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Abstract-The suitability of triacetyloieandomycin (TAO) metabolite complex formation and metyr- 
apone binding to reduced cytochrome P450 as a means for selective isozyme quantitation has been 
studied. Although isozymes of both subfamilies bind metyrapone in the reduced state, selective quan- 
titation of 2B isozymes through the metyrapone complex is possible after complex formation of P450 
3A with a TAO metabolite. Thus, consecutive application of both reactions allows the spectroscopic 
quantitation of P450 3A and 2B isozymes. Complete conversion of P450 3A into the complex, a 
precondition for P450 3A quantitation, requires NADH in addition to NADPH. A precise collective 
quantitation of 3A + 2B isozymes as metyrapone complexes alone is not possible because the cor- 
responding complexes possess different molar extinction coefficients, i.e 71.5 and 52 mM_’ cm-’ at 446- 
490 nm, respectively. The formation of the TAO complex appears to be quite specific, since it corretates 
well with 3A-specific enzymatic activities, i.e. TAO N-demethylation and formation of 2@-hydroxy-, 
l@-hydroxy- and 6-dehydrotestosterone. P450 3A levels in liver microsomes of male rats either untreated 
or treated with TAO, dexamethasone (DEX), phenobarbital or hexachlorobenzene amount to 13%, 
78%, 66%, 24% and 11% of total P450, respectively. Good correlation between these values and P4.50 
3A-specific enzymatic activities is obtained. By the spectroscopic method, P450 2B isozymes could not 
be detected in microsomes of untreated rats. With TAO, DEX and hexachlorobenzene the microsomal 
2B level is elevated to about 20% of total P450, i.e. to 0.8, 0.4 and 0.4nmol P45O/mg protein, 
respectively. 2B levels of about 60% of total P450 (0.75nmol P45O/mg protein) are obtained by 
phenobarbital treatment. Imm~oblotting with anti-P450 2B shows that the ratio of expressed 2Bl and 
2B2 differs depending on the type of inducer. DEX predominantly leads to induction of 282, which 
may explain the low pentoxyresorufin O-depentylase activity in these microsomes. 

The property of reduced cytochromes P450 to form 
a complex with carbon monoxide is the basis for a 
simple, rapid and sensitive method for the collective 
quantitation of P4SO isozymes [l]. For the analysis 
of microsomal P450 profiles it is desirable to find 
ligands other than carbon monoxide with binding 
specificities for defined subpopulations of isozymes. 
In this respect, metyrapone has been investigated 
since the early eighties [2-6], although general 
interaction of metyrapone with mi~osomai P450 
was observed much earlier [7-91. Initially claimed 
to be specific for the phenobarbital-inducible 2B 
isozymes [2], metyra~ne was later shown to form 
ligand complexes with additional isozymes [3-S]. 
First hints for the involvement of more than one 
P4.50 species in metyrapone binding stem from earty 
work of Jonen et al. [lo] who found high and low 
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affinity binding of metyrapone to cytochromes P450, 
a feature later confirmed and further analysed by 
Mitani et al. [4]. The finding that K; values for 
metyrapone differ considerably with regard to the 
substrate used [7,9] can also be interpreted on the 
basis of P450 multiplicity. Treatment of rats with 
pregnenolone l&x-carbonitrile (PCNt) results in 
a 2-3-fold increase in metyrapone binding of 
cytochromes P450 [3,5], amounting to about 80% 
of total P450. This is strong evidence for the 
involvement of P450 3A isozymes in metyrapone 
complex formation. In accordance with these results, 
Ritter and Franklin [ll] found that 95% of total 
cytochrome P450 can interact with metyrapone in 
liver microsomes of clotrimazole-treated rats. Both 
PCN and cfotrimazole are strong inducers for P450 
3A [ll-171. Differing results concerning the molar 
extinction coefficient of the P450 metyrapone 
complex have been published [2,3,6, IS]. Ivanetich 
et al. [3] were apparently the first to demonstrate 
the contribution of isozyme complexes with different 
extinction coefficients to the resultant absorbance 
changes. 

