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ABSTRACT

Hybridomas were prepared from mouse myeloma cells and spleen cells
derived from female BALB/c mice that had been immunized with a
partially purified ethanol-induced rat liver cytochrome P-450 (P-450et).
Monoclonal antibodies (MAbs) produced by the hybridomas were
screened for binding to P-450et with a radioimmunoassay. Thirty-one
independent hybrid clones produced MAbs that had a high affinity for
P-450et. Each clone produced MAbs of a single subclass of the mouse
immunoglobulins IgGl, IgG2a, IgM, or IgA. Ten of the 31 MAbs also
immunoprecipitated P-450et as determined by Ouchterlony double-im-
munodiffusion analyses. One of the MAbs was tested for cross-reactivity
with other rabbit and rat liver cytochromes P-450 and was found not to
cross-react with rat liver P-450 induced by either phÃ©nobarbital,/?-
naphthoflavone, or rabbit liver P-450LM2or P-450i>M-Nine of the MAbs
were tested for cross-reactivity with rat liver clofibrate-induced P-450,
rat liver pregnenolone-16-a-carbonitrile-induced P-450, and a human
liver P-450. All the MAbs showed no cross-reactivity except for one
MAh which cross-reacted with both pregnenolone-16-a-carbonitrile and
human P-450 and three MAbs which cross-reacted with human P-450.
Three antigen-precipitating MAbs and four nonprecipitating MAbs were
tested for their effects on the aniline p-hydroxylase activity of liver
microsomes of untreated rats and from rats treated with acetone, pyrazole,
methylpyrazole, or imidazole. One of the seven MAbs tested, 1-91-3,
inhibited enzyme activity of acetone-, pyrazole-, or methylpyrazole-in-
duced microsomes by 54, 47, and 48%, respectively. This indicates that
at least 50% of microsomal cytochrome P-450 aniline p-hydroxylase
activity in the latter is a function of a P-450 enzyme that contained the
epitope to which the M Ah 1-91-3 is directed. With untreated and
imidazole-induced microsomes, 32 and 21% inhibition of the enzyme
activity was observed. In reconstituted systems containing phospholipid
and NADPH-cytochrome P-450 reductase, MAb 1-91-3 inhibited aniline
/j-hydroxyluse activity of purified ethanol-induced P-450et and acetone-
induced P-450 by more than 90%. Nitrosodimethylamine demethylase
activity of acetone-induced rat microsomes was inhibited by the various
MAbs up to 77% and the activity of the purified acetone-induced P-450
was inhibited up to 92%. Western blot analysis indicated that the ethanol-
inducible form of cytochrome P-450 recognized by the MAbs was also
detected in microsomes of rats treated with acetone, pyrazole, methyl
pyrazole, and imidazole and in untreated rats in the latter order of
decreasing quantity. The MAbs reported here should prove useful for
biochemical and epidemiolÃ³gica! studies concerning nitrosamines and
ethanol.

INTRODUCTION

Cytochromes P-450 are a group of hemoproteins which are
key components of the microsomal mixed-function oxidases.
These enzyme systems play a central role in the oxidation of
foreign substances such as drugs, carcinogens, and environmen-
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tal chemicals as well as endogenous substances such as fatty
acids, prostaglandins, and steroids (1, 2). Cytochromes P-450
exist in multiple forms and specific forms are induced upon
administration of different inducers such as PB3 (3, 4), 3-
methylcholanthrene (2, 4, 5), BNF (3), isosafrole (3, 6-8), and
PCN (9). Many of the multiple forms of cytochrome P-450
have different molecular weights, spectral properties, electro-
phoretic mobilities, immunological properties, amino acid se
quences, and substrate and product regiospecificities (2, 3, 6,
10-18).

Hybridoma technology, developed by Kohler and Milstein
(19) in 1975, permits the production and isolation of MAbs
specific for a single epitope on the antigen. We have applied
the hybridoma technology for the construction of a library of
MAbs to single and classes of cytochromes P-450 (20, 21).
These have been used to study the multiplicity of cytochrome
P-450. We have obtained panels of MAbs against individual
liver microsomal cytochromes P-450 that have been induced
with 3-methylcholanthrene (22), PB (21, 23), and PCN, respec
tively. These MAbs recognize different forms of cytochrome P-
450 and we have used them to detect and quantitate the epitope-
specific cytochrome P-450 forms by RIA (24, 25) and to purify
cytochromes P-450 in a single step by imrnunoaffinity chro-

matography (11, 26, 27). In addition, the MAbs that are inhib
itory to the enzyme activity of the cytochrome P-450 have
proved useful for "reaction phenotyping," i.e., the determina

tion of the contribution of the MAb-sensitive cytochrome P-
450 to the metabolism of specific substrates in tissues and cells
(28-36). Recently, ethanol has been shown to be a significant
inducer in liver of a distinct form of cytochrome P-450 (P-
450et; Refs. 17 and 37 to 39). The same form is also induced
by imidazole, trichloroethylene, acetone, pyrazole, and isoni-

azid(40,41).
A preliminary report from our laboratory described two

MAbs to rat P-450et. One of the MAbs inhibits while the

second MAb does not inhibit nitrosodimethylamine demethyl
ase and aniline p-hydroxylase activities (42). This report de
scribes the preparation and characterization of a panel of MAbs
against P-450et. The specificity of the MAbs toward P-450et
was determined by solid-phase RIA and immunoprecipitation
of purified P-450et by the MAb. The MAbs were then screened
for their ability to inhibit aniline p-hydroxylase activity of the
purified cytochrome P-450et. The specificities of the MAbs to
P-450et were also examined by immunoblotting. Nitrosamines
are potent carcinogens for a variety of animal species and tissues
and are metabolized by P-450et (40, 42-44). Since nitrosamine

are also implicated in human Carcinogenesis (45), the MAbs
that we have prepared may be especially useful for phenotyping

3The abbreviations used are: PB, phÃ©nobarbital; BNF, 0-naphthoflavone;
MAb, monoclonal antibody; PCN, pregnenolone-16-a-carbonitrile; PBS, phos
phate-buffered saline; RIA, radioimmunoassay; P-450et, ethanol-induced rat liver
cytochrome P-450; P-450ac, acetone-induced rat liver cytochrome P-450; HT
medium, complete medium supplemented with hypoxanthine and thymidine;
SDS, sodium dodecyl sulfate.
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human tissues and individuals for P-450et and individual sen
sitivity to nitrosamine carcinogenesis. This new panel of MAbs
is a significant addition to our library of MAbs to cytochrome
P-450.

