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Cytochrome P-450) has been purified to electrophoretic homogeneity from hepatic
microsomes of adult male rats administered ethanol and compared to the corresponding
enzyme from isoniazid-treated rats. The enzymes isolated from ethanol- and isoniazid-
treated rats have identical chromatographic properties, minimum molecular weights,
spectral properties, peptide maps, NH,-terminal sequences, immunochemical reactivities,
and substrate selectivities. Both preparations of cytochrome P-450j have high catalytic
activity in aniline hydroxylation, butanol oxidation, and N-nitrosodimethylamine de-
methylation with turnover numbers of 17-18, 37-46, and 15 nmol product/min/nmol of
P-450, respectively. A single immunoprecipitin band exhibiting complete identity was
observed when the two preparations were tested by double diffusion analysis with an-
tibody to isoniazid-inducible cytochrome P-450j. Ethanol- and isoniazid-inducible rat
liver cytochrome P-450j preparations have also been compared and contrasted with
cytochrome P-450 isozyme 3a, the major ethanol-inducible isozyme from rabbit liver.
The rat and rabbit liver enzymes have slightly different minimum molecular weights
and somewhat different peptide maps but similar spectral, catalytic, and immunological
properties, as well as significant homology in their NH;-terminal sequences. Antibody
to either the rat or rabbit isozyme cross-reacts with the heterologous enzyme, showing
a strong reaction of partial identity. Antibody against isozyme 3a specifically recognizes
cytochrome P-450j in immunoblots of induced rat liver microsomes. Aniline hydroxyl-
ation catalyzed by the reconstituted system containing cytochrome P-450j is markedly
inhibited (>90% )by antibody to the rabbit protein. Furthermore, greater than 85% of
butanol or aniline metabolism catalyzed by hepatic microsomes from ethanol- or iso-
niazid-treated rats is inhibited by antibody against isozyme 3a. Results of antibody
inhibition studies suggest that cytochrome P-450j is induced four- to sixfold by ethanol
or isoniazid treatment of rats. All of the evidence presented in this study indicates that
the identical cytochrome P-450, P-450j, is induced in rat liver by either isoniazid or
ethanol, and that this isozyme is closely related to rabbit cytochrome P-450 isozyme 3a.
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Cytochrome P-450, the terminal electron
acceptor and substrate-binding site of the
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hepatic microsomal mixed-function oxi-
dase system, catalyzes the metabolism of
an almost limitless number of xenobioties
as well as certain endogenous compounds
(1-3). This enzyme system serves as a route
of detoxification and, in contrast, also as a
route of metabolic activation to yield re-
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active metabolites that initiate toxic and
carcinogenic events (4). Hepatic micro-
somes contain multiple cytochrome P-450
isozymes, each possessing broad and over-
lapping substrate selectivity, that contrib-
ute to the metabolic versatility of this sys-
tem. The cytochrome P-450 population
present in microsomes is subject to com-
plex regulation, being dependent on age
and sex as well as treatment of an animal
with inducers.

Two clinically relevant hepatotoxins,
isoniazid and ethanol, have been shown to
be inducers of rat hepatic microsomal cy-
tochrome P-450 with inducing properties
unlike phenobarbital or S-naphthoflavone
(3-methylcholanthrene) (5~15) but similar
to each other. Although neither compound
is a potent inducer of total microsomal cy-
tochrome P-450, treatment of rats with ei-
ther isoniazid or ethanol results in a shift
in the microsomal CO-reduced difference
spectral maximum from 450 to 451-452 nm
(7, 9, 10, 15). Microsomal electrophoretic
patterns indicate that treatment of rats
with either of these inducers results in the
appearance of a protein-staining band of
the same mobility (M, ~ 51,000) (7, 8, 11,
14, 15). Enhanced rat liver microsomal me-
tabolism of certain substrates, most no-
tably aniline (6, 9, 10, 15) and ether anes-
thetics (9, 12), is also associated with both
isoniazid and ethanol induction. Ethanol
treatment of rats has also been character-
ized by increased rates of metabolism of
alcohols (7) and NDMA2 (11) in rat liver,
but these pathways have not been studied
in'rats administered isoniazid. Koop et al.
(16, 17) purified eytochrome P-450 isozyme
3a originally from liver microsomes of
ethanol-treated (16) and subsequently from
imidazole-treated rabbits (17). This en-
zyme, which exhibits high catalytic activity
toward alcohol and aniline metabolism (16,
18, 19), as well as NDMA demethylation
(20), has been shown to be inducible in rab-
bit liver by ethanol and isoniazid as well
as other agents including trichloroethyl-

3 Abbreviations used: androstane disulfate, 5a-an-
drostane-3a, 178-diol-8,17-disulfate; NDMA, N-ni-
trosodimethylamine; SDS, sodium dodecyl sulfate;
TCA, trichloroacetic acid; IgG; immunoglobulin G.
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ene, acetone, and pyrazole (21). The results
of Ingelman-Sundberg and Jornvall (22)
suggest that benzene induces the same cy-
tochrome P-450 as ethanol in rabbit liver.

