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SUMMARY

JoHNsoN, Eric F., SchHwaB, GEORGE E., & MULLER-EBERHARD, URSULA. (1979)
Multiple forms of cytochrome P-450: Catalytic differences exhibited by two homo-
geneous forms of rabbit cytochrome P-450. Mol. Pharmacol. 15, 708-718.

Two highly purified forms of hepatic cytochrome P-450 were isolated from rabbits treated
with the inducers phenobarbital and 2,3,7,8-tetrachlorodibenzo-p-dioxin. Both forms were
shown to be metabolically active when reconstituted with lipid and homogeneous
NADPH-cytochrome P-450 reductase. Form 2, obtained from rabbits treated with phe-
nobarbital, and form 4, purified from rabbits treated with 2,3,7,8-tetrachlorodibenzo-p-
dioxin, hydroxylated biphenyl at comparable rates (Vmax), 4.2 and 3.4 mol min™' mol™*
cytochrome P-450, respectively, although with dissimilar apparent K,, values, 31 um and
9.6 uM, respectively. Form 4 was 60 times more active than form 2 in the deethylation of
7-ethoxyresorufin. Moreover, form 4 was five orders of magnitude more sensitive in the
biphenyl reaction to the inhibitory effects of the differential inhibitor a-naphthoflavone
than was form 2. Densitometric scans of sodium dodecyl sulfate polyacrylamide gel
electrophoretograms revealed that microsomes from rabbits treated with phenobarbital
exhibit a relative predominance of form 2. In similar fashion, microsomes from 2,3,7,8-
tetrachlorodibenzo-p-dioxin-treated animals show a dominance of form 4. The metabolic
activities of the induced microsomes reflect the influence of the major form of cytochrome
P-450. Similar trends are seen in the activities of phenobarbital-induced microsomes and
reconstituted form 2 just as 2,3,7,8-tetrachlorodibenzo-p-dioxin-induced microsomes and
reconstituted form 4 share like metabolic properties. Thus, the distinct catalytic capacities
of multiple forms of cytochrome P-450 represent significant determinants of xenobiotic
metabolism by the cytochrome P-450 system.

INTRODUCTION

Multiple forms of cytochrome P-450 are
present in the endoplasmic reticulum and
metabolize a variety of compounds includ-
ing drugs, steroids, environmental contam-
inants, and carcinogens. The age, sex, and
pretreatment of the animal from which the
microsomes are obtained affect the meta-
bolic profile of activities exhibited by these
monooxygenases with a structurally diverse
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group of substrates (1).

Several forms of cytochrome P-450 have
been purified from rabbit, rat, and mouse
liver microsomes (2). Two forms of rabbit
cytochrome P-450 have been extensively
characterized and purified. One cytochrome
P-450, designated form 2, is induced in liver
microsomes of adult rabbits pretreated with
PB! and the other, denoted as form 4, is

' The abbreviations used are: PB, phenobarbital;
TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; ANF, a-
naphthoflavone; SDS PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.



CATALYTIC DIFFERENCES OF MULTIPLE FORMS OF CYTOCHROME P-450

induced by treatment of the rabbits with
TCDD. These two forms differ by a variety
of experimental criteria, including apparent
molecular weight (3-5), spectral properties
(4, 6), peptide mapping (7), amino acid com-
position (4), immunological criteria (8), and
C-terminal amino acid group (4).
Differences in the occurrence and cata-
lytic function of these two forms of the
cytochrome are expected to be significant
determinants of the xenobiotic metabolism
mediated by the microsomal monooxygen-
ases. We have examined the metabolism of
biphenyl and 7-ethoxyresorufin using
highly purified preparations of these two
cytochromes and of NADPH-cytochrome
P-450 reductase. We report here on a com-
parison of the metabolism of biphenyl by
the reconstituted enzymes, on the selective
inhibition of this reaction by ANF when
catalyzed by form 4 but not form 2, and on
the large differences in catalytic activity
exhibited by the two forms with 7-ethoxy-
resorufin as the substrate. These catalytic
differences exhibited by forms 2 and 4 com-
prise two of the most pronounced func-
tional differences yet observed for multiple
forms of cytochrome P-450. Moreover, the
results presented here suggest that forms 2
and 4 occur naturally, are differentially in-
ducible, and when reconstituted, exhibit
properties inherent to each form.

MATERIALS AND METHODS

Isolation of microsomes. Adult male
New Zealand white rabbits (3-4 kg) were
given either TCDD as a single i.p. injection
(30 nmol TCDD in dioxane, 10 mm, per kg
body weight) 5 days prior to killing or PB
in their drinking water (0.1% as the sodium
salt) continuously for 6 days before sacri-
fice. Untreated rabbits served as controls.
All rabbits were housed separately and al-
lowed food and water ad lib until 24 hours
prior to sacrifice, at which time food was
withdrawn.

Liver microsomes were isolated as de-
scribed by van der Hoeven and Coon (9).
Final suspensions of microsomes used in
the purification of forms 2 and 4 were made
in 0.1 M Tris-acetate, pH 7.4, 0.1 m KClI,
20% glycerol (v/v), 1.0 mm Na; EDTA and
1.0 mm dithiothreitol. Microsomes used in
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the isolation of NADPH-cytochrome P-450
reductase were suspended in 0.01 M Tris-
acetate, pH 7.4, 20% glycerol (v/v) and 0.1
mM Na, EDTA. Microsomes used in the
enzymatic assays of biphenyl and 7-ethox-
yresorufin metabolism were suspended in
0.05 M potassium phosphate, pH 7.4, 20%
glycerol (v/v), and 0.1 mm Na, EDTA.