MATERIALS AND METHODS
Preparation of Microsomes and Cytochromes P-450. Liver micro-

somes were prepared from young male Sprague-Dawley rats (body
weight 80-95 g) which were fed a commercial laboratory diet (Ralslon-
Purina Co., St. Louis, MO) and treated with ethanol (15% ethanol in
drinking water) for 3 days, one dose of acetone (4 ml acetone/kg body
weight administered p.o. as a 25% solution) 20 h before sacrifice (39,
41, 44), or treated i.p. with pyrazole (200 mg/kg), imidazole (200 mg/
kg), and methylpyrazole (300 mg/kg) once a day for two or three
treatments. P-450et was purified from the microsomes by a procedure
modified from that of Tu and Yang (44). The procedure involved the
following steps: (a) solubilization of microsomes with buffer containing
20% glycerol and 0.2% Emulgen 911; (b) lauric acid-AH-Sepharose-
4B column chromatography; (c) carboxymethyl-Sepharose CL-6B col
umn chromatography; (d) Pharmacia ion-exchange PBE94 chromato-
focusing; and (e) hydroxylapatite column chromatography. The enzyme
preparation contained 12.5 nmol P-450et/mg protein. Gel electropho-
resis showed a major protein band with a molecular weight of 52,000
and a faint impurity band with a molecular weight of 50,000. The
acetone-induced cytochrome P-450 (P-450ac) was purified similarly but
with additional steps of anti-epoxide hydrolase immunoaffinity chro
matography and detergent removal with a hydroxylapatite column. The
P-450ac preparation contained 14.0 nmol P-450ac/mg protein and was
electrophoretically pure with a molecular weight of 52,000. The detailed
purification is described (46). Cytochromes P-450 from liver micro
somes of rats treated with PCN (P-450PCN-E) (47) and human liver
microsomes and cytochrome (P-4502) (48) were prepared as described
previously. Clofibrate-induced rat cytochrome P-450 (49) was a gener
ous gift from Dr. J. Hardwick.

Media and Cells. Dulbecco's modified Eagle's medium, horse serum,

and fetal bovine serum were purchased from Grand Island Biological
Co., Grand Island, NY, and Hyclone Inc., Logan, UT, respectively.
The myeloma cell line SP/2-Agl4, which was azaguanine resistant and
a nonproducer of immunoglobulin (20, 21), was used in this study.
Cells were grown in Dulbecco's modified Eagle's medium with 25 HIM

glucose and 4 HIM glutamine supplemented with 10% fetal bovine
serum, 10% horse serum, and 50 jig of gentamicin per ml (complete
medium). Mouse spleen-myeloma hybridomas were grown in the com
plete medium containing 100 A/Mhypoxanthine, 0.4 ^.\i aminopterin,
and 16 n\\ thymidine. Dulbecco's modified Eagle's medium with 5.6

mM glucose plus 10 HIM4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid (pH 7.2) was used in the preparation of the hybridomas (20, 22,
23).

Immunization of Mice, Preparation of Mouse Sera, and Production of
Hybridoma Cells. Ten-week-old female BALB/c mice were immunized
by i.p. injections of 10 Mgof partially purified P-450et weekly for a
period of 4 weeks and a booster injection 1 month later. Mouse sera
were examined for the presence of an immune response (20). The fusion
of the myeloma cells (1 x 10' SP2/0 Agi4) with the primed spleen
cells (1 x 10") was carried out as described previously (20, 21) except

that polyethylene glycol 1500 (Boehringer Mannheim Biochemical,
Indianapolis, IN) was used for the fusion.

Preparation of MAbs in Cell Culture Fluids and Mouse i.p. Ascites
Fluids. Hybrid cells producing MAbs were cultured in 200 ml HT
medium, harvested by centrifugation, transferred to Dulbecco's modi
fied Eagle's medium with only HT and antibiotics (serum free medium),
and placed at 37Â°Cin an incubator for 2-3 days. The culture fluids

were cleared by centrifugation, filtered though a Nalgene filter unit
(0.45 /iin), and concentrated 50 times with an Amicon Bl 5 concentrator
at M, 15,000 rejection. Alternatively, cells were collected in PBS and
inoculated into female BALB/c mice i.p. (5 x 10" cells in 0.2 ml PBS)
pretreated with 2,4,10,14-tetramethylpentadecane. After 1-2 weeks,
ascites fluid was collected by puncturing the abdomen and clarified as
described for serum (20,21). Protein concentration in serum and ascites

was measured by the method of Lowry et al. (50) with crystalline bovine
serum albumin as standard.

Radioimmunoassay. 35S-Labeled anti-mouse IgG (K)was used for the

detection of MAbs which were bound to cytochrome P-450 in the solid-
phase radioimmunoassay as described in previous reports (20, 21).

Double-Immunodiffusion Analysis. The Ouchterlony double-immu-
nodiffusion technique was utilized to determine the presence and char
acteristics of the antibodies in mouse sera, culture fluids, and ascites
fluids as described previously (20, 21).