Cytochrome P-450j, which has recently
been purified to electrophoretic homoge-
neity from isoniazid-treated adult male
rats, appears to be a major protein induced
in hepatic microsomes after administra-
tion of this drug (15). This cytochrome is
distinet from nine other purified rat he-
patic microsomal cytochromes P-450 (P-
450a-P-450i) (14, 15, 23) but has several
properties similar to rabbit liver isozyme
3a. Both cytochrome P-450j and rabbit liver
isozyme 3a have similar spectral and cat-
alytic properties, and 13 of the first 19
amino acid residues of the two proteins are
identical (15, 16). In the present paper, we
report the characterization of cytochrome
P-450j from ethanol-treated adult male
rats and present a comparison with the
corresponding enzyme from isoniazid-
treated rats and with isozyme 3a from
ethanol-treated rabbits.

EXPERIMENTAL PROCEDURES

Purification of microsomal enzymes. Forty adult
male Long Evans rats (Blue Spruce Farms, Altamont,
N. Y.) at 8 weeks of age were administered isoniazid
(Aldrich) in drinking water (0.1%, w/v) for 10 days
as previously described (15). In other experiments,
animals were maintained on a liquid diet containing
ethanol for approximately 5 weeks by the protocol
reported by Lieber and De Carli (24). Hepatic micro-
somes were prepared from both groups of rats, and
the specific contents ranged from 1.0 to 1.5 nmol of
cytochrome P-450/mg of protein.

Cytochrome P-450j was purified to electrophoretic
homogeneity from hepatic microsomal preparations
of isoniazid- or ethanol-treated rats by the method
recently reported (15). In both cases, the purified en-
zymes had a specific content of 11-13 nmol of cyto-
chrome P-450/mg protein, and the overall recovery
of purified cytochrome P-450j from total microsomal
cytochrome P-450 was 1-2%. Cytochrome P-450 iso-
zyme 3a was isolated from hepatic microsomes of
ethanol-treated adult New Zealand male rabbits by
the procedure of Koop et al. (16).

NADPH-cytochrome P-450 reductase was purified
from phenobarbital-treated rats to a specific activity
of 35,000-40,000 units/mg protein by a combination
of the methods of Dignam and Strobel (25) and Ya-
sukochi and Masters (26). Enzyme activity was de-
termined by the procedure of Phillips and Langdon
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(27), and one unit of reductase is defined as that
amount catalyzing the reduction of 1 nmol of cyto-
chrome ¢/min at 22°C. Electrophoretically homoge-
neous reductase from phenobarbital-treated rabbits,
purified as described (28), was used in certain exper-
iments as indicated.

Preparation of antibodies. Antibodies to cytochrome
P-450 isozyme 3a were elicited in female sheep as pre-
viously described (29). Antisera or purified IgG was
used as designated. Antibodies to rat hepatic cyto-
chrome P-450j were produced in New Zealand rabbits
by the protocol of Thomas et al (80). Quchterlony
double diffusion plates were prepared with or without
the addition of detergent as described (30).

Assays for catalytic activity. The following refer-
ences contain the methods for assays of the various
substrates: [N-methyl-**Clbenzphetamine (81), [2-
4CThexobarbital (32, 33), benzoa[a]pyrene (34), {4,6-
SH]zoxazolamine (35), [2-®Hlestradiol-178 (36), 7-
ethoxycoumarin (37), p-nitroanisole (38), androstane
disulfate (39, 40), aniline (16, 41), NDMA (42, 43), and
butanol (18, 44). Metabolites of testosterone were an-
alyzed as previously reported (45, 46).

Catalytic activity was assayed under conditions in
which product formation was proportional to hemo-
protein concentration and time of incubation. In re-
constitution experiments, other purified cytochrome
P-450 isozymes with known activity were included for
reference. Saturating amounts of NADPH-cyto-
chrome P-450 reductase and optimal dilauroylglyc-
eryl-3-phosphorylcholine (15-30 uM, depending on the
substrate utilized) were used in all experiments. The
phospholipid (1.5 mM) was prepared in water and
sonicated immediately before use.

To determine the effect of anti-3a IgG on aniline
hydroxylation catalyzed by the purified cytochromes
P-450, various ratios of sheep anti-3a IgG to preim-
mune IgG yielding a total of 1 mg were preincubated
for 3 min at 37°C with all of the assay components
except NADPH. The reaction was started with
NADPH, the samples were incubated for 10 min at
37°C, and the reaction was stopped by the addition
of TCA. Inhibition of microsomal aniline and butanol
metabolism by anti-3a IgG was measured following
the same protocol, but the reaction mixtures contained
0.2 mg of microsomal protein, and the sum of sheep
anti-3a IgG and preimmune IgG was 2.0 mg of protein.