The average specific contents of cyto-
chrome P-450 in the various microsomal
preparations were: TCDD-pretreated, 3.7
+ 0.6 nmol mg~'; PB-pretreated, 3.6 + 0.5
nmol mg~' and untreated 1.8 + 0.2 nmol
mg~'. The specific content of NADPH-cy-
tochrome P-450 reductase in liver micro-
somes obtained from PB-pretreated rabbits
averaged 0.32 + 0.03 units mg™' (one unit
defined as one pumol cytochrome c reduced
per min per mg protein).

Isolation and purification of forms 2 and
4. Form 4 was isolated as described previ-
ously (10). All procedures were carried out
at 4°. The buffers contained potassium
phosphate at the indicated molarity and
specified pH, 20% glycerol (v/v), and 0.1
mM Na; EDTA, unless noted otherwise.

Form 2 was isolated and purified accord-
ing to the following methodology (Table 1).
Microsomes obtained from PB-treated rab-
bits were solubilized with sodium cholate
and fractionated with polyethylene glycol
(9). Protein precipitating between 6 and
10% polyethylene glycol (v/v) was resus-
pended in a 5 mM buffer, pH 7.7. An aliquot
of this material corresponding to 250 mg
protein at a concentration of 6 mg ml™' was
solubilized by the addition of Nonidet P-40
(a non-ionic detergent) to a concentration
of 0.1% (v/v). This solution was applied to
a column of DEAE-cellulose (2.5 X 12 cm)
equilibrated with 5 mm buffer, pH 7.7, con-
taining 0.1% Nonidet P-40 (v/v). The ma-
terial which eluted with the equilibration
buffer was adsorbed onto 80 mg calcium
phosphate gel. After a 15 min incubation,
the calcium phosphate gel was separated
by centrifugation at 2000 X g X 10 min. The
pellet with the absorbed protein was resus-
pended in 20 ml of 0.3 M buffer, pH 6.5, and
incubated 15 min. The cytochrome was
eluted in the supernatant following centrif-
ugation at 2000 X g X 10 min. This material
was dialyzed overnight in a 150-fold excess
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TaBLE 1
Purification of cytochrome P-450 form 2 from PB-induced rabbit liver microsomes
Preparation Volume  Total protein Cyto- Yield®
chrome P-
450 con-
tent?
(ml) (mg) (nmol mg (%)
protein™’)
Microsomes 36 900 3.6 100
Polyethylene glycol precipitate (6 to 10%) 35 280 6.3 54
DEAE-cellulose column eluate; calcium phos-
phate gel eluate 40 64 12.0 24
CM-cellulose column eluate; calcium phosphate
gel eluate 40 28 14.0 12
Hydroxylapatite-cellulose (1:1) column eluate;
calcium phosphate gel eluate 8 3.6 17.5 2

% Based on the total amount of cytochrome P-450.

of 5 mm buffer, pH 6.5.

After addition of Nonidet P-40 to the
dialysate to a final concentration of 0.1%
(v/v), the protein solution was loaded onto
a column of CM-cellulose (2 X 5 cm) equil-
ibrated with 5 mmM buffer, pH 6.5, containing
0.1% Nonidet P-40 (v/v). The bound ma-
terial was washed with 1 column volume of
the equilibration buffer. The cytochrome(s)
was eluted with a linear, 0 to 0.5 m KCl,
gradient in the equilibration buffer. The
fractions containing form 2, as indicated by
SDS PAGE, were pooled and diluted with
a two-fold excess of 5 mm buffer, pH 7.4.
This material was adsorbed onto 20 mg
calcium phosphate gel and treated as before
with the exception that the elution buffer
used was 0.3 M buffer, pH 7.4. The material
which eluted from the calcium phosphate
gel was dialyzed against a 150-fold excess of
5 mm buffer, pH 7.4. Nonidet P-40 was
added to the clear dialysate to a final con-
centration of 0.1% (v/v) to ensure complete
solubilization. The solution was then ap-
plied to a column of hydroxylapatite cellu-
lose (1:1) (1.5 X 6 cm) equilibrated with 5
mM buffer, pH 7.4, containing 0.1% Nonidet
P-40 (v/v). The bound material was washed
with 4 column volumes of 35 mm buffer, pH
7.4, containing 0.1% Nonidet P-40 (v/v).
Form 2 was eluted with 40 mM buffer, pH
7.4, containing 0.1% Nonidet P-40 (v/v).
This fraction was dialyzed overnight
against a 100-fold excess of 10 mM buffer,
pH 7.4. The dialysate was adsorbed onto 20
mg calcium phosphate gel, sedimented by

centrifugation at 2,000 X g X 10 min, and
resuspended in 10 mmM buffer, pH 7.4. This
wash procedure was repeated two more
times. The final pellet was resuspended in
0.3 M buffer, pH 7.4, incubated 15 min, and
the cytochrome was separated from the
calcium phosphate gel by centrifugation at
2000 X g X 10 min.

The specific content of cytochrome P-450
of form 2 averaged 17.5 nmol mg™" with an
overall yield of 2%. Form 4 averaged 17.8
nmol mg~! with an overall yield of 3% (10).
Both forms were judged homogeneous by
SDS PAGE (Fig. 1), with apparent molec-
ular weights corresponding to 48,000 and
55,000 daltons for forms 2 and 4, respec-
tively.