Measurement of the Effects of MAbs on Cytochrome P-450 Enzyme
Activity. Aniline /Â»-hydroxylaseactivity was determined by measuring
the amount of p-aminophenol formed (37). The reaction mixture con
tained 100 fig of microsomal protein, 100 M' of 0.5 M potassium
phosphate buffer (pH 7.65), 10 M!of NADPH (30 mM), 25 M!of MgCI2
(0.1 M), and 50 M!of aniline (0.05 M) in a total volume of 1 ml. After
incubation for 20 min at 37Â°C,the reaction was stopped by adding 0.5

ml of 20% trichloroacetic acid and centrifuging for 1 min at 18,000
rpm. To 1 ml of supernatant, 0.5 ml of 1 M Na2CO3 and 1 ml of 2%
phenol in 0.2 N NaOH were added. The resulting blue color was
measured at 630 nm after the mixture stood for 20 min (Beckman DU-
7B). For analysis of the effect of antibody on enzyme activity, 500 Mg
of microsomal protein were preincubated with 200 Mgof antibody fluids
for 15 min at room temperature, and the mixture was assayed for
aniline p-hydroxylase activity as described above. The effects of MAbs
on enzyme activity of reconstituted mixed-function oxidases with pu
rified cytochrome P-450 were also measured. MAbs (200 Mg) were
preincubated with 5 Mgof purified cytochrome P-450 and subjected to
the enzyme assay in the reconstituted system containing 50 n\ of 1 M
Tris-HCl (pH 7.4), 30 M' of dilauroylphosphatidylcholine (1 mg/ml),
10 n\ of NADPH (30 HIM),50 Â»Iof aniline (0.05 M), IO ni of bovine
serum albumin (1 mg/ml), and 7.1 M!of NADPH-cytochrome P-450
reducÃase(2.8 mg/ml) in a total volume of 1 ml. The products formed
were analyzed as described above with microsomes and the specific
activity was calculated by ap-aminophenol standard curve. Microsomes
(250 Mg)and serum-free culture fluid concentrates (100 Mg)were also
incubated for 15 min at room temperature and nitrosodimethylamine
demethylase activity was measured as described previously (39, 51).
The complete system consisted of 0.1 MMP-450ac (specific content, 13
nmol/mg protein), 1 unit of P-450 reducÃase(1 Mmol cytochrome c
reduced per min), 22 Mgdilauroylphosphalidylcholine, 4 mM nitroso
dimelhylamine, NADPH-generating system, and 100 MgMAbs. The
final incubalion volume was 250 M!.The nilrosodimelhylamine demelh-
ylase aclivily was expressed as nmol HCHO/min/nmol P-450.

SDS-Polyacrylamide Gel Electrophoresis and Silver Stain. Samples
were solubilized by boiling al 100'C for 2 min in a reaclion mixlure

conlaining 5% /3-mercaploelhanol and 62.5 MTris-HCl (pH 6.8), and
proleins were separaled by SDS-polyacrylamide gel electrophoresis by
the method of Laemmli (52). The 1.5-mm separating gel consisled of
10% acrylamide/2.5% bisam lamido and ihe slacking gel had 3.5%
acrylamide-0.08% bisacrylamide. The samples were electrophoresed at
20 mA (constant current) until the tracking dye, bromophenol blue,
reached the botlom of the stacker and ihen conlinued al 25-30 mA for
4-5 h. After SDS-polyacrylamide gel electrophoresis, the gels were
subjected to Western blot analysis or silver staining. For silver staining,
ihe gels were fixed in 40% (v/v) meihanol/10% (v/v) acelic acid for 30
min, washed iwice wilh 10% (v/v) ethanol/5% (v/v) acetic acid for 15
min each, and briefly rinsed wilh deionized waler. The gels were soaked
for 30 min in dithiothreilol ( 15 mg/liier), washed with deionized water,
and incubated wilh freshly prepared 0.1 % (w/v) silver nilrate solution.
Following incubalion, ihe gels were soaked in ihe developer [0.7 ml of
formaldehyde in 500 ml of 3% (w/v) sodium carbonaie] unlil ihe desired
level of slaining was aitained. Staining was stopped by replacing the
developer with 5% (w/v) acetic acid solution.

Western Blotting and Immunodeteclion. The prolein samples sepa
raled by SDS-polyacrylamide gel elecirophoresis were electrophoreti
cally transferred to a nilrocellulose sheet in a buffer conlaining 25 mM
Tris, 192 mM glycine, and 20% (v/v) melhanol, as described by Koop
et ai. (37) wilh ihe following modification. Strips of the transfer sheel
were firsl incubated with 3% gelatin in PBS for 2 h al room a-ni pora turc-
and Ihen exposed lo MAb solution in PBS at 1:200 dilution al 4Â°C
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overnight. After exhaustive washing in 0.05% Tween 20/PBS, strips
were exposed to goat anti-mouse IgG conjugated with alkaline phos-
phatase (Kirkegard and Perry Laboratories, Rockville, MD) at 1:1000
dilution in 5% goat serum in PBS for l h at room temperature.
Following further washing in PBS containing 0.05% Tween 20, strips
were developed using the BCIP/NBT phosphatase substrate system
from Kirkegard and Perry.