Electrophoretic methods, peptide maps, and tmmu-
noblots. SDS-polyacrylamide gel electrophoresis was
performed according to the method of Laemmli (47)
in a separating gel containing 7.5% acrylamide. Pro-
tein was detected by silver staining as previously de-
scribed (48). The procedure for immunoblots of mi-
crosomal samples and purified isozymes and detection
with anti-3a IgG has been reported earlier by Koop
et al. (21).

Limited proteolytic digestion of the purified he-
moproteins in the presence of SDS was conducted as
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described by Cleveland et al (49). The cytochromes
P-450 were incubated with either chymotrypsin or
Staphylococcus aureus V8 protease for 10 min at 37°C
at protein ratios given in the figure legend. The pro-
teolytic digests were subjected to SDS-polyacrylamide
gel electrophoresis in separating gels containing 12.5%
acrylamide. In certain experiments, the gels were
stained with Coomassie blue R-250 as previously re-
ported (50). In other experiments, immunoblots of the
proteolytic digests were probed with anti-3a antise-
rum (1:2500 dilution) to detect immunoreactive pep-
tides by a protocol previously described (51).

Other methods. Protein was determined by the
method of Lowry et al. (52) with crystalline bovine
serum albumin as the standard. Cytochrome P-450
content was calculated from the CO-reduced difference
spectrum on the basis of an extinction coefficient of
91 mM~! em™! according to the method of Omura and
Sato (53). The binding of ethylisocyanide (2.0 mM final
concentration) to ferrous cytochrome P-450 was mea-
sured as previously reported (54).

RESULTS AND DISCUSSION
Isozyme Characterization

Hepatic microsomes, isolated from adult
male rats that had been maintained on a
liquid diet containing ethanol according to
the regimen of Lieber and De Carli (24),
were subjected to the procedure recently
developed for the purification of cyto-
chrome P-450j from isoniazid-treated rats
(15). At each step in the purification, the
preparation from ethanol-treated rats be-
haved identically to the corresponding
fraction from isoniazid-treated animals.
Electrophoretically homogeneous cyto-
chrome P-450j was thus isolated from
ethanol-treated rats, with a 1-2% recovery
of total microsomal cytochrome P-450. As
shown in Fig. 1, the enzyme purified from
ethanol-treated animals was identical in
mobility (minimum M, 51,500) to cyto-
chrome P-450j from isoniazid-treated rats.
A protein-staining band with the same mi-
gration as cytochrome P-450j appeared to
be selectively induced in rat hepatic mi-
crosomes by ethanol as well as isoniazid.
Very little of this peptide was observed in
the electrophoretic pattern of microsomes
from untreated rats. Rat liver cytochrome
P-450j apparently exhibits a different
minimum molecular mass in the gel system
of Laemmli (47) than does cytochrome P-



636

12 3 4 5 67 8
F1G. 1. SDS-gel of hepatic microsomes and purified
cytochromes P-450. Microsomes from control (well 2),
isoniazid-treated (well 8), and ethanol-treated rats
(well 8) were each applied to the gel (2 ug of protein).
Each of the purified enzymes was applied to the gel
at the level of 20 ng of protein. Wells 1 and 5 contained
cytochrome P-450j from isoniazid-treated rats, wells
4 and 7 contained ethanol-inducible rabbit liver cy-
tochrome P-450 isozyme 3a, and well 6 contained cy-
tochrome P-450j from ethanol-treated rats.

450 isozyme 3a, the major ethanol-induc-
ible rabbit liver isozyme.

Both isoniazid and ethanol treatments
of rats have been associated with an up-
ward shift in the microsomal cytochrome
P-450 CO-reduced difference spectral max-
imum relative to the peak observed with
microsomes from untreated animals (7, 9,
10, 15). The CO-reduced difference spectra
of the cytochrome P-450j preparations
from isoniazid- and ethanol-treated rats
were recorded and found to be identical,
with maxima at 451.5 nm (data not shown).
Neither enzyme preparation had a signif-
icant amount of cytochrome P-420. The re-
duced-carbonyl difference spectrum of
rabbit cytochrome P-450 isozyme 3a is
similar to that of cytochrome P-450j, hav-
ing been reported to have a maximum at
452 nm (16).
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The characteristics of the absolute oxi-
dized spectrum of cytochrome P-450j from
either ethanol- or isoniazid-treated rats are
indicative of a high-spin ferric hemopro-
tein. With both proteins, an absorption
maximum at 395 nm was observed, and the
extinction coefficient was calculated to be
90-95 mM~! em™! (data not shown). As re-
flected by the spectral properties, the heme
chromophore appears to be identical in
both preparations of cytochrome P-450j.
The absolute oxidized spectral features of
cytochrome P-450j are reminiscent of those
described for rabbit liver isozyme 3a (16).