Purification of NADPH-cytochrome P-
450 reductase. NADPH-cytochrome P-450
reductase was isolated as described by Ya-
sukochi and Masters (11), with minor mod-
ifications. The purification steps are sum-
marized in Table 2. All procedures were
carried out at 4°. Microsomes obtained
from rabbits treated with PB were solubi-
lized with sodium cholate and Triton N-
101. An aliquot of this material correspond-
ing to 2.5 g protein at a concentration of 15
mg/ml was applied to a column of DEAE-
cellulose (2.5 X 20 cm) equilibrated with 25
mM Tris-acetate, pH 7.7, 20% glycerol (v/
v), 0.05 mm Na, EDTA, 0.05 mMm dithio-
threitol, 0.8% Triton N-101 (v/v), and 0.1%
sodium cholate (v/v). The bound material
was washed with 4 column volumes of
equilibration buffer. The reductase was
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eluted as a sharp peak with a linear, 0 to
0.5 m KCl, gradient in the equilibration
buffer. The fractions containing reductase
(as judged by assaying each fraction for
reductase activity) were pooled and applied
to a column containing agarose-hexane-(2’-
5’-ADP) (1.0 X 10 cm) equilibrated with 10
mM potassium phosphate, pH 7.7, 20% glyc-
erol (v/v) 0.02 mmM Na, EDTA, 0.2 mm
dithiothreitol, and 0.1% Triton N-101 (v/v).
The bound material was washed with 6
column volumes of equilibration buffer in

R 2 4

F1G. 1. Polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulfate of NADPH-cyto-
chrome P-450 reductase (R) and cytochrome P-450
form 2 (2) and form 4 (4)

Electrophoretic migration is from top to bottom.
The method is that of Laemmli (12). Aliquots of the
NADPH-cytochrome P-450 reductase and cytochrome
P-450, forms 2 and 4, corresponding to 4 ug of protein
were applied to the respective gels.
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which the potassium phosphate and
Na;EDTA concentrations had been in-
creased to 0.2 M and 0.4 mM respectively.
This step removed all residual cytochrome
bs and cytochrome P-450, leaving a well-
defined yellow band in the upper fourth of
the resin bed. The reductase was eluted
with wash buffer containing 1 mm NADPH.
This material was dialyzed overnight in a
100-fold excess of 10 mM potassium phos-
phate buffer, pH 7.7, containing 20% glyc-
erol (v/v). The dialysate was adsorbed onto
20 mg calcium phosphate gel, pelleted by
centrifugation at 2000 X g X 10 min and
resuspended in 10 mM potassium phos-
phate, pH 7.7, containing 20% glycerol (v/
v). This wash procedure was repeated twice
to remove the NADPH and detergent from
the reductase. The pellet obtained after the
final wash was resuspended in 0.3 M potas-
sium phosphate, pH 7.7, containing 20%
glycerol (v/v), incubated 15 min and eluted
as above.

The average specific activity of the
NADPH-cytochrome P-450 reductase was
50 units mg~' with an overall yield of 48%.
On SDS PAGE, this material exhibited a
single band with an estimated molecular
weight of 78,500 daltons (Fig. 1).

Preparation of lipid for reconstitution.
Dilauroyl-L-a-lecithin was suspended in 50
mM potassium phosphate, pH 7.4 to a final
concentration of 3 mg ml™'. The suspension
was sonicated four times of 5s duration at
40% relative output using an Artek Sonic
300 Dismembrator, equipped with microtip.

SDS-Polyacrylamide gel electrophore-
sts. The individual purified forms of cyto-
chrome P-450 and the various microsomal

TABLE 2

Purification of NADPH-cytochrome P-450 reductase from PB-induced rabbit liver microsomes

Preparation Volume Total protein  Total ac- Specific ac- Yield
tivity® tivity®
(ml) (mg) (wmol (umol (%)
min") min™! mg
protein™’)
Microsomes 60.3 1527 485 0.32 100
Solubilized microsomes 93.3 1352 453 0.37 93
DEAE-cellulose column eluate 110.2 58 317 5.47 65
Agarose-hexane 2',5-ADP column
eluate; calcium phosphate gel
eluate 10.8 4.7 234 50.0 48

2 NADPH-cytochrome P-450 reductase activities were assayed as described under METHODS.
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preparations were analyzed by SDS PAGE
(12). Densitometric scans of the micro-
somal SDS PAGE stained with Coomassie
brilliant blue were recorded at 580 nm using
a Gilford Spectrophotometer, Model 2400,
equipped with a Gilford Linear Transport
model 2410-S.

Miscellaneous assays. Protein concen-
trations were determined by the method of
Lowry et al. (13) after precipitation of the
proteins in the presence of trichloroacetic
acid and deoxycholic acid (14). Crystalline
bovine serum albumin served as the stan-
dard. Cytochrome P-450 content was esti-
mated by the method of Omura and Sato
(15), and NADPH-cytochrome P-450 re-
ductase activity was measured as described
previously (16).

