformational change, inhibit the binding
of substrate B at catalytic-effector site B’.
Conversely, substrate B, upon binding at
catalytic-effector site B’, may prevent the
binding of A at site A’. The individual sites
might be group-specific—one binding the
methyl groups of fatty acids and alkanes,
another binding those drugs containing N-
and O-methyl groups, another binding ani-
line, and so forth. Attempts are now in
progress to purify the resolved form of cyto-
chrome P-450 in order to determine how
many distinct forms exist and whether
allosteric control is a feature of this hemo-
protein.

The difficulties involved in determining
the stoichiometry of drug hydroxylation in
microsomal suspensions have been sum-
marized in a review by Gillette (19). To our
knowledge the only previous evidence for
the equivalence of formaldehyde formation
and O, and TPNH utilization is that of
Orrenius (37), who studied aminopyrine
oxidation in rat liver microsomal suspen-
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sions. More recently, however, Estabrook
and Cohen (38) have reported the utilization
of 2 moles of TPNH per mole of formalde-
hyde formed from aminopyrine in micro-
somes. The stoichiometry of benzphetamine
demethylation, which we have determined
in the reconstituted enzyme system, corre-
sponds to that of a hydroxylation or mono-
oxygenation reaction, as follows.

R:NCH; + TPNH + H* 4+ O: — R:NH
+ CH:0 + TPN* + H.0

The effect of catalase in lowering the ap-
parent oxygen uptake indicates an additional
variable which may complicate similar stud-
ies with intact microsomes.
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