When the ethylisocyanide difference
spectrum of ferrous cytochrome P-450j
from ethanol-treated rats was recorded at
pH 74, two spectral maxima were gener-
ated at 458 and 430 nm with a peak ratio
of 0.62 (data not shown). The characteris-
tics of this spectrum are identical to those
observed when this ligand is bound to fer-
rous cytochrome P-450j from isoniazid-
treated rats (15).

The NH,-terminal sequence of cyto-
chrome P-450j from isoniazid-treated rats,
determined by Edman degradation for
the first 19 residues, was previously identi-
fiedas Ala-Val-Leu-Gly-Ile-Thr-Ile-Ala-
Leu-Leu-Val-Trp~Val-Ala-Thr-Leu-
Leu-Val-Ile (15). The same NH; terminus
has been established for the enzyme from
ethanol-treated rats,* which confirms the
purity of the preparation and establishes
that the cytochromes from both sources are
identical in this region of the protein. The
sequence showed very little, if any, ho-
mology with the NH,-terminal sequences
of other rat and rabbit liver cytochromes
P-450, with the exception of rabbit cyto-
chrome P-450 isozyme 3a. Thirteen of the
first 19 residues of cytochrome P-450j are
identical to those of rabbit liver cyto-
chrome P-450 isozyme 8a, as previously re-
ported (15, 16).

A comparison of the catalytic activities
of cytochrome P-450j from ethanol- and
isoniazid-treated rats is given in Table I.
Both the catalytic effectiveness and sub-
strate selectivities of the two isozyme

4 M. Haniu, D. E. Ryan, W. Levin, and J. E. Shively,
unpublished observation.
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TABLE I

CATALYTIC ACTIVITY OF PURIFIED CYTOCHROME P-450j

Activity (nmol product/
min/nmol eytochrome

P-450j)
Concentration
Substrate (mM) Reaction Isoniazid Ethanol
Hexobarbital 0.7 3-Hydroxylation <1.0 <1.0
Benzphetamine 1 N-Demethylation 6.7 6.4
7-Ethoxycoumarin 0.5 O-Deethylation 0.9 0.8
Benzo[aJpyrene 0.08 3/9-Hydroxylation <0.1 <0.1
Zoxaxolamine 0.25 6-Hydroxylation 53 5.5
Estradiol-178 0.1 2-Hydroxylation 0.2 0.2
p-Nitroanisole 1 O-Demethylation 1.9 1.9
Testosterone 0.12 Hydroxylation <0.1 <0.1
Androstane disulfate 0.2 Hydroxylation <0.1 <0.1
Aniline 2 p-Hydroxylation 177 17.0
NDMA 5 N-Demethylation 15.2 15.2
Butanol 30 Oxidation 375 45.8

Note. The catalytic activity of purified cytochrome P-450j was determined under conditions in which product
formation was proportional to time of incubation and isozyme concentration. Saturating NADPH-cytochrome
P-450 reductase and optimal phosphatidylcholine concentrations were used in all experiments. Butanol oxidation
was measured in the presence of reductase from rabbit liver, whereas the metabolism of the other substrates

was determined with the purified rat liver reductase.

preparations are indistinguishable for all
of the substrates and types of reac-
tions studied. Neither hemoprotein had
measurable activity toward hexobarbital,
benzo[a]pyrene, testosterone, or andros-
tane disulfate. Although cytochrome P-
450j did catalyze the metabolism of
benzphetamine, 7-ethoxycoumarin, zoxa-
zolamine, estradiol-178, and p-nitroanisole,
the rates were significantly lower than ob-
served with several other rat liver cyto-
chrome P-450 isozymes (14, 23). In contrast
to the results with these substrates, cyto-
chrome P-450j exhibited high catalytic ac-
tivity in p-hydroxylation of aniline, de-
methylation of NDMA, and oxidation of
butanol with turnover numbers of 17-18,
15, and 38-46 nmol product/min/nmol cy-
tochrome P-450j, respectively. Several
laboratories have reported an association
between ethanol induction in rats and in-
creased microsomal metabolism of aniline,
NDMA, and alcohols (6, 7, 10, 11), which
may be a reflection of increased levels of
cytochrome P-450j in these animals.