RESULTS

Identification and Classification of MAbs. The immune re
sponse of female BALB/c mice was examined by analysis of
the mouse sera. Table 1 shows that the immune response
resulted in the formation of polyclonal antibodies in female
BALB/c mouse immunized with P-450et. The sera obtained
from each of the 8 immunized mice reveal a high binding
activity of antibodies to the P-450et. Four of the high antibody
producers (mice 1,4, 5, and 7) were sacrificed and their spleen
cells were dissociated for the hybridization. The growth of
hybrid cells in the hypoxanthine-aminopterin-thymidine me
dium was detected in 96-well plates by the color change of the
medium and by microscopic observation. The culture fluids of
53 of 260 wells were positive by RIA for antibody production
to P-450et. The positive hybrid cells were cloned 3 times to
assure monoclonality and retested for antibody production by
RIA. Of the 53 original clones subcloned 3 times, 31 independ
ent hybrid clones bound to P-450et as tested by RIA. Their
characteristics with respect to immunoglobulin subclass, bind
ing to antigen, and ability to immunoprecipitate cytochrome P-
450 isozymes are shown in Table 2. The nomenclature used for
the hybrid clones is: the first number of the hybrid clone
indicates the experiment number; the second is the well number;
the third is the clone number. Control MAbs used in this study
were derived from the hybridization of myeloma cells with
spleen cells from unimmunized female BALB/c mice (NBS 1-
48-5). Another control MAb, HyHel-9, was produced by a
hybridoma making IgGl MAbs against chicken lysozyme (20.
21). Table 2 shows that each of the hybridomas shown in Table
2 produced MAbs which bound to P-450et 5 to 15 times more
than the binding of the nonspecific MAb, NBS 1-48-5 (Table
2). In most cases the MAb bound to P-450et and P-450ac to
generally the same extent and with high efficiency. There were,
however, some exceptions. Nine of the 31 MAbs (C2, Ci0, CM,
GIS, CiÂ«,Ci9, C2i, Cj7, CM) showed large differences in their
ability to bind to P-450et and P-450ac. This may be due to
various factors. First it is possible that P-450et and P-450ac
are not identical and have some heterogeneity. Either the P-
450s may be nonidentical or small contaminants containing the
MAb epitopes may be present in each preparation and may

Table 1 Immune response of female BALB/c mice lo p-450et
In the solid-phase RIA, P-450et (10 >ig)was precoated on 96 microtiter wells

at 4'C overnight and incubated with unimmunized or immunized mouse serum
at room temperature for 2 h. The bound antibodies were detected with [3!S]-
methionine-labeled rat anti-mouse IgG (K) (S2606 cpm/jil/4.98 ^g/well) as de
scribed in "Materials and Methods."

Mouse serum (1:100dilution)UnimmunizedImmunized12345678Binding
to P-450et

(RIA;cpm)196143072791395949325412360252953480

account for the variable binding of the same MAb in the
different preparations. These results, however, clearly show that
these two cytochrome P-450s have common epitopes, i.e., an-
tigenic determinants. Each of the MAbs produced by the 31
hybrid clones were of a single subclass of mouse immunoglob-
ulins (Table 2). This is further illustrated by the examples shown
in Fig. 1which shows the Ouchterlony double-immunodiffusion
analysis of two representative MAbs. In Fig. \A, MAb 1-98-1
gave rise to a single precipitin band with rabbit anti-mouse
IgGl and Panel B, MAb 1-149-6 also showed a clear precipitin
reaction with rabbit anti-mouse IgG 1. Each of the MAbs pro
duced by the hybrid cells gave rise to only a single precipitin
band with one of anti-mouse immunoglobulins tested which
were rabbit anti-mouse IgGl, rabbit anti-mouse IgG2a, rabbit
anti-mouse IgG2b, rabbit anti-mouse IgG3, goat anti-mouse
IgM, or rabbit anti-mouse IgA. In no case was more than one
precipitin band observed between any of the culture fluids and
the anti-mouse immunoglobulin sera. The types of light chains
of MAbs were also examined. The result are shown in Table 2.
All of the hybrid cells produced mouse immunoglobulin chains.
Thus the MAbs formed by the hybrid cells and secreted in
culture fluids were of a single class of immunoglobulin ex
pressed by the immunoglobulin gene derived from the mouse
spleen cells. The MAbs were also tested for their ability to
immunoprecipitate the purified P-450et. In the immunoprecip-
itin reactions on Ouchterlony double-immunodiffusion plates,
10 of 31 MAbs gave a precipitin band with the purified P-
450et. These results are summarized in Table 2. Most of the
precipitin reactions were weak and the bands became diffused
by prolonged incubation (data not shown). MAb 1-98-1 gave a
strong precipitin reaction with purified P-450et (Fig. 2B).

Specificity of Monoclonal Antibodies. The specificity of bind
ing of the MAbs to different preparations of P-450 were ex
amined. Ten hybrid clones were selected, grown in HT medium,
harvested, transferred to serum-free medium, and incubated at
37Â°Cfor 48-72 h to obtain mouse immunoglobulins free of

bovine and horse immunoglobulins that were usually present in
the growth medium. The culture fluids were clarified by cen-
trifugation and concentrated 50 times with an Amicon concen
trator for double-immunodiffusion analysis and enzyme assay.
The anti-P-450et mouse serum and MAb 1-98-1 clearly gave
precipitin reactions with P-450et in Ouchterlony double-im
munodiffusion analysis as shown in Fig. 2. Neither anti-P-
450et serum nor the MAbs gave any precipitin band with the
other purified cytochrome P-450s such as PB- or BNF-induced
rat liver microsomal cytochrome P-450 (P-450PB-B and P-
450BNF-B) and rabbit liver microsomal cytochromes P-450
(P-45Ã›LM2and P-450LM4). Thus, the MAbs to P-450et do not
cross-react with any of the four other major forms of cyto
chrome P-450 tested and these four forms do not contain the
epitope on P-450et to which the MAb is directed. The MAb to
P-450et also precipitated P-450ac. Although the P-450et and
P-450ac are induced by different chemicals, they share a com
mon epitope recognized by the MAbs and may indeed be
identical or share large areas of homology. Several other labo
ratories have isolated liver microsomal cytochromes P-450 from
rats treated with isoniazid, P-450J (53), and from rabbits treated
with ethanol, P-4503a (37, 54), and their properties appear to
be similar to those of P-450et and P-450ac.

