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Abstract—When guinea pigs were treated with phenobarbital (PB), the specific activity of liver micro-
somal nicotine oxidase increased by 42%. PB-inducible cytochrome P-450 (PB-P-450) was purified to
homogeneity from liver microsomes of PB-treated guinea pigs. Purified PB-P-450 catalyzed nicotine
oxidation when reconstituted with NADPH-P-450 reductase and phospholipid system. Antibody pre-
pared against the purified PB-P-450 formed single precipitation lines with both purified PB-P-450 and
microsomal components in livers of PB-treated guinea pigs, and both precipitation lines fused. The
antibody against PB-P-450 strongly inhibited nicotine oxidation in the reconstituted system. The antibody
also inhibited liver microsomal nicotine oxidase activities in PB-treated and untreated guinea pigs by
about 30% and less than 5% respectively. About 45% of total P-450 in liver microsomes of PB-treated
guinea pigs was precipitated by the antibody. These results show that PB-P-450 participates in liver
microsomal nicotine oxidation in PB-treated guinea pigs but not in untreated control animals.

Nicotine is a major constituent of tobacco and
tobacco smoke. Many studies concerned with the
metabolites and the tissue and the subcellular dis-
tribution of nicotine metabolism have shown that
nicotine is metabolized mainly by liver microsomes
[1-6]). However, it remains obscure as to the reaction
mechanisms of microsomal nicotine oxidation and
the effects of nicotine treatment of animals on nic-
otine and other drug-metabolizing enzyme activities
since the enzymes participating in microsomal nic-
otine oxidation have not been precisely charac-
terized. Hill er al. [7] suggested that P-450% and
mixed-function amine oxidase catalyzed nicotine oxi-
dation in liver microsomes. Unavailability of inhibi-
tors to distinguish between P-450 and mixed-function
amine oxidase [8) has delayed confirmation of their
suggestion. In addition, the purification of P-450 and
mixed-function amine oxidase was difficult at that
time. P-450 is known to play an important role in
drug metabolism and to be composed of several
distinct molecular forms [9]. To study the role of P-
450 in microsomal nicotine oxidation, it is necessary
to characterize nicotine oxidation with purified P-
450. Recently, we showed that PB-P-450 purified
from rat liver microsomes catalyzed nicotine oxi-
dation in a reconstituted system [10]. In this report,
participation of PB-P-450 in microsomal nicotine
oxidation in guinea pigs is quantitatively investigated
using antibody against PB-P-450.

* Author to whom all correspondence should be

addressed. .
+ Abbreviations: P-450, cytochrome P-450; dilauroyl-

GPC, dilauroylglyceryl-3-phosphoryicholine; IgG, immu-
noglobulin G; PB, phenobarbital; SDS-PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; and
PMSF, phenylmethylsulfony! fluoride.

MATERIALS AND METHODS

Treatment of guinea pigs with PB. Male Hartley
guinea pigs (220-270 g) were obtained from the Kiwa
Laboratory Animal Co. (in Wakayama prefecture,
Japan) and received food and tap water ad lib. PB
was injected each day into guinea pigs intra-
peritoneally at 60 mg/kg for 5 days. Animals were
killed between 8:30 and 10:00 a.m. The livers were
minced and homogenized in 4 vol. of 10 mM pot-
assium phosphate buffer (pH 7.4) containing 1.15%
KCl and 1 mM EDTA with six to eight strokes of a
glass homogenizer fitted with a Teflon pestle. The
homogenate was centrifuged at 10,000 g for 40 min,
and then the supernatant fraction was centrifuged at
105,000 g for 1hr. The pellet was washed by sus-
pending it in the homogenizing buffer and recent-
rifuging. The resultant microsomal pellet was resus-
pended in a small volume of 50mM potassium
phosphate buffer (pH 7.4) containing 1 mM EDTA.