The catalytic profile of cytochrome P-
450j closely parallels that of rabbit liver
ethanol-inducible isozyme 3a. Isozyme 3a
has been shown to exhibit low activity to-
ward certain xenobiotics (ethylmorphine,
chloreyclizine, and 7-ethoxycoumarin) but
efficiently metabolizes aniline and several
alcohols (ethanol, propanol, and butanol),
as well as NDMA (16-20). The turnover
number for p-hydroxylation of aniline by
isozyme 3a was reported to be 12.6 nmol p-
aminophenol/min/nmol cytochrome P-450
(18), a value very similar to those obtained
for the cytochrome P-450j preparations
(Table I). The capacity of both cytochrome
P-450j and cytochrome P-450 isozyme 3a
to oxidize butanol is also analogous. Incu-
bations containing isozyme 8a were in-
cluded in the assay of butanol oxidation
shown in Table 1. Under conditions in
which butanol metabolism catalyzed by
cytochrome P-450j proceeded at 38-46
nmol/min/nmol cytochrome P-450, the
turnover number for isozyme 3a was 31.
Isozyme 3a has been reported to catalyze
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the metabolism of NDMA with a K, of 2.9
mM and a Vi,,, of 9.3 nmol/min/nmol cy-
tochrome P-450, which was the highest ac-
tivity among several purified rabbit liver
isozymes examined (20). Antibodies to iso-
zyme 3a dramatically inhibited the low K,
demethylase activity in microsomes from
control- or ethanol-treated rabbits, indi-
cating that cytochrome P-450 isozyme 8a
is primarily responsible for this activity in
microsomes (55).

Immunochemical Reactivities

Antibodies, because of their specificity,
have become increasingly useful probes of
the structure and function of different cy-
tochrome P-450 isozymes. Thus, antibodies
to cytochrome P-450j, isolated from iso-
niazid-treated rats, were produced in rab-
bits by a previously described protocol (30).
Ouchterlony double diffusion analysis was
used to examine the reactivity of cyto-
chrome P-450j° from both ethanol- and
isoniazid-treated rats, as well as rabbit
liver cytochrome P-450 isozyme 3a with
antibodies prepared against the rat and
rabbit isozymes, with the results shown in
Fig. 2. As evidenced by the well-defined
immunoprecipitin bands formed, antibody
to the rat protein recognizes the rabbit he-
moprotein, and the rat cytochrome P-450j
preparations are cross-reactive with anti-
body to rabbit isozyme 3a (Fig. 2). A single
sharp immunoprecipitin band showing
complete identity was formed between the
two cytochrome P-450j preparations when
tested against antibodies to the rat or rab-
bit isozyme. These results indicate that the
antigenic determinants of cytochrome P-
450j, purified from either ethanol- or iso-
niazid-treated rats, are identical. A reac-
tion of partial identity, as evidenced by
spurring of the precipitin bands, was ob-
served when isozyme 3a was tested against
these antibodies, suggesting that the rabbit
enzyme shares some, but not all, antigenic
determinants with rat liver cytochrome P-
450j. When Quchterlony plates were pre-

5 As previously reported (15), cytochrome P-450j is
not recognized by antibodies prepared against cyto-
chromes P-450a-P-450f.
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FIG. 2. Ouchterlony double-diffusion analysis of rat
liver cytochrome P-450j preparations and ethanol-in-
ducible rabbit liver isozyme 3a. Antibodies to cyto-
chrome P-450j from isoniazid-treated rats (30) and
isozyme 3a (29) were prepared as previously reported.
The immunodiffusion plate was composed of compo-
nents described (30) but no detergent was present in
the medium. Antisera were diluted by half with phos-
phate-buffered saline and added to the wells indicated.
Purified cytochrome P-450j from isoniazid (IS)- and
ethanol (ET)-treated rats and rabbit liver cytochrome
P-450 isozyme 3a were added to the wells at 6.8-7.1
nmol/ml. The remaining wells contained only phos-
phate-buffered saline.

pared in the presence of detergent (30),
similar results were obtained except that
the cross-reactivity of the heterologous
protein with each antibody was weaker
compared to the reactions in the absence
of detergent. Thomas et al. (56) and Ryan
et al. (14) have shown previously that the
presence of detergent partially inhibits
immunoprecipitation between an antibody
and a cross-reactive heterologous protein.

Since substantial cross-reactivity was
observed by immunodiffusion when anti-
body to rabbit cytochrome P-450 isozyme
3a was tested against purified rat cyto-
chrome P-450j, this antibody was used to
probe immunoblots of rat liver microsomal
preparations and purified isozymes. As
shown in Fig. 8, cytochrome P-450j from
either isoniazid- (well 4) or ethanol-treated
rats (well 5) was detected by the antibody,
as was the antigen, isozyme 3a (wells 1 and
7). A stained protein band of the same mo-
bility as cytochrome P-450j (minimum M,
= 51,500) was observed with the micro-
somal preparations from untreated (well
2), isoniazid-treated (well 3), and ethanol-
treated rats (well 6), suggesting that the
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FiG. 8. Immunoblot of rat hepatic microsomes, pu-
rified cytochrome P-450j preparations, and isozyme
3a. Wells 1 and 7 contained isozyme 3a; wells 4 and 5
contained cytochrome P-450j from isoniazid- and
ethanol-treated rats, respectively. The purified pro-
teins were each applied to the gel at the level of 0.1
ug protein. Hepatic microsomes from untreated rats
(well 2), isoniazid-treated rats (well 3), and ethanol-
treated rats (well 6) were applied at the level of 2.0
ug of protein. Electrophoresis was performed, and the
proteins were transferred to nitrocellulose and im-
munochemically stained with anti-3a IgG.