Assay of biphenyl hydroxylase and 7-
ethoxyresorufin deethylase. The hydroxyl-
ation of biphenyl was assayed by the
method of Creaven et al. (17) as modified
by Atlas and Nebert (18), with the following
variations. The 1 ml reaction mixture con-
tained 50 pmol potassium phosphate, pH
7.7, 0.7 mg bovine serum albumin. 0.4 umol
biphenyl (prepared by dissolving the bi-
phenyl in a minimal volume of dimethyl-
sulfoxide (2.5 mg pl™') and bringing the
solution to a final volume with methanol
(0.6 mg ml™' [18]) and either 0.1 nmol cy-
tochrome P-450, 0.5 units reductase, and 30
pg lipid or 0.05-0.8 mg microsomes. In the
reconstitution experiments, the enzymes
and lipid were mixed and allowed to incu-
bate 3 min at 4° before any of the remaining
assay constituents were added. Following a
2 min incubation at 37°, the reaction was
initiated with 1.25 umol NADPH. The in-
cubation was carried out with continuous
shaking at 80 oscillations per minute in a
37° waterbath. After 5 min, the reaction
was stopped by the addition of 0.5 ml 2 N
HCI and the tubes placed into an ice bath.
After addition of 4.0 ml n-heptane, the sam-
ples were shaken at 120 oscillations per
minute for 20 min at 37°. A 3.0 ml aliquot
of the organic phase was extracted with 4.0
ml 0.1 N NaOH by vortexing the mixture 3
times of 5s duration and then aspirating off
the organic phase. A 2.0 ml aliquot of the
extract was buffered to pH 5.5 by mixing
with 0.5 ml of 0.25 M succinic acid. The
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buffered solutions were allowed to stand 20
min (18), and then the samples were read
in a Perkin-Elmer MPF-44A Fluorescence
Spectrophotometer using 5 nm spectral slit
widths with an excitation wavelength of 278
nm and an emission wavelength of 338 nm
(4-hydroxybiphenyl), and an excitation
wavelength of 290 nm and an emission
wavelength of 415 nm (2-hydroxybiphenyl).
The amounts of 2- and 4-isomer produced
were estimated from standard curves as
described by Creaven et al. (17). Complete
reaction mixtures containing either boiled
microsomes or cytochromes served as
blanks and as such were present in the
tubes containing the standards.

Resorufin formation was monitored by
the direct fluorimetric procedure described
by Burke and Mayer (19) with the following
modifications. The 2.0 ml reaction mixture
contained 100 umol potassium phosphate,
pH 7.7, 1.5 nmol 7-ethoxyresorufin (pre-
pared by dissolving in dimethylsulfoxide)
and either 0.025-0.5 mg microsomal protein
or the reconstitution mixture described
above (which was also preincubated 3 min
at 4°). Following a 2 min incubation at 30°
the reaction was initiated with 0.5 pmol
NADPH, and monitored continuously at
30° in the fluorescence spectrophotometer.
An excitation wavelength of 573 nm, an
emission wavelength of 586 nm, and 3 nm
spectral slit widths were used while moni-
toring the formation of resorufin (19). After
recording the progress of the reaction, the
fluorescence intensity was standardized by
the addition of 0.5 nmol of resorufin to the
reaction mixture.

Studies utilizing the inhibitor ANF ne-
cessitated the introduction of additional or-
ganic solvent because this compound does
not solubilize well in aqueous buffers. The
same solvent was employed as was used
with the substrate, i.e., methanol was used
in the biphenyl assay and dimethylsulfox-
ide in the 7-ethoxyresorufin assay. In both
assays, a constant volume (10 ul) of solvent
or solvent plus inhibitor was used to allow
for any inhibitory effects of the added sol-
vent. Since ANF in excess of 20 mm crys-
tallized out of methanol, concentrations of
ANF in the reaction medium could not
exceed 0.2 mM.
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Materials. Biphenyl, 4-hydroxybiphenyl,
2-hydroxybiphenyl (zone-refined) and ANF
were purchased from the Aldrich Chemical
Co., biphenyl and 4-hydroxybiphenyl were
further purified by recrystallization from
petroleum ether (20); 7-ethoxyresorufin and
resorufin were a gift from Russell Prough
(Southwestern Medical School, Depart-
ment of Biochemistry, Dallas, Texas) or
were purchased from the Pierce Chemical
Co.; bovine serum albumin (Fraction V),
NADPH (tetrasodium salt), cytochrome ¢
(horse heart Type III), and PB (tetraso-
dium salt) were from Sigma Chemical Co.,
dilauroyl-L-a-lecithin was obtained from
Calbiochem; Nonidet P-40 from Accurate
Chemical and Scientific Corp., agarose-hex-
ane-(2'-5-ADP) (Type 2) from PL-Bio-
chemicals, Inc., methanol and n-heptane
(both glass distilled) were purchased from
Burdick and Jackson Labs., Inc., dimeth-
ylsulfoxide was from Eastman Kodak Co.,
and TCDD was a gift from Dow Chemical
Co. All other chemicals, solvents, and resins
were of the highest commercially available
grade.

RESULTS

The activity of both the highly purified
forms of the enzyme as well as these en-
zymes in the microsomal matrix is sensitive
to the amount of substrate in the assay
medium. As shown in a double reciprocal
plot of the rate of reaction versus the sub-
strate concentration, there is a decrease in
rate when the substrate concentration ex-
ceeds 2.5 uM 7-ethoxyresorufin (Fig. 2) or
0.4 mM biphenyl, indicative of substrate
inhibition. We also observe that addition of
biphenyl at concentrations greater than 0.4
mM produced crystal formation in the assay
medium. Furthermore, the substrate inhi-
bition is dependent on the amount and
composition of the solvent used to intro-
duce these water-insoluble substrates into
the aqueous assay medium. Of the solvents
investigated (methanol, dimethylsulfoxide,
and a dimethylsulfoxide-methanol admix-
ture [18]), the most effective was the di-
methylsulfoxide-methanol admixture at a
final concentration of 1% for biphenyl, and
dimethylsulfoxide at a final concentration
of 0.5% for 7-ethoxyresorufin.
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FiG. 2. Representative Lineweaver-Burk plot of
the effect of substrate concentration on the ability of
reconstituted form 4 to deethylate 7-ethoxyresorufin

Various concentrations of 7-ethoxyresorufin in a
constant volume of dimethylsulfoxide were incubated
with reconstituted form 4, as described in METHODS.
Concentrations of 7-ethoxyresorufin in excess of 2.5-
4.5 uM initiated substrate inhibition phenomena.