Another method for spectroscopic isozyme 
quantitation is the formation of metabolic inter- 
mediate complexes. The ligands of these enzy- 
matically inactive complexes are formed by con- 
version of substrates such as amphetamines [18] or 
methylene dioxyphenyl compounds [19] to reactive 
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intermediates. The hgands in these complexes 
cannot be displaced by carbon monoxide [20]. 
Unfortunately, the isozyme specificity of most 
metabolite complexes is insufficiently known and 
cannot be reliably deduced from induction experi- 
ments [20]. Treatment of rats with triacetyl- 
oleandomycin (TAO) leads to in uiuo formation of 
such a metabolic intermediate complex [21-231. The 
stable complex is still present in liver microsomal 
preparations and its dissociation by ferricyanide 
oxidation allows quantitation of in uivo complexed 
P450 3A [23-251. Quantitative P450 3A deter- 
mination in microsomes of untreated rats or rats 
treated with non-complex-forming 3A inducers 
would require quantitative in vitro conversion of 
P450 3A to the metabolite complex. Data from the 
literature, however, show that complete conversion 
is only rarely achieved [25-281. Prerequisites for 
isozyme-specific spectroscopic P450 quantitations 
are: (a) knowledge of the isozyme specificity of 
complex formation, (b) complete conversion of the 
respective isozyme to the ligand complex and (c) the 
availability of an accurately determined extinction 
coefficient for the complex. Therefore, we elaborated 
a method for quantitative formation of the TAO 
metabolite complex. Furthermore, the specificity of 
the reactions used for isozyme quantitation were 
investigated and the molar extinction coefficients of 
the P450 3A TAO metabolite and metyrapone 
complexes were determined. 

To overcome the problem of overlapping isozyme 
specificity, our approach was to combine different 
methods for isozyme identification and quantitation. 
In this paper, we show that spectroscopic quantitation 
of P450 3A and 2B isozymes is possible by a 
combination of metabolic intermediate complex 
formation and subsequent ligand binding. 

MATERIALS AND METHODS 

Animals and animal treatment. Mature male and 
female Sprague-Dawley rats (200-250 g, Lippische 
Versuchstierzucht, Extertal, F.R.G.) were treated 
with P450 inducers as described by Guengerich and 
Martin [29] for phenobarbital and P-naphthoflavone 
and by Arlotto et al. [12] for triacetyloleandomycin. 
Dexamethasone (DEX), PCN and hexachloro- 
benzene (100 mg/kg body weight, suspended in corn 
oil) were given intraperitoneally by a single injection 
once daily for 4 consecutive days. The next day liver 
microsomes were prepared as described [30]. 

Enzyme assays. Testosterone metabolizing activity 
of liver microsomes was assayed in 1 mL samples 
containing cytochrome P450 (1 nmol), testosterone 
(250pM), NADPH (1 mM), potassium phosphate 
buffer (50 mM, pH 7.4), MgClz (3 mM) and sucrose 
(50mM). The reaction was carried out at 37” for 
10 min. The steroids were extracted two times with 
3 mL diethylether and the combined organic phases 
were evaporated under nitrogen. The residue was 
resolved in 0.1 mL of ethanol and analysed by 
reversed-phase HPLC (Supelcosil RP Cis, 5 pm, 
150 x 4.6 mm i.d.) with a linear gradient from 
methanol-acetonitrile-water (43 : 1.1: 55.9) to meth- 
anol-acetonitrile-water (75 : 1.9 : 23.1). Detection 
was at 254 nm. 

The dealkylation of pentoxyresorufin was assayed 
according to Pohl and Fouts [31]. The reaction 
mixture contained 100 mM HEPES pH 7.8, 5 mM 
magnesium sulfate, 1.6 mg/mL bovine serum 
albumin, 4 PM pentoxyresorufin and 150 nM micro- 
somal cytochrome P450. The reaction was initiated 
with 500pM NADPH and stopped after 3 min 
incubation at 22” with 2mL methanol. After 
centrifugation for 8 min at lO,OOOg, resorufin in 
the supernatant was quantitated by fluorescence 
spectrophotometry (excitation at 550 nm; emission 
at 585 nm). 

TAO N-demethylase activity was determined in 
1 mL samples containing 0.2-1.0 nmol microsomal 
cytochrome P450, TAO (100 PM), NADPH 
(350 yM), Tris-HCI (50 mM, pH 7.5), KC1 (50 mM), 
MgClz (10 mM), isocitrate (5 mM), isocitrate 
dehydrogenase (0.5 U/mL) at 37” for 4 min. 
The reaction was stopped with 1.5 mL 12.5% 
trichloroacetic acid. Formaldehyde formation was 
determined spectrophotometrically by the method 
of Werringloer [32]. 