same protein is induced by both of these
treatments. Microsomes from untreated,
but not induced, rats appear to contain a
second immunoreactive protein, as evi-
denced by the relatively weak immuno-
chemical recognition of a protein of lower
minimum M, in this sample. Based on the
relative staining intensities shown in Fig.
3, the amount of immunochemically de-
tected cytochrome P-450j is significantly
greater in microsomes from isoniazid- or
ethanol-treated rats relative to levels in
untreated rats. This increase is visually
apparent since the same amount of protein
from each microsomal preparation was
applied to the gel.

Both protein and immunochemical
staining were used to examine the limited
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proteolytic digests of cytochromes P-450j
from isoniazid- and ethanol-treated rats
and rabbit isozyme 3a, with the results
shown in Fig. 4. In part A, where the two
preparations of cytochrome P-450j were
incubated with either chymotrypsin or S.
aureus V8 protease and electrophoresis was
carried out in a gel containing 12.5% ac-
rylamide, identical peptide maps were
generated, indieating that these proteins
are indistinguishable. On the basis of sus-
ceptibility to proteolytic attack by these
proteases, cytochrome P-450j from eth-
anol-treated rats is structurally the same
as isoniazid-induecible cytochrome P-450j.
Although this method is not definitive, this
approach is sensitive enough to detect the
very minor structural differences between
rat liver cytochromes P-450b and P-450e
(23), as well as strain variations in cyto-
chrome P-450b (57). The electrophoretic
patterns of proteolytic digests of rabbit
liver isozyme 3a, as shown in Fig. 4A,
showed some similarities but were clearly
distinet from the peptide maps of cyto-
chrome P-450j preparations. Therefore,
despite the significant immunochemical
homology among the rat and rabbit iso-
zymes, structural differences are apparent
from these results. Interestingly, however,
although several of the peptides of cyto-
chrome P-450j did not align with corre-
sponding peptides of cytochrome P-450
isozyme 3a, there was a similarity in over-
all patterns of digestion between the rat
and rabbit enzymes. The major peptides of
cytochrome P-450j and isozyme 3a, gen-
erated by digestion with either protease,
appear to have similar but not identical
mobility in SDS-polyacrylamide gels. The
differences observed in the peptide maps
of cytochrome P-450j compared to isozyme
3a are not surprising since amino acid sub-
stitutions are known to occur between ho-
mologous isozymes in different species (58).

In Fig. 4B, the proteolytic peptides of cy-
tochrome P-450j and isozyme 3a were im-
munochemically stained by using antibody
to the rabbit protein to determine if all of
the peptides of cytochrome P-450j were
recognized by this antibody. As was ob-
served by staining with Coomassie blue R-
250, the proteolytic digests of both prepa-
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F1G. 4. Proteolytic digests of purified cytochrome P-450j and isozyme 3a detected by protein (A)
and immunochemical (B) staining. In part A, rabbit cytochrome P-450 isozyme 3a (3a) and cytochrome
P-450j preparations (j) from isoniazid (IS)- or ethanol (ET)-treated rats were treated with SDS and
subjected to limited proteolytic digestion. In the experiment on the left, isozyme 3a was incubated
with either 0.05 mg (first well) or 0.10 mg (last well) of chymotrypsin (CHT) per mg of protein in
the sample analyzed, and the rat hemoproteins were treated with the higher amount of CHT. The
gel on the right shows the peptide digests of isozyme 3a after incubation with 0.30 mg (first well)
or 0.45 mg (last well) Staphylococcus aureus V8 protease (V8)/mg protein. The rat isozymes were
digested with the higher amount of V8. The asterisk denotes the mobility of V8 protease itself (two
bands), which contributes to the protein-stained, but not immunochemically stained, electrophoretic
patterns. The purified proteins were incubated with each protease for 10 min at 37°C, and 2.5 ug of
each digest was applied to the gel containing 12.5% acrylamide that was 1.5 mm thick. Electrophoresis
was performed, and proteins were stained with Coomassie blue R-250. In part B, each isozyme was
treated wih CHT or V8 as described in part A. Each proteolytic digest (1 ug of protein) was submitted
to electrophoresis in an SDS-polyacrylamide gel containing 12.5% acrylamide that was 0.75 mm
thick. The peptides were electrophoretically transfered to nitrocellulose and immunochemically
stained with anti-3a serum as previously detailed (51).

rations of cytochrome P-450j are identical
by immunochemical detection. Antibody to
isozyme 3a apparently recognized all of the
peptides that were made visible by protein
staining as well as additional minor pep-
tides that were not detected in the exper-
iment shown in Fig. 4A. Therefore, despite
the apparent differences in proteolytic di-
gests of the rat and rabbit isozymes, sig-
nificant structural homology exists be-
tween these proteins.