The pH of the incubation mixture affects
the relative activities expressed by the re-
constituted cytochrome P-450 system and
the microsomal ensemble. The hydroxyl-
ation of biphenyl is maximal in a pH range
from 7.4 to 8.6 for both the reconstituted
and microsomal enzyme systems. The de-
ethylation of 7-ethoxyresorufin is maximal
from pH 7.5 to 7.9 for both enzyme systems.
Accordingly, a pH of 7.7 was chosen for
both assays.

In reconstitution experiments, 0.1 nmol
of form 2 or 4 was used with saturating
amounts of lipid (30 ug) and reductase (0.5
units). Under these conditions, the cyto-
chrome is the rate-limiting protein compo-
nent of the mixture. Omission of either
cytochrome or reductase results in a com-
plete loss of both hydroxylation and deeth-
ylation activity. Omission of lipid depresses
these activities approximately 50%.

A linear dependence of the rate of prod-
uct formation on the amount of microsomal
protein is observed that extends from 0.05
to 0.8 mg in the biphenyl reaction and 0.025
to 0.5 mg in the 7-ethoxyresorufin assay.
The progress of biphenyl hydroxylation is
linear with time for the first 8 min for either
the microsomal or reconstituted systems,
with 5 min routinely used as the incubation



714

period. The deethylation of 7-ethoxyreso-
rufin also exhibits an initial, constant reac-
tion rate. As such, the initial rate of change
in the relative fluorescence with time is
used (~2-3 min).

When reconstituted with reductase and
lipid, both forms 2 and 4 are active in the 4-
hydroxylation of biphenyl (Table 3). Nei-
ther catalyzes the formation of detectable
levels of 2-hydroxybiphenyl. Double recip-
rocal plots (1/V vs 1/S) reveal an apparent
K. for form 4 (9.6 uM), which is significantly
(P < 0.001) less than that manifested by
form 2 (31 pMm).

The potential use of ANF as a differential
inhibitor was explored (21). An ANF Iy
(the concentration of inhibitor required to
evoke a 50% decrease in activity relative to
the activity obtained when only the carrier
solvent is added) of 27 nM is observed for
form 4. In contrast, ANF added to a final
concentration 10,000 times greater causes
only a 40% decrease in the relative activity
of form 2 (Fig. 3). Since ANF was insoluble
at higher concentrations, they were not ex-
amined.

The deethylation of 7-ethoxyresorufin is
supported primarily by form 4 (Table 3).
Reconstitution of form 2 results in barely
detectible deethylation activities. Form 4
expresses an apparent K, of 1.8 uM and an
ANF I, of 10 nMm (Fig. 3). The lack of an
easily measured activity in this reaction for
form 2 precludes the determination of
either an apparent K, or the ANF Is,.

By examining SDS PAGE electrophoret-
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ograms of microsomes obtained from PB-
and TCDD-treated rabbits, we estimated
the relative occurrence of forms 2 and 4 to
one another and toward other forms of
cytochrome P-450. In order to depict the
migration and relative intensity of these
forms more graphically, densitometric
scans of the SDS PAGE electrophoreto-
grams of microsomes were made. Inspec-
tion of Figure 4 shows that both forms 2
and 4 occur naturally in the microsomes of
the control rabbit. Furthermore, TCDD-
pretreatment effects a predominance of
form 4 and pretreatment with PB causes
form 2 to predominate. The results of SDS
PAGE are corroborated by peptide map-
ping experiments (7) and immunological
studies (8, 16). Upon further examination
of this figure, other forms of cytochrome P-
450 appear to be positively affected by these
compounds, i.e., form 6 by TCDD (22, 23).
However, it is the apparent dominance of
forms 2 and 4 in microsomes from PB-pre-
treated and TCDD-pretreated animals, re-
spectively, that is of special interest. In
particular, by examining some of the activ-
ities of these differentially induced micro-
somes it may be possible to determine the
effect of these principal forms on the met-
abolic properties of the microsomes.
Biphenyl activity is induced 5- and 3-fold
in PB- and TCDD-pretreated rabbits re-
spectively (Table 4). No 2-hydroxylase ac-
tivity is observed in any of the microsomal
preparations. The apparent K, of the
TCDD-microsomes for the hydroxylation

TaBLE 3

Apparent K, and V.. of biphenyl 4-hydroxylase and 7-ethoxyresorufin deethylase by reconstituted forms 2
and 4 and control, PB-induced and TCDD-induced microsomes

Assays were conducted as described in METHODS. K, and V. were obtained by plotting 1/V vs 1/S.

Sample Biphenyl 4-hydroxylase 7-ethoxyresorufin deethylase
Vinax K. Vinax K.

Cytochromes®

Form 2 42+04 31+03x10°M <0.01 —_—

Form 4 34106 96+0.1x10°Mm 0.62 + 0.03 1.8+01x10°Mm
Microsomes®

Control 1.8+ 0.3 30+04x10°M 0.24 £ 0.07 1.8+0.1 Xx10°%m

PB-induced 85105 3.1+03x107°Mm 0.14 + 0.02 —_—

TCDD-induced 58 £ 0.7 1.1£03x10°Mm 2.20 £ 0.21 1.8+0.1%x10%Mm

? Vmax €xpressed as nmol product formed min~' nmol cytochrome P-450"".