Purification of PB-P-450. The washed microsomal
pellet was suspended in 100 mM potassium phos-
phate buffer (pH 7.4) containing 30% glycerol and
1mM EDTA to give 7-10mg protein/ml of the
buffer and then solubilized with sodium cholate
(3 mg detergent/mg protein). After the solution was
centrifuged at 65,000 g for 1.5hr, the supernatant
fraction was applied to an n-octylamino-Sepharose
column. Octylamino-Sepharose column chroma-
tography was carried out as described by Imai and
Sato [11]. The subsequent DE-52 column chroma-
tography was carried out at room temperature as
described by Guengerich and Martin {12]. The eluent
from the DE-52 column was applied to a hydroxyl-
apatite column which had been equilibrated with
30mM potassium phosphate buffer (pH 7.2) con-
taining 20% glycerol and 0.1% Emulgen 913. After
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the column was washed with 60 mM potassium phos-
phate buffer (pH 7.2) containing 20% glycerol, 0.2%
sodium cholate and 0.1% Emulgen 913, P-450 was
eluted with a linear gradient of 60-110 mM phos-
phate buffer (pH 7.2) also containing 20% glycerol,
0.2% sodium cholate and 0.1% Emulgen 913. The
major P-450 peak contained PB-P-450. The early
fractions of the peak contained electrophoretically
homogeneous PB-P-450 whereas the later fractions
contained PB-P-450 with a few minor components.
To remove contaminants and detergents, the later
fractions were diluted to 2vol. with 20% glycerol
and then applied to a second hydroxylapatite
column. After the column was washed with 60 mM
potassium phosphate buffer (pH7.2) containing
20% glycerol until the absorbance at 275 nm in the
eluent was 0.01, PB-P-450 was eluted from the
column with 250 mM potassium phosphate buffer
(pH 7.2) containing 20% glycerol. When the eluent
containing PB-P-450 from a second hydroxylapatite
column was analyzed by SDS-PAGE, the prep-
aration electrophoresed as a major protein band with
a faint band. The faint band was most likely due to
the dimerization of a monomeric PB-P-450 since the
faint band appeared after removal of detergents, and
the molecular weights were estimated to be about
twice that of the major PB-P-450 band by SDS-
PAGE analysis. NADPH-P-450 reductase was par-
tially purified from PB-treated guinea pigs by the
method of Yasukochi and Masters [13]. The prep-
aration was free of P-450 and b5 and had a specific
activity of 33 umoles of cytochrome ¢ reduced/min/
mg protein.

Preparation of antibody against PB-P-450. Purified
P-450 (0.8 mg/ml) was mixed vigorously with an
equal volume of Freund’s complete adjuvant. On
days 1 and 15, male Japanese White rabbits were
subcutaneously injected on the back with 0.4 mg of
PB-P-450 in Freund’s complete adjuvant. The rabbits
were boosted by intravenous injection of 0.4 mg P-
450 in 0.9% saline on day 30. Rabbits were bled 8
days after the last injection. The sera with high titers
were pooled, and the IgG fraction was prepared by
the method of Thomas ef al. [14]. Control IgG was
prepared by the same method using blood obtained
from non-immunized rabbits.

Immunochemical procedures. When inhibition of
liver microsomal and reconstituted nicotine oxidase
activity by anti-PB-P-450 IgG was studied, various
amounts of the antibody were added to the assay
mixture, and the maximum inhibition of the reaction
was determined. Microsomes were preincubated
with the IgG in 100 mM phosphate buffer (pH 7.4)
for 10 min at room temperature. In the reconstituted
system, P-450 was first mixed with the antibody in
100 mM phosphate buffer (pH 7.4) containing 20%
glycerol for 10 min, NADPH-P-450 reductase and
phospholipid were added, followed by an additional
5-min incubation at room temperature. After this
preincubation, MgCl,, NADPH and phosphate buf-
fer were added to the mixture. Reactions were
started by the addition of nicotine.