In the present study, we also determined the binding specific
ity of 10 MAbs, many of different subclasses, to P-450et and
P-450ac, P-450S induced by clofibrate, PCN (P-450PCN-E),
and a P-450 from a human liver (P-4502) (48) in addition to P-
450et and P-450ac. The results are shown in Table 2. None of
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Table 2 Characteristics of monoclonal antibodies to liver microsomal cytochrome P-450 of rats treated with ethanol
Culture fluids were used as the source of MAbs for the binding to purified cytochrome I' 450. For double-itnmunodiffusion analysis and immunoglobulin subclass

classification, serum-free culture fluids (50x) were used as described in "Materials and Methods." NBS 1-48-5 (normal BALB/c mouse spleen cell hybridoma) was
used as a control MAb. P-450et, P-4SOac, P-4SOLAÂ»,and P-4SOPCN-E, microsomal cytochrome P-450 of rats treated with ethanol, acetone, clofibrate, and
pregnenolone-16-a-carbonitrile.

MonoclonalantibodiesCode

DesignationNBS
1-48-5ETOH-P-450C,

1-22-4C,
1-24-1Cj
1-35-6C.
1-36-2C,
1-41-1CÂ«
1-48-4C,
1-56-4C,
1-60-1C,
1-66-4C,.
1-67-3C,,
1-69-2CuC,,C,4C,,c,4câ€žC,,C,,CÂ»C21CjjCuCÂ«CÂ»CÂ»Câ€žcaCÂ»CÂ»câ€ž-78-4-85-4-88-2-91-3-95-3-98-1-99-1-106-2-113-3-116-4-120-1-124-2-127-5-128-5-149-6-155-1-187-1-228-3-229-5-239-7Binding

in RIA(cpm)Immuno-

globulin
subclassIgG2a(Â«)IgGlWIgGlWIgGlWIgGlWIgGlWIgGlWIgGlWIgA

(Â«)IgGl(Â«)IgGlWIgGlWIgGKÂ«)IgG

1(Â«)IgGKÂ«)IgGKÂ«)IgGl(Â«)IgGKÂ«)IgG2aWIgGl(Â«)IgGKÂ«)IgGKÂ«)IgGKÂ«)IgGKÂ«)ND"IgGl(Â«)IgGKÂ«)IgGKÂ«)IgGKÂ«)IgGKÂ«)IgM

(Â«)IgGKÂ«)P-450et2818,9063,9068,1684,4721,3685,0187,6468,78014,0561,5887,9241,5226,8001,2401,3481,5698,4809,1864,3961,5207,8769,1868,4126,1888,2582,0665,0127,8765,7448,1681,238P-450ac52310,5864729,3804,7341,9306,5064,7543,75610,4444,0869,2002,33610,0628,6447,64854210,21810,0021,0161,9742,3102,4689,2148,15410,0942,0801,8749,2689,6381,1481,252RatP-450LAW268366S44242330250480296220268180P-450PCN-E1832472253092352562182662163,079309Human

P-4504302322941,7341842221,8483544785,970312Double

Immuno
diffusion
(P-450et)-â€”â€”+â€”â€”â€”+â€”â€”+â€”â€”+â€”+â€”++â€”â€”â€”+â€”+â€”â€”+â€”â€”â€”â€”+

â€¢ND, not detectable.

Fig. l. Double-immunodiffusion analysis of immunoglobulin secretion and
MAbs to P-450et. Center wells contained 20 n\ for serum-free culture fluid
concentrates (A, M Ab 1-98-1; B, 1-49-6). Outer Wells I, 2, 3, 4, 5. and 6 for A
and Â£contained 20 *<lof rabbit anti-mouse IgGl, rabbit anti-mouse IgG2a, rabbit
anti-mouse IgG2b, rabbit anti-mouse IgG3, goat anti-mouse IgM, and rabbit anti-
mouse IgA, respectively.

the MAbs bind to a form of P-450 of rats induced with clofi
brate. However, one MAb (C30)binds both to P-450PCN-E and
a human P-450 (48). Three MAbs (C9, C,7, C30) bind to a
human P-450 when compared to the binding of the control
nonspecific MAb, NBS 1-48-5. Thus, it can be concluded that
most MAbs tested are specific for epitopes common to P-450et
and P-450ac. A few MAbs recognize epitopes of P-450PCN-E
and a human P-450 and thus the latter have at least one epitope
in common with the P-450et. However, all the MAbs to P-
450et do not react with P-450BNF-B, P-450PB-B, P-450LM2,
P-450LM4,and a P-450 of rats induced with clofibrate. Further
more, four clones, C2, CM, C|5, and C30,showed large differences

Fig. 2. Double-immunodiffusion analysis for the specificity of polyclonal
antibodies and MAbs to P-450et. Center Wells A and B contained 20 iti of the
mouse serum polyclonal antibody and the serum-free culture fluid concentrates
of MAb 1-98-1. Outer Wells I, 2, 3. 4, S, and 6 contained 20 n\ of purified P-
450et, P-450ac, P-450PB-B, P-450BNF-B of rat and P^SOuÂ« and P-45Ã›LM4of
rabbits, respectively.

in binding affinity for the P-450et and P-450ac suggesting that
these two forms may not be identical.