® Vmax €xpressed as nmol product formed min~' mg protein™'.
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F1G. 3. Semilog plot of the effect of ANF on bi-
phenyl hydroxylase activity from reconstituted forms
2 and 4 and PB- and TCDD-induced microsomes

Assays were performed as described in METHODS,
with reconstituted forms 2 (@) and 4 (O) and PB-
induced (A) and TCDD-induced (A) microsomes in
the presence of various concentrations of ANF in a
constant volume of the dimethylsulfoxide-methanol
admixture described in METHODS. Activities are ex-
pressed as a percentage of the corresponding specific
activity in the absence of added ANF, i.e., only added
solvent.

% Inhibition Biphenyl 4-hydroxylation

reaction is significantly (P < 0.001) less
than that evidenced by either the PB-in-
duced or control microsomes. The ANF I,
is 0.11 um for the TCDD-induced prepara-
tions, whereas PB-induced microsomes are
depressed by only 20% when ANF is added
at final concentrations 2,000 times greater
(Fig. 3).

The deethylation of 7-ethoxyresorufin is
supported primarily by TCDD-induced mi-
crosomes, and PB-induced microsomes ex-
hibit an activity only half that obtained
with control microsomes (Table 3). This
again precludes a determination of the ANF
I, or apparent K,, for the PB-induced mi-
crosomal preparations. Both the TCDD
and control microsomes share an apparent
K., of 1.8 um. The ANF Iy, is 32 nM for the
TCDD-induced microsomes (Fig. 3).

DISCUSSION

Multiple forms of cytochrome P-450 exist
in a variety of animals and tissues (2). Dif-
ferences in the occurrence of these forms,
their response to inducers, and catalytic
properties are expected to be major deter-
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minants of xenobiotic metabolism. The
identity of forms 2 and 4 as discrete species
of rabbit hepatic cytochrome P-450 was
established by virtue of their characteristic
physicochemical properties (2-8). Addi-
tional evidence, including the results of
SDS PAGE presented here, suggests that
forms 2 and 4 are the principal cytochromes
in the microsomes of adult rabbit liver in-
duced by PB and TCDD, respectively.
Several laboratories (2) have demon-
strated differences in the ability of purified
forms of cytochrome P-450 to metabolize a
given substrate when reconstituted with
NADPH-cytochrome P-450 reductase and
lipid. The most striking difference reported
thus far is the ability of rabbit cytochrome
P-450 form 2 to demethylate benzpheta-
mine at rates 20 times higher than that of
form 4 (3). In this report, we delineate even

P8

e e

TCOD

CONTROL X
FORMS 6 4 2
F1G. 4. Densitometric tracings of rabbit liver mi-
crosomes after sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis obtained from control, PB-
treated and TCDD-treated rabbits
Electrophoretograms and the densitometric trac-
ings were performed as described in METHODS. The
origin is at the left and the electrophoretic front is to
the right. The portion of the gel shown corresponds to
a molecular weight range of ca. 60,000-45,000.
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more extreme diversities in the functional
properties of reconstituted forms 2 and 4.
Evidence is provided that these functional
differences among the purified forms also
prevail in the microsomes in which these
forms exist as the dominant cytochromes.

Biphenyl is hydroxylated at similar rates
by forms 2 and 4 in a reconstitution system
whereas form 4 is 60 times more active than
form 2 in the deethylation of 7-ethoxy-
resorufin. Although forms 2 and 4 have
similar values of Vi in the hydroxylation
of biphenyl, a closer examination of their
kinetic properties reveals that there is a
significant divergence in their apparent K.
values for this substrate. Furthermore, form
4 is extremely susceptible to inhibition by
ANF in the biphenyl reaction (Fig. 3)
whereas form 2 is hardly affected by ANF.
The concentration of ANF must be raised
10,000 times above that effective for an Iso
for form 4, and then ANF causes only a 40%
diminution of activity.

These two reactions catalyzed by form 4
are inhibited by less than stoichiometric
amounts of ANF. Values of I, for both 7-
ethoxyresorufin (10 nM) and biphenyl (27
nM) are less than half of the concentration
of the cytochrome (0.1 uM). The origin of
this kinetic behavior is unknown, but might
arise as a result of the aggregation of the
monooxygenase components. Although re-
ductase and cytochrome are present in ap-
proximately equimolar concentrations, the
system appears to form higher molecular
weight aggregates (24). The observed stoi-
chiometry of ANF inhibition may reflect
two possibilities: either a portion of the
cytochrome may not be active in the aggre-
gate, or ANF bound to one molecule of the
cytochrome might inhibit the activity of
the other cytochromes which comprise the
aggregate. It is unlikely that the biphenyl
and 7-ethoxyresorufin reactions are cata-
lyzed by distinct subpopulations of form 4,
since 7-ethoxyresorufin (2 uM) inhibits bi-
phenyl hydroxylation by 83%.*

The densitometric scans of the SDS
PAGE electrophoretogram of microsomes
illustrate the induction of forms 2 and 4 in
rabbit liver microsomes (Fig. 4). This find-

2 Unpublished observation.
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TABLE 4
Iso ANF of biphenyl 4-hydroxylase and 7-
ethoxyresorufin deethylase by reconstituted forms 2
and 4 and control, PB-induced and TCDD-induced
microsomes

Assays were conducted as described in METHODS.
Iy, ANF is defined as the concentration of inhibitor
that induces a 50% decrease in observed activity rela-
tive to that activity obtained when only the added

carrier solvent is present.