Immunoprecipitation was used to determine the
amounts of PB-P-450 in liver microsomes of PB-
treated guinea pigs. Washed microsomes were solu-
bilized with sodium cholate as described above and,

H. NakavaMma, T. NakasHIMA and Y. KUROGOCHI

then, centrifuged at 105,000 g for 1 hr. The super-
natant fraction was incubated with anti-PB-P-450 or
control IgG in 5 ml of 100 mM potassium phosphate
buffer (pH 7.4) containing 20% glycerol, 0.4 mM
PMSF and 0.23% sodium cholate. Each mixture
contained 1.54 nmoles of P-450. The incubation was
carried out at room temperature for 30 min and,
then, at 4° for 2 days. After the mixture was centri-
fuged at 5000 g for 20 min, the total amount of P-450
remaining in the supernatant fraction was
determined.

Ouchterlony diffusion plates contained 0.9% aga-
rose, 50 mM potassium phosphate buffer (pH 7.4),
0.9% NaCl, 0.02% sodium azide and 0.2% Emulgen
913. The diameter of the wells was 2.5 mm. After
filling the wells with appropriate sample, the plates
were incubated at 4° for at least 2 days.

Other analytical procedures. Nicotine oxidase
activity was determined at 37° by the methods of
Hucker er al. [3] and Tsujimoto et al. [15] except
for the standard assay mixture. The standard assay
mixture contained 100 mM potassium phosphate buf-
fer (pH7.4), 0.5mM nicotine, 0.5mM NADPH,
6 mM MgCl;, and enzymes in a total volume of 1 or
2ml. The reaction rates were linear for at least
30 min. NADPH-P-450 reductase was assayed by its
ability to catalyze cytochrome ¢ reduction in 100 mM
phosphate buffer (pH 7.7) at 30° [16]. P-450 contents
were determined by the method of Omura and Sato
[17]. SDS-PAGE was carried out according to the
procedure of Laemmli [18]. Protein was determined
by the method of Lowry et al. [19].

Materials. Octylamino-Sepharose was prepared by
the method of Guengerich and Martin [12].
Hydroxylapatite and 2’,5'-ADP-Sepharose were
purchased from Bio-Rad Laboratories and Phar-
macia Fine Chemicals respectively. Cholic acid
(Wako Pure Chemical, Japan) was recrystallized
from 50% (v/v) ethanol. Emulgen 913 was supplied
by the Kao Atlas Co., Japan. All other chemicals
were of the highest purity commercially available.

RESULTS

Treatment of guinea pigs with PB. PB treatment
increased the specific content of P-450 by 40% (Table
1). The specific activity of nicotine oxidase also
increased by 42% but the activity per nmole of P-
450 remained unchanged. These results suggest that
PB-P-450 and constitutive enzymes are active in liver
microsomal nicotine oxidation.

Purification of PB-P-450. Purification was done
repeatedly, and highly purified PB-P-450 was
obtained in all cases. The specific content of the
purified enzyme was 17 to 18.5 nmoles/mg protein
with a recovery of 7-12% of total microsomal P-450.
The purified PB-P-450 in the presence of detergents
showed a single protein band and was estimated
to have minimum molecular weights of 51,000 by
comparison with the standards (Fig. 1a). It was found
that the absolute spectrum of the oxidized PB-P-450
was a Soret peak at 417nm, and the difference
spectrum of the CO complex of the reduced enzyme
was a peak at 450 nm (data not shown). This purified
PB-P-450 is probably identical to a form isolated by
Kitada ef al. on the basis of criteria such as spectral
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Table 1. Effect of PB treatment on P-450 content and nicotine oxidase activity in liver
microsomes of guinea pigs*

Nicotine oxidase activity

P-450 (nmoles nicotine/min/ (nmoles nicotine/min/
Treatment (nmoles/mg protein) mg protein) nmoles P-450)
Control 1.17 £ 0.07 4.02+£0.22 3.55+0.38
PB 1.63 £ 0.07 5.69 £ (0.32 3.55+0.29

* PB was injected intraperitoneally each day into guinea pigs at 60 mg/kg for 5 days. Each

value represents the mean * S.E.M. (N = 6).

properties [20} and minimum molecular weights*.
Figure 1b shows the reactivity of anti-PB-P-450 IgG
with purified PB-P-450 and with liver microsomal
components from PB-treated guinea pigs. Anti-PB-
P-450 IgG reacted with the purified PB-P-450 and
with the microsomal components, and formed a
single fused precipitation line while the antibody did
not cross-react against a partially purified NADPH-
P-450 reductase preparation. On longer incubation,
no other precipitation lines appeared.