Several experiments were performed to
determine the effects of antibody to eyto-
chrome P-450 isozyme 3a on catalysis sup-

ported by purified cytochrome P-450j and
rat liver microsomal preparations, with the
results shown in Figs. 5-7. The p-hydrox-
ylation of aniline catalyzed by the recon-
stituted system containing cytochrome
P-450j or isozyme 3a, NADPH-cytochrome
P-450 reductase from rabbit liver, and op-
timal phospholipid, is subject to marked
inhibition by antibody to isozyme 3a (Fig.
5). At several antibody-to-cytochrome P-
450 ratios, the inhibition of metabolism
by isoniazid-inducible cytochrome P-450j
paralleled the inhibition of that by ethanol-
inducible cytochrome P-450j, indicating
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F1G. 5. Effect of anti-3a IgG on aniline hydroxylation
catalyzed by purified cytochromes P-450j and isozyme
3a. The reaction mixtures (1.0 ml) contained 0.1 nmol
cytochrome P-450, 0.3 nmol NADPH-cytochrome P-
450-reductase purified from rabbit liver, 15-30 ug
phosphatidylcholine, 1 mg total antibody, 2.5 mM an-
iline, and 0.1 M potassium phosphate buffer (pH 7.4).
Anti-8a IgG and preimmune sheep IgG were added
in various ratios to maintain a total of 1 mg of protein.
The samples were preincubated for 3 min at 37°C,
and the reactions were started with the addition of
NADPH (1 mM). Metabolism proceeded for 10 min at
37°C, and the reactions were terminated by the ad-
dition of TCA. Additional details for the assay protocol
have been reported elsewhere (16, 41).

that the two preparations are equally sen-
sitive to the antibody. Greater than 90%
. inhibition of aniline metabolism by the rat
liver isozymes was achieved at an antibody-
to-cytochrome P-450 ratio of 10 mg/nmol.
As illustrated in Fig. 5, isozyme 3a is more
sensitive than e¢ytochrome P-450j to anti-
body inhibition, as would be expected. For
example, at 4 mg antibody/nmol cyto-
chrome P-450, approximately 55-60% of
the cytochrome P-450j-supported activity
is retained, whereas only 25% of the iso-
zyme 3a-catalyzed metabolism remains.
As evidenced from the data shown in Fig.
6, rat liver microsomal aniline p-hydrox-
ylation is subject to inhibition by antibody
to rabbit isozyme 3a. Since this antibody
specifically recognizes cytochrome P-450j
in the microsomal preparations from in-
duced rats, based on results of immuno-
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blots (Fig. 8), the observed inhibition is
probably a reflection of the eytochrome P-
450j component of the microsomes. The
microsomal preparation from untreated
rats catalyzed the p-hydroxylation of ani-
line with a rate of approximately 1.0 nmol
p-aminophenol/min/nmol cytochrome P-
450, which was inhibited greater than 70%
by 7.5-10.0 mg antibody/nmol cytochrome
P-450. The residual catalytic activity may
be attributable to other cytochromes P-450
that participate in aniline metabolism but
are not recognized by the antibody. Several
laboratories have reported a marked in-
crease in aniline p-hydroxylation in micro-
somes following treatment of rats with
isoniazid or ethanol (6, 9, 10, 15). In the
experiment illustrated in Fig. 6, turnover
numbers of 4.7 and 3.9 nmol p-amino-
phenol/min/nmol cytochrome P-450 were
determined for the microsomal samples
from isoniazid- and ethanol-treated rats,
respectively. Greater than 90% of this me-
tabolism was inhibited by antibody to iso-
zyme 3a, thus indicating that aniline p-hy-

100
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F1c. 6. Effect of anti-3a IgG on rat hepatic micro-
somal aniline hydroxylation. The reaction mixtures
(1.0 ml) contained 0.2 mg microsomal protein from
untreated, isoniazid-, or ethanol-treated rats, 0.1 M
potassium phosphate buffer (pH 7.4), 2.5 mM aniline,
and a sum of 2.0 mg of IgG protein with different
ratios of anti-3a IgG and preimmune sheep IgG. The
mixtures were preincubated for 3 min at 37°C,
NADPH (1 mM) was added, and the samples were in-
cubated for 10 min at 37°C.
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FiG. 7. Effect of anti-3a IgG on rat hepatic micro-
somal butanol oxidation. Microsomes were prepared
from untreated (Un) rats and animals treated with
either isoniazid (Is) or ethanol (Et). Butanol oxidation
was measured as previously reported (18, 44). The as-
say components were 0.2 mg microsomal protein, 0.1
M potassium phosphate buffer (pH 7.4), 30 mM butanol,
and 2.0 mg of either control IgG or anti-3a IgG. The
samples were preincubated for 3 min and incubated
for 10 min at 37°C. The data on aniline hydroxylation
were derived from the experiment shown in Fig. 6.
The values listed in parentheses are the percentage
inhibition of metabolism.

droxylation catalyzed by these microsomal
preparations is primarily cytochrome P-
450j-mediated.