Sample Biphenyl 4- 7-ethoxy-
hydroxylase resorufin
Iy, ANF deethylase
I, ANF
Cytochromes
Form 2 >24 X 107*M —_
(40%)°
Form 4 27x10%M 10X 10%mMm
Microsomes
PB-induced >24 X 107*m _—
(20%)°
TCDD-induced 1.1x100'M 32Xx10°%Mm

% Numbers in parentheses indicate percent inhibi-
tion at indicated ANF concentration.

ing infers that both forms are naturally
occurring, and that treatment of the rabbit
with TCDD promotes proliferation of form
4 to such an extent that it becomes the
dominant species of the cytochrome. The
same is true of form 2 in microsomes ob-
tained from rabbits treated with PB. There-
fore, the metabolic differences observed
with reconstituted forms 2 and 4 may also
appear in those microsomes in which these
forms predominate. Our evidence indicates
that this is the case.

Microsomes from rabbits treated with
PB and TCDD each have a similar ability
to hydroxylate biphenyl. The same dispar-
ity in the apparent K,’s observed in the
biphenyl reaction with the cytochromes in
the reconstitution experiments is also evi-
dent in the microsomes from which they
were purified. Likewise, the effects of ANF
on microsomal metabolism parallel those
seen in reconstitution experiments. The
TCDD-derived microsomes are 1,000 times
more sensitive to inhibition by ANF than
PB-derived microsomes. In the deethyla-
tion of 7-ethoxyresorufin, TCDD-induced
microsomes are approximately 15 times
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more active toward this substrate than PB-
induced microsomes. It is interesting to
note that the activity of PB-induced micro-
somes in the deethylation reaction is ac-
tually less than that of control microsomes.
This effect may be the result of several
factors, the most probable being that the
increased amount of form 2 in PB-treated
rabbit microsomes causes a higher demand
for the available reductase, thus limiting
the amount of reductase available for form
4 and other forms that are capable of de-
ethylating 7-ethoxyresorufin, i.e., form 6
(see footnote in RESULTS). An alternative
explanation would be that the induction of
one or more specific forms of cytochrome
occurs at the expense of other forms, i.e.,
decreased synthesis of the noninduced
forms. This is suggested by studies which
indicate a decrease in the amount of elec-
trophoretically distinct microsomal pro-
teins when others are increased following
treatment of the animal with inducers of
cytochrome P-450 (25, 26).

It is also possible that microsomal metab-
olism of biphenyl and 7-ethoxyresorufin
may reflect the contribution of other forms
of cytochrome P-450, such as form 6, which
are induced following treatment of the an-
imal with PB or TCDD. Form 6 shares
many properties with form 4, including the
ability to hydroxylate biphenyl and deeth-
ylate 7-ethoxyresorufin, as well as its sen-
sitivity to inhibition by ANF. However, as
is illustrated in Fig. 4, form 4 is clearly the
dominant of the two forms and the contri-
bution of these forms in the overall micro-
somal metabolism of these substrates is
probably weighted toward form 4.

Throughout the course of investigations
dealing with microsomal metabolism, many
differences in their functional properties
have been observed, which appear to be
dependent on a variety of factors such as
the age, sex, or pretreatment of the animal
from which the microsomes are obtained.
It is likely that these differences are ac-
tually the result of the differential appear-
ance of certain forms of cytochrome P-450
and have arisen as a result of those condi-
tions, i.e., age or pretreatment of the ani-
mal. In this study, the properties inherent
to the individual forms of cytochrome P-
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450 were shown to be characteristic of that
form in a reconstitution system and in mi-
crosomes. We, therefore, conclude that the
properties of forms 2 and 4 are significant
determinants of xenobiotic metabolism.

ACKNOWLEDGMENTS

We thank Ms. Maryann C. Zounes for her technical
assistance in providing the SDS PAGE, and Dr. Rich-
ard L. Norman for providing the densitometric scans
for the SDS PAGE.

REFERENCES

1. Gillette, J. R., Davis, D. C. & Sasame, H. A. (1972)
Cytochrome P-450 and its role in drug metabo-
lism. Annu. Rev. Pharmacol., 12, 57-84.

2. Johnson, E. F. (1979) Multiple forms of cyto-
chrome P-450; criteria and significance, in Re-
views in Biochemical Toxicology, (Hodgson, E.,
J. Bend and R. M. Philpot, eds.) Elsevier, New
York, N.Y., 1-26.

3. Haugen, D. A,, van der Hoeven, T. A. & Coon, M.
J. (1975) Purified liver microsomal cytochrome
P-450; separation and characterization of mul-
tiple forms. J. Biol. Chem., 250, 3567-3570.

4. Haugen, D. A. & Coon, M. J. (1976) Properties of
electrophoretically homogeneous phenobarbi-
tal-inducible and p-naphthoflavone-inducible
forms of liver microsomal cytochrome P-450. J.
Biol. Chem., 251, 7929-7939.

5. Johnson, E. F. & Muller-Eberhard, U. (1977) Res-
olution of multiple forms of rabbit liver cyto-
chrome P-450, in Drug Metabolism Concepts.
ACS Symposium Series, No. 44. (Jerina, D. M.
ed.) American Chemical Society, Washington,
D.C., 72-80.

6. Dawson, J. H., Trudell, J. R., Linder, R. E., Barth,
G., Bunneberg, E. & Djerassi, C. (1978) Mag-
netic circular dichroism of purified forms of
rabbit liver cytochromes P-450 and P-420. Bio-
chemistry, 17, 33-42.