Effects of anti-PB-P-450 IgG on nicotine oxidation
catalyzed by the reconstituted system. Table 2 shows
requirements for nicotine oxidation in the recon-
stituted system. PB-P-450, NADPH-P-450 reductase
and NADPH were required absolutely. Figure 2
shows the effects of anti-PB-P-450 IgG on nicotine
oxidation in the reconstituted system. Anti-PB-P-
450 IgG inhibited nicotine oxidation up to more than
95% at a concentration of 14.7 mg of anti-PB-P-450
IgG/nmole of PB-P-450. Control IgG inhibited the
enzyme activity by less than 5% under these assay
conditions. These results show that anti-PB-P-450
IgG is useful in investigating microsomal nicotine
oxidation catalyzed by PB-P-450.

Effects of anti-PB-P-450 IgG on nicotine oxidation
catalyzed by liver microsomes. Anti-PB-P-450 IgG
maximally inhibited nicotine oxidase activity in liver
microsomes of PB-treated guinea pigs by 28% at a
concentration of 7 mg of anti-PB-P-450 IgG/nmole
of P-450 (Fig. 3). On the other hand, the antibody
inhibited nicotine oxidase activity in liver micro-
somes of untreated guinea pigs by less than 5%. The

* K. Kitada, personal communication.

amounts of anti-PB-P-450 IgG required to obtain
maximum inhibition of nicotine oxidation in the
microsomal system were one-third to one-half of
those in the reconstituted system, suggesting that

100 R‘l\y V)

50L

Residual activity (%)

l\.'
o] 5 10 15
Antibody (mg IgG/ nmoles P450)

Fig. 2. Effects of anti-PB-P-450 IgG on nicotine oxidation
catalyzed by the reconstituted system. PB-P-450 was pre-
incubated with anti-PB-P-450 IgG or control IgG as
described in Materials and Methods. The reaction mixture
contained the following components in a total volume of
Iml: 100mM potassium phosphate buffer (pH7.4),
0.5 mM nicotine, 0.5mM NADPH, 6 mM MgCl,, 30 ug
dilauroyl-GPC, 1.37 units NADPH-P-450 reductase,
0.46 nmole PB-P-450, and various amounts of IgG. The
control activity was assayed in the absence of anti-PB-P-450
IgG and control IgG, and 0.39 nmole of nicotine reacted per
min. The activities in the presence of anti-PB-P-450 1gG (@)
and control IgG (x) are shown in the figure as percentage of
control.

Table 2. Requirements for nicotine oxidation catalyzed by the recon-
stituted system

Nicotine oxidation

System (nmoles nicotine/min/ml) % Maximal activity
Complete* 0.33 100
—P-450 0 0
—Reductase 0 0
-NADPH 0 0
-MgCl, 0.24 73

* The complete system contained 0.1 M potassium phosphate buffer
(pH7.4), 0.5mM nicotine, 0.5mM NADPH, 6 mM MgCl,, 30 ug
dilauroyl-GPC, 0.46 nmoles PB-P-450, and 1.37 umoles/min NADPH-P-
450 reductase in a total volume of 1 ml.
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Fig. 3. Effect of anti-PB-P-450 IgG on microsomal nicotine
oxidase activities in livers of PB-treated and untreated
guinea pigs. Anti-PB-P-450 (or control) IgG was pre-
incubated with liver microsomes from PB-treated or
untreated guinea pigs as described in Materials and
Methods. The reaction mixture contained the following
components in a total volume of 2 ml; 100 mM potassium
phosphate buffer (pH7.4), 0.5mM nicotine, 0.5mM
NADPH, 6 mM MgCl,, various amounts of IgG, and micro-
somes from livers of PB-treated or untreated guinea pigs.
The liver microsomal P-450 contents from PB-treated and
untreated guinea pigs were 1.43 and 0.60 nmoles respect-
ively. The activities in the presence of anti-PB-P-450 IgG
are shown in the figure as percentages of the activities
assayed with control IgG. Key: (@) PB-treated guinea pigs,
and (X) untreated guinea pigs.