Effects of MAbs on Enzyme Activity of Cytochrome P-450:
Effect on Aniline /Â»-Ilydroxy lase Activity. Other laboratories
observed that microsomal preparations of rats and rabbits
treated with ethanol, acetone, or pyrazole exhibited an en
hanced aniline />-hydroxy lase activity compared to microsomes
from control animals (54-59). Enhanced aniline p-hydroxylase
activity appears to be a distinct characteristic of chronic ethanol
treatment of the rat, rabbit, and mouse. We examined the effects
of some of the MAbs on aniline p-hydroxylase activity by
incubating seven MAbs to P-450et with microsomes obtained
from rats treated with acetone, pyrazole, methylpyrazole, or
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imida/ole. The aniline p-hydroxylase activities of liver micro-
somes of rats treated with acetone, pyrazole, and methylpyr-
azole were significantly increased by 2-3-fold by induction as
shown in Table 3. The effects of the MAbs in serum-free culture
fluid concentrates are also shown on Table 3. Except for MAb
1-91-3 most of the MAbs showed slight or no inhibition. The
aniline p-hydroxylase activity of microsomes from untreated
and imidazole-treated rats was slightly inhibited by 32 and 21%
by MAb 1-91-3. The same MAb 1-91-3 inhibited the enzyme
activity of microsomes of rats treated with acetone, pyrazole,
or methylpyrazole by up to 54%. Some of the other MAbs
exhibited marginal inhibitory effects. The results of "reaction
phenotyping" with the inhibitory MAb 1-91-3 indicate that at
least 54, 47, 38, and 21% of the aniline p-hydroxylase activities
of the microsomes from acetone-, pyrazole-, methylpyrazole-,
and imidazole-treated rats, respectively, were due to a P-450
(or P-450s) recognized by MAb 1-91-3. In addition, MAb
inhibited control microsomes by 32% suggesting that control
microsomes also contain the epitope-specific P-450. There was
no significant relationship between the immunoglobulin sub
types of MAbs and their capability to immunoprecipitate the
P-450 or their inhibitory effects on enzyme activity. The effects
of the MAbs on the enzyme activities of purified cytochromes
P-450 were also examined. The results with MAbs from serum-
free culture fluid concentrates from four hybridomas are shown
in Table 4. One of the four MAbs, 1-24-1, did not inhibit the
aniline p-hydroxylase activities of P-450et and P-450ac in the
reconstituted system. The three other MAbs, however, inhibited
the enzyme activities by 46-98% compared to the effects of the
nonspecific MAb, HyHel-9. MAb 1-91-3 of culture fluid con
centrates was the most potent, inhibiting the reconstituted P-
450et and P-450ac by 93 and 98%, respectively. With ascites,
90 and 97% inhibitions were observed against P-450et and P-
450ac. The large inhibitory activity of MAb 1-91-3 suggests
that it may be directed to an epitope at the active site of the
cytochrome P-450 responsible for aniline /Â»-hydroxylaseactiv
ity. We observed no correlation between immunoglobulin types
and the patterns of enzyme activity inhibitions. The two most
active inhibitory MAbs were also active precipitating MAbs.
Thus, their inhibitory activity may also be related to their ability
to precipitate P-450.

Effects of MAbs on the Nitrosodimethylamine Demethylase
Activity of Liver Microsomes and P-450ac from Acetone-treated
Rats. The inhibitory effect of MAbs from 31 independent hybrid
clones on nitrosodimethylamine demethylase activity of ace
tone-induced rat liver microsomes and P-450ac are shown in
Table 5. MAb 1-91-3 exhibited an inhibitory effect of 92 and
77% on the reconstituted P-450ac and microsomal nitrosodi

methylamine demethylase activity. The same MAb caused a
54% inhibition of the aniline /7-hydroxylase activity of micro
somes from acetone-treated rats. All the remaining 30 MAbs

examined did not inhibit or marginally inhibited the nitrosodi
methylamine demethylase activity (less than 30%).

Immunodetection of Ethanol-inducible Forms of Cytochrome
P-450 with MAbs. The specificities of MAbs for specific cyto
chromes P-450 were further examined by Western blotting.
Liver microsomes from untreated rats and rats treated with
acetone, pyrazole, methylpyrazole, or imidazole, P-450et and
P-450ac, were subjected to 10% SDS-polyacrylamide gel elec-
trophoresis and visualized by silver staining. A large number of
protein bands were visualized with the microsomal preparations
and several protein bands were visualized with the partially
purified cytochromes P-450, P-450et, and P-450ac as shown in
Fig. 3A. After the microsomal proteins and partially purified
P-450s were separated by SDS-polyacrylamide gel electropho-
resis, they were transferred to a nitrocellulose sheet. The sheets
were incubated with MAb 1-98-1 (Fig. 3Ã„),MAb to chicken
lysozyme, HyHel-9 (Fig. 3C) as control, and polyclonal anti-P-
450et for the detection of MAb-specific P-450s using an alka
line phosphatase system. MAb 1-98-1 recognized predomi
nantly one protein band among a large number of microsomal
proteins as observed with purified cytochrome P-450s (P-450et
and P-450ac; Fig. 35). Nonspecific MAb HyHel-9 (Fig. 3C)
did not bind any of the microsomal proteins and purified P-
450s. Polyclonal antibodies (Fig. 3D) detected several cyto
chrome P-450 bands among numerous microsomal protein
fractions, but only one predominant form of the partially puri
fied cytochrome P-450. The Western blot analysis also showed
inducibility of P-450et with acetone, pyazole, methylpyrazole,
or imidazole in the order of decreasing inducibility. The degree
of induction was 3-14-fold when the peak area (Cm2) at /IÂ«Â»

was calculated and compared with the peak area of control
microsomes in the densitogram as shown in Fig. 3Â£(control,
1.1; acetone, 14.9; pyrazole, 4.2; methylpyrazole, 4.0; imida
zole, 2.8). From this result it can be concluded that the micro
somes induced by different inducers contain unique proteins
with epitopes recognized by MAb 1-98-1. Finally, it should be
recapitulated that P-450et was also detected in uninduced rat
microsomes by the MAb, even though its content was the lowest
when compared with the induced microsomal preparations.