7. Johnson, E. F., Zounes, M. C. & Muller-Eberhard,
U. (1979) Characterization of three forms of
rabbit microsomal cytochrome P-450 by peptide
mapping utilizing limited proteolysis in sodium
dodecyl sulfate and analysis by gel electropho-
resis. Arch. Biochem. Biophys., 192, 282-289.

8. Dean, W. L. & Coon, M. J. (1977) Immunochemi-
cal studies on two electrophoretically homoge-
neous forms of rabbit liver microsomal cyto-
chrome P-450 LM, and P-450 LM.. J. Biol.
Chem., 252, 3255-3261.

9. van der Hoeven, T. A. & Coon, M. J. (1974)
Preparation and properties of partially purified
cytochrome P-450 and reduced nicotinamide ad-
enine dinucleotide phosphate-cytochrome P-450
reductase from rabbit liver microsomes. J. Biol.



718

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Chem., 249, 6302-6310.

Johnson, E. F. & Muller-Eberhard, U. (1977)
Purification of the major cytochrome P-450 of
liver microsomes from rabbits treated with
2,3,7,8-tetrachlorodibenzo-p-dioxin(TCDD).
Biochem. Biophys. Res. Commun., 76, 652-659.

Yasukochi, Y. & Masters, B. S. S. (1976) Some
properties of a detergent-solubilized NADPH-
cytochrome ¢ (cytochrome P-450) reductase pu-
rified by biospecific affinity chromatography. J.
Biol. Chem., 251, 5337-5344.

Laemmli, U. K. (1970) Cleavage of structural pro-
teins during the assembly of the head of bacte-
riophage T4. Nature, 227, 680-685.

Lowry, O. H., Rosebrough, N. J., Farr, A. L. &
Randall, R. J. (1951). Protein measurement with
the folin phenol reagent. J. Biol. Chem., 193,
265-275.

Bensadoun, A. & Weinstein, D. (1976) Assay of
proteins in the presence of interfering materials.
Anal. Biochem., 70, 241-250.

Omura, T. & Sato, R. (1964) The carbon monox-
ide-binding pigment of liver microsomes. JJ.
Biol. Chem., 239, 2370-2378.

Johnson, E. F. & Muller-Eberhard, U. (1977) Res-
olution of two forms of cytochrome P-450 from
liver microsomes of rabbits treated with 2,3,7,8-
tetrachlorodibenzo-p-dioxin. J. Biol. Chem.,
252, 2839-2845.

Creaven, P. J., Parke, D. V. & Williams, R. T.
(1965) A fluorimetric study of the hydroxylation
of biphenyl in vitro by liver preparations of
various species. Biochem. J., 96, 879-885.

Atlas, S. A. & Nebert, D. W. (1976) Genetic asso-
ciation of increases in naphthalene, acetanilide,
and biphenyl hydroxylations with inducible aryl
hydrocarbon hydroxylase in mice. Arch. Bio-
chem. Biophys., 175, 495-506.

Burke, M. D. & Mayer, R. T. (1974). Ethoxyreso-
rufin: direct fluorimetric assay of a microsomal

21.

22.

23.

24.

25.

26.

JOHNSON ET AL.

O-dealkylation which is preferentially inducible
by 3-methylcholanthrene. Drug Metab. Dispos.,
2, 583-588.

. Bridges, J. W., Creaven, P. J. & Williams, R. T.

(1965) The fluorescence of some biphenyl deriv-
atives. Biochem. J., 96, 872-878.

Wiebel, F. J., Gelboin, H. V., Buu-Hoi, N. P.,
Stout, M. G. & Burnham, W. S. (1974) Flavones
and polycyclic hydrocarbons as modulators of
aryl hydrocarbon [benzo(a)pyrene] hydroxyl-
ase, in Chemical Carcinogenesis, part A (Ts’o,
P.O.P. and J. A. D. Paolo, eds) Marcel Dekker,
New York, N.Y., 249-270.

Johnson, E. F. & Muller-Eberhard, U. (1977) Mul-
tiple forms of cytochrome P-450; resolution and
purification of rabbit liver aryl hydrocarbon hy-
droxylase. Biochem. Biophys. Res. Commun.,
76, 644-651.

Norman, R. L., Johnson, E. F. & Muller-Eberhard,
U. (1978) Identification of the major cytochrome
P-450 form transplacentally induced in neonatal
rabbits by 2,3,7,8-tetrachloroaibenzo-p-dioxin.
J. Biol. Chem., 2563, 8640-8647.

Coon, M. J., Vermilion, J. L., Vatsis, K. P., French,
J. S, Dean, W. L. & Haugen, D. A. (1977)
Biochemical studies on drug metabolism,; isola-
tion of multiple forms of liver microsomal cyto-
chrome P-450, in Drug Metabolism Concepts.
ACS Symposium Series, No. 44 (Jerina, D. M.,
ed.) American Chemical Society, Washington,
D.C., 46-71.

Haugen, D. A., Coon, M. J. & Nebert, D. W. (1976)
Induction of multiple forms of mouse liver cy-
tochrome P-450. J. Biol. Chem., 251, 1817-1827.

Atlas, S. A, Boobis, A. R, Felton, J. S., Thorgeirs-
son, S. S. & Nebert, D. W. (1977) Ontogenetic
expression of polycyclic aromatic compound-in-
ducible monooxygenase activities and forms of
cytochrome P-450 in rabbit. J. Biol. Chem., 252,
4712-4721.