one-third to one-half of the total P-450 in liver micro-
somes of PB-treated guinea pigs is immuno-
chemically identical to PB-P-450.

Quantitative immunoprecipitation of liver micro-
somal P-450 in PB-treated guinea pigs by anti-PB-P-
450 IgG. Various amounts of anti-PB-P-450 IgG
were added to the liver microsomal solution from
PB-treated guinea pigs, and P-450 remaining in the
solution after incubation and centrifugation was
determined (Fig. 4). About 55% of total microsomal
P-450 was found in the supernatant fraction, indi-
cating that 45% of total microsomal P-450 is im-
munochemically identical to PB-P-450. Under these
incubation conditions, no conversion of P-450 to P-
420 was found. The observed pattern of the immu-
noprecipitation was similar to that of the inhibition
of microsomal nicotine oxidation by anti-PB-P-450
IgG.

DISCUSSION

Antibodies against the components of the micro-
somal electron transport system have been used in
studies of drug metabolism [14, 21-23]. Using anti-
body against PB-P-450 from liver microsomes of PB-
treated guinea pigs, the present report confirmed
quantitatively that PB-P-450 catalyzed nicotine oxi-
dation in liver microsomes of PB-treated guinea pigs
as well as in a reconstituted system. Several different
immunoquantitative techniques have been applied
to PB-P-450 in rat liver microsomes [23-26]. We also
determined the high amounts of PB-P-450 in liver
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Fig. 4. Quantitative immunoprecipitation of PB-P-450 in

liver microsomes of PB-treated guinea pigs by anti-PB-P-

450 IgG. Quantitative immunoprecipitation was carried out

in the presence of anti-PB-P-450 IgG (@) or control IgG

(X) as described in Materials and Methods. Each sample
contained 1.54 nmoles of P-450.

microsomes of PB-treated guinea pigs by a simple
immunoprecipitation technique, though the ratio of
PB-P-450 to total microsomal P-450 in PB-treated
guinea pigs was lower than that in PB-treated rats
[23-26]. On the other hand, PB-P-450 in liver micro-
somes of untreated rats was reported to be low [23-
26]. When liver microsomes from untreated guinea
pigs were analyzed by SDS-PAGE, the protein stain-
ing-band corresponding to PB-P-450 was found to
be faint on the gels (data not shown). PB-P-450
seems scarcely to participate in nicotine oxidation in
liver microsomes of untreated guinea pigs. P-450
isozymes are shown to exhibit different broad and
overlapping substrate specificities, suggesting that
constitutive forms of P-450 may participate in micro-
somal nicotine oxidation. Liver microsomal prep-
arations have been reported to catalyze nicotine
oxidation to hydroxynicotine and nicotine-1’-oxide
[3,7,27,28]. However, hydroxynicotine, which had
been assumed to be a metabolite of nicotine oxi-
dation catalyzed by P-450, has not been identified
definitively, since the compound is unstable [3]. On
the other hand, hepatic microsomal mixed-function
amine oxidase has been reported to catalyze N-
oxidation of a variety of fert-alkyl or arylamines [8].
Both constitutive forms of P-450 and mixed-function
amine oxidase probably catalyze nicotine oxidation
in liver microsomes of PB-treated and untreated
guinea pigs. Antibodies against the components of
the microsomal electron transport system appear to
be useful in investigating the metabolites of micro-
somal nicotine oxidation.
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