DISCUSSION

A large multiplicity of cytochromes P-450 has been reported
in rats, rabbits, mice, pigs (2), humans (13, 48), yeast (60), and
fungi (61, 62) as well as in prokaryotes (63). Certain forms of

Table 3 Effects of MAbs on aniline p-hydroxylase activities of liver microsomes of rats untreated and treated with different inducers
Microsomes (500 jig) and MAbs (200 Mgof serum-free culture fluid concentrates) were preincubated for IS min at 37'C and aniline /Â»-hydroxylaseactivity was

measured as described in "Materials and Methods." UT, ACET, PY, MPY, IM, untreated, acetone-treated, pyrazole-treated. methylpyrazole-treated, or imidazole-
treated rat liver microsomes. %NBS, % of aniline p-hydroxylase activity which was compared with the enzyme activity in the presence of nonspecific MAb NBS I-
48-5.

Aniline p-hydroxylaseactivityMonoclonalantibodiesNoneNBS

1-48-5ETOH1-85-41-88-21-91-31-98-11-99-11-128-51-228-3(4-hydroxyaniline

nmol/mgprotein/min)UT0.580.470.490.430.320.620.430.500.56%NBS124100104916813291106119ACET2.031.361.181.160.631.341.041.081.03%NBS14910087854699767976PY1.950.861.281.420.461.730.931.051.18%NBS22110014916553201108122137MPY2.441.481.521.520.922.041.201.251.54%NBS165100103103621388184104IM0.620.320.530.440.250.770.460.500.46%NBS19210016513879241144156144
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Table 4 Effects ofMAbs on aniline p-hydroxylase activities of purified P-450et
and P-4500C of rats

Purified cytochrome P-450 (5 ng,) and MAbs (200 ng of serum-free culture
fluid concentrates, SOx or ascites) were preincubated in PBS for IS min at room
temperature. The aniline p-hydroxylase activity was measured in the reconstituted
system containing NADPH-cytochrome P-450 reducÃase(10 >ig)and dilauroyl-
phosphatidylcholine (30 pg) in a final volume of 1 ml at 37'C for 20 min.

Table 5 Effects ofMAbs on nitrosodimethylamine demethytase (NDMAD)
activity of purified cytochrome P-450ac and liver microsomes of rats treated with

acetone

Aniline p-hydroxylase activity
(4-hydroxyaniline nmol/nmol P-450/

min)Monoclonalantibodies(200

MÃ•)A.

Serum-free culture fluid(SOx)NoneNBS

1-48-5HyHel-9ETOH1-24-11-91-31-98-11-99-1B.

AscitesNoneHyHel-9ETOH1-91-31-98-1P-450et6.102.733.993.840.281.642.154.802.500.254.30%ofHyHel-922368100967415419210010172P-450ac4.91.382.282.340.050.620.735.01.50.053.40%ofHyHel-918060100100227323331003226

cytochrome P-450 are inducible by a variety of inducers and
the level of specific forms of P-450 can be influenced by expo
sure to specific inducers or to a variety of physiological condi
tions, e.g., fasting (43). Chronic ethanol administration has
been reported to cause the proliferation of hepatic smooth
endoplasmic reticulum, an increase in the cytochrome P-450
content (64, 65), and increases in the rate of aniline hydroxyl-
ation and in the oxidation of alcohol (56, 57, 64-70). Peng et
al. (39) isolated a unique isozyme of liver cytochrome P-450

induced by ethanol in rats, and Koop et al. (37) isolated an
ethanol-induced form of cytochrome P-450 from rabbit liver.
Both these alcohol-induced cytochromes P-450 were thought
to be distinct from other previously reported forms. The mul
tiplicity of cytochrome P-450 in a given tissue or organ probably
represents the main factor contributing to the broad specificity
and wide range of cytochrome P-450-catalyzed reactions. The
multiplicity, however, also makes it difficult to understand
which specific form of cytochromes P-450 is responsible for the
metabolism of an individual substrate and the formation of
specific products (2, 5, 12). Thus, the isolation and characteri
zation of individual forms of cytochromes P-450 are important
steps for the elucidation of the multiplicity of cytochrome P-

450 and for understanding individual differences in drug and
carcinogen metabolisms. Conventional biochemical procedures
for isolation and purification of cytochrome P-450 are cumber
some, complex, and of long duration. MAbs are ideal tools for
the isolation and the elucidation of the multiplicity of cyto
chrome P-450 since they are precise probes for specific anti-
genie determinants and they can recognize even small differ
ences in P-450s. We have prepared a library of MAbs to
different forms of cytochrome P-450 (20-23) and successfully
utilized them for detection, tissue phenotyping, and reaction
phenotyping of cytochrome P-450 (24, 25, 29-36) which deter
mine the contribution of specific cytochromes P-450 to the
total reaction displayed by a tissue preparation, and for immu-
nopurification (11, 26-28). In the current study, among the 31
MAbs, 10 immunoprecipitafed purified P-450et. M Ab 1-98-1

showed a stronger precipitation reaction than any of the re
maining MAbs. Since MAbs are directed to a single antigenic
determinant, they do not generally precipitate the protein an
tigens to which they bind (2). Thus, the precipitation of the