Antibody to rabbit eytochrome P-450
isozyme 3a is also capable of markedly in-
hibiting butanol oxidation in rat liver mi-
crosomes, as evidenced by the data illus-
trated in Fig. 7. In the presence of control

RYAN ET AL.

IgG, turnover numbers of 4.8,16.3, and 12.1
were calculated for microsomes from un-
treated, isoniazid-treated, and ethanol-
treated rats, respectively. Approximately
49% of this catalytic activity in microsomes
from untreated rats was inhibited by the
antibody at a ratio of 10 mg IgG/mg mi-
crosomal protein, whereas 87% of butanol
oxidation catalyzed by microsomes from
the induced rats was inhibited at the same
ratio of antibody to microsomal protein.
These results indicate that cytochrome P-
450j is the primary catalyst of butanol ox-
idation in microsomes from rats induced
with ethanol or isoniazid, but other cyto-
chromes P-450 participate in this meta-
bolic pathway in microsomes from un-
treated rats. The potency of the antibody
to isozyme 3a as an inhibitor of two met-
abolic activities associated with cyto-
chrome P-450j (butanol oxidation and an-
iline p-hydroxylation) in microsomes from
rats treated with either ethanol or isoni-
azid is similar (87 and 93% inhibition). As
shown in Fig. 7, however, greater inhibition
of aniline metabolism than butanol oxi-
dation was attained in microsomes from
untreated rats. Yang et al. (55) have re-
ported that antibody to isozyme 3a inhib-
ited >90% of NDMA demethylation cata-
lyzed by liver microsomes from ethanol-
treated rats.

The effectiveness of ethanol and isonia-
zid as inducers of rat liver microsomal cy-
tochrome P-450j can be estimated on the
basis of antibody-inhibited rates of aniline
and butanol metabolism as listed in Table
I1. If the increase in these microsomal cat-
alytic activities is due entirely to higher
levels of eytochrome P-450j induced by iso-
niazid or ethanol treatment, then the data
presented in Table II indicate that isoni-
azid is a slightly better inducer of cyto-
chrome P-450j than ethanol. Cytochrome
P-450j-dependent aniline and butanol me-
tabolism increases 580 and 597%, respec-
tively, by isoniazid treatment and 480 and
445%, respectively, by ethanol treatment
of adult male rats. Although this approach
may underestimate the induction of cyto-
chrome P-450j by these compounds as sug-
gested by observations of Koop et al. (21)
with isozyme 3a, our limited data from im-
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TABLE I1

INDUCTION OF RAT HEPATIC CYTOCHROME P-450j AS DETERMINED BY ANTI-3a IgG INHIBITION

Antibody-inhibited rate
{nmol product/min/nmol cytochrome P-450)

Aniline % of Butanol % of

Rat treatment hydroxylation control oxidation control
Control 0.75 100 2.36 100
Isoniazid 4.35 580 14.1 597
Ethanol 3.59 480 105 445

Note. Hepatic microsomes were prepared from adult male rats treated with isoniazid or ethanol as desecribed.
The assays for aniline and butanol metabolism have been reported. The rates of anti-3a IgG-inhibited me-
tabolism were calculated by subtracting the rates obtained in the presence of maximum levels of anti-3a I[gG
from the rates obtained in the presence of the same concentrations of preimmune sheep IgG.

munoblots are consistent with results pre-
sented in Table II.

In summary, the results of this study in-
dicate that the same isozyme, eytochrome
P-450j, is induced by ethanol as well as iso-
niazid treatment of rats. Cytochrome P-
450j purified from ethanol-treated rats has
chromatographic, electrophoretic, immu-
nochemical, spectral, catalytie, and struc-
tural properties identical to those of the
corresponding isozyme from isoniazid-
treated rats. The ethanol-inducible enzyme
appears to be closely related to rabbit liver
isozyme 3a on the basis of several criteria.
Significant structural homology has also
been demonstrated for phenobarbital- and
3-methylcholanthrene-inducible rat and
rabbit liver cytochrome P-450 isozymes (58,
59). We conclude from this study that cy-
tochrome P-450j is the rat homolog of rab-
bit liver cytochrome P-450 isozyme 3a.
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