MAbsAscitesNoneHyHel-9ETOH1-91-31-98-1Serum-freeculture

fluid(50x)NoneHyHel-9ETOH1-22-41-24-11-35-61-36-21-41-11-48-41-56-41-60-11-66-41-67-31-69-2-78-4-85-4-88-2-91-3-95-3-98-1-99-1-106-2-113-3-116-4-120-1-124-2-127-5-128-5-149-6-155-1-187-1-228-3-229-5-239-7NDMAD

activityReconstituted
System(nmol

HCHO/nmolP-450ac/min)6.24.50.44.2Microsomes(nmol

HCHO/mgprotein/min)3.23.54.64.33.32.63.22.63.53.53.53.53.33.53.32.40.83.33.93.23.33.53.33.32.72.43.93.43.93.62.53.33.3%ofHyHel138100893%ofHyHel10910013112394749174100100100100941009469239411191941009494776911197111103719494

antigen-antibody complexes in the double-immunodiffusion as
say may be due to the binding of MAbs to cytochromes P-450
that have aggregated either before or after interactions with the
MAbs. The RIA binding showed that all 31 MAbs had recog
nized P-450et. Twenty of these 31 MAbs exhibited affinity
(Table 2) for both P-450et and P-450ac; 6 of the MAbs (C8,
C,,, C21,C22,C27,C30)had a higher affinity for P-450et than P-
450ac, 3 of the MAbs (C,0, C,4, C15) had higher affinity for P-
450ac than P-450et, and 2 of them (C2, C16) had affinity only
to P-450et but not to P-450ac in their binding to respective
cytochrome P-450 (Table 2). These results suggested the pos
sibility that the cytochrome P-450 induced by ethanol and
acetone may nevertheless not be identical and may exhibit
unique epitopes detected by specific MAbs. Another possibility
is that the P-450 preparations are not homogeneous and contain
contaminants that are recognized by specific MAbs. There was
a 2-3-fold increase in aniline /Â»-hydroxylaseactivity in micro

somes from rats treated with acetone or methylpyrazole com
pared to untreated microsomes. With imidazole-induced micro
somes, there was no induction of enzyme activity and no
inhibition was observed with the MAbs. However, P-450et was
detectable in the latter in Western blotting (Fig. 3) when we
used MAb 1-98-1 as P-450et probe. When the intensity of peak
area (Cm2 at ^000) in the densitogram of the Western blot (Fig.

3E) was calculated for the extents of MAb binding to P-450et
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ETOHT-98-1 HYHEL- 9

1234567 1234

1 234 567 UTMSACMS PYMSMPMSIMMS UTWSACMS^ *

UTMS ACMS PYMS MPMS IMMS UTXS ACMS P-450.
et PYMS

6

HPMS IMHS

Fig. 3. I. analysis of rat liver microsomal proteins by SDS-polyacrylamide gel electrophoresis and silver staining. Lanes I, 2, 5, 6, and 7 contained liver microsomes
of rats which were untreated (UTMS) or, treated with acetone (ACMS). pyrazole (PYMS), methylpyrazole (MPMS), or imidazole (IMMS) (5 ng protein for A and D-.
I u&protein for B). Lanes 3 and 4, purified rat liver microsomal P-450ac and P-450et (SOng each for/4 and /'; 100 ng for B). B, Western blotting and immunodetection
of ethanol-inducible form of cytochrome P-450 in rat liver microsomal preparations and purified cytochrome P-450 with MAb 1-98-1. C, Western blotting and
immunodetection of ethanol-inducible form of cytochrome P-450 in rat liver microsomal preparations and purified cytochrome P-450 with MAb to chicken lysozyme
(HyHel-9). Lanes 1 and 2 contained S /ig liver microsomes of rats untreated and treated with acetone. Lanes 3 and 4 contained SOng P-4SOac and P-4SOet, D, Western
blotting and immunodetection of elhanol-inducible form of cytochrome P-4SO of rat liver microsomal preparations and purified cytochrome P-4SO with polyclonal
antibody. I-. densitogram for ethanol-inducible forms of rat liver microsomal P-4SO detected by MAb 1-98-1 in Western blot of B. Immunodetected microsomal
proteins corresponding to cytochrome P-450et on nitrocellulose sheets were scanned by Shimadzu Dual beam densitometer. Second bands observed with microsomes
(B, Lanes I, 2, 5, 6, and 7) are not shown.

and compared with control microsomes, 3-14-fold inductions
rather than 2-3-fold induction of aniline p-hydroxylase activity
were observed with microsomes from rats treated with imida
zole, methylpyrazole, pyrazole, or acetone. This result indicates
that MAb-directed immunodetection of P-450et is a more pre
cise measure for the detection of MAb-specific epitopes. Similar
forms of cytochromes P-450 to P-450et have been isolated from
isoniazid-treated rats (S3) and from rabbits treated with other
inducers (37, 40, 54). However, as described above, MAbs to

P-450et showed different binding affinities for P-450ac. These
data suggest that there may be more than one form of P-450
induced by various inducers of P-450et. When 7 MAbs to P-
450 were tested for their effect on aniline p-hydroxylase activity
of microsomes of untreated rats or rats treated with acetone,
pyrazole, methylpyrazole, or imidazoie, up to 54% specific
inhibition of activity was observed with serum free culture fluid
concentrates compared to the enzyme activity in the presence
of nonspecific MAbs (NBS 1-48-5). These results indicated that
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up to 54% of aniline p-hydroxylase activities were contributed
by the MAb-specific P-450et.

These MAbs to P-450et would be useful for identification,
phenotyping, and immunopurification of P-450et. Identifica
tion of niRNA translation products and its preparation of
complementary DNA to the mRNA also can be accomplished
with the MAb (71). Since P-450et catalyzes nitrosamine metab
olism (43-46), the MAbs to P-450et described here may be very
useful for understanding the role of this cytochrome P-450 for
individual differences in drug metabolism and in the activation
of the nitrosamine carcinogen class. The MAbs to cytochrome
P-450et that we report in this paper should prove useful for the
(a) simple immunopurification of the cytochrome P-450et from
a variety of tissue and species sources, (h) detection and quan-
titation of the epitope containing P-450 to understand its
regulation and interindividual variation, and (r) reaction phen
otyping, i.e., to determine the contribution of the epitope con
taining P-450 in the metabolism of a wide variety of substrates
including various nitrosamine derivatives, as well as aniline,
ethanol, and their derivatives. When applied to different tissues,
organs, and individuals, these approaches should prove useful
in defining the role of this MAb-defined single or class of
cytochromes P-450 in individual sensitivity to xenobiotic com
pounds.
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