Spectrophotometric quantitation of total cyto- 
chrome P450, P450 3A and P450 2B. Total 
cytochrome P450 was determined by the method of 
Omura and Sato [l] with carbon monoxide. 
Consecutive quantitation of P450 3A and P450 2B 
isozymes was done as follows: first, P450 3A was 
quantitatively converted into the TAO metabolite 
complex. For this, 3 mL samples containing l-3 nmol 
cytochrome P450 (microsomes), NADPH (350 yM), 
NADH (300pM), Tris-HCl (50mM, pH7.5), KC1 
(150 mM), MgCl* (10 mM), isocitrate (5 mM), 
isocitrate dehydrogenase (0.5 U/mL) and catalase 
(230 U/mL) were preincubated for 1 min at 37”. A 
baseline (500-4OOnm) was recorded and stored 
(spectrum 1). The reaction was started by addition 
of TAO (lOhIM final concentration) in dimethyl 
sulfoxide (DMSO) and the same volume of DMSO 
was added to the reference cuvette. Complex 
formation was either monitored by repetitive 
scanning in the wavelength range of 500-400nm 
with cycles of 3 min, or determined by a single 
spectrophotometric measurement in the same 
wavelength range after 30 min incubation. The last 
spectrum was stored (spectrum 2) and spectrum 1 
was subtracted from spectrum 2. For calculation an 
extinction coefficient of E = 69 mM_i cm-i (456- 
500nm) was used (see below). The subsequent 
quantitation of P450 2B isozymes as metyrapone 
complex is based on the methods of Jonen et al. [lo] 
and Mitani et al. [4]. For this, the sample was 
reduced with sodium dithionite and supplemented 
with 100 PM metyrapone dissolved in 100 mM Tris- 
HCl, pH 7.8, 20% glycerol, 1 mM EDTA. After 
incubation for 4 min at 37” a spectrum was recorded 
(500-4OOnm) and stored (spectrum 3). The 2B- 
metyrapone spectrum is obtained by subtraction of 
spectrum 2 from spectrum 3. An extinction coefficient 
of 52 mM-i cm-’ was used for quantitation of the 
2B-metyrapone complex (21. 

Determination of the general metyrapone binding 
capacity of microsomal P450 without prior formation 
of the TAO metabolite complex was done as follows. 
Microsomes were diluted with 1OOmM Tris-HCI, 
pH7.8, 20% glycerol, 1 mM EDTA to a P450 
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Fig. 1. Dissociation of the P450 3A-TAO metabolite 
complex by ferricyanide in liver microsomes of TAO- 
treated male rats. Microsomes were diluted with 100 mM 
Tris-HCI, pH 7.8, 20% glycerol, 1 mM EDTA to 0.17 mg 
protein/ml corresponding to 0.14 PM P450 before and 
0.76 FM after treatment with ferricyanide. A baseline was 
recorded between 500 and 400 nm at 37” with the sample 
and reference cuvette containing 2mL each of diluted 
microsomes. Potassium ferricyanide (1 ,uM) was added to 
the reference cuvette and the spectral changes were 

recorded after 1, 4, 7 and 13 min as indicated. 

concentration of about 0.5 ,uM, reduced with 
sodium dithionite and supplemented with 100yM 
metyrapone. A difference spectrum was recorded 
under the experimental conditions described above. 

For complete dissociation of the P450 3A-TAO 
metabolite complex formed either in vivo or in uitro, 
the microsomes were incubated with 30 PM potassium 
ferricyanide for 10 min at 37”. Subsequent deter- 
minations of CO or metyrapone complexes were 
done as described above. Quantitation of the 
dissociated complex is performed by tracing a 
difference spectrum of an untreated against a 
ferricyanide-treated sample. An extinction coef- 
ficient for the P450 3A-TAO metabolite complex of 
E = 69 mM-’ cm-’ was used (see below) for the 
wavelength pair 456 and 500 nm. 

Determination of molar extiriction coefficients. The 
molar extinction coefficient of the P450 3A-TAO 
metabolite complex was determined by partial 
dissociation of the complex with ferricyanide in the 
concentration range of 0.1-2 PM, and subsequent 
quantitation of liberated complex and free P450 by 
CO binding in the same sample. The resulting 
extinction data were plotted and analysed by linear 
regression. The extinction coefficient of the TAO 
metabolite complex was calculated from the slope 
and is based on the coefficient for the reduced 
cytochrome (P45O,&CO complex (91 rnM_’ cm-‘). 
Dissociation by ferricyanide treatment (30”) was 
monitored by repetitive scanning in the wavelength 
range of 510anm. After nearly complete 
oxidation, taking about lOmin, the sample was 
reduced by sodium dithionite and the P450,&0 
complex was quantified. In the repetitive scans, a 
clear isobestic point at 433 nm was observed (Fig. 
1). 

The extinction coefficient of the P450 3A- 
metyrapone complex was determined as described 
above for the TAO metabolite complex except that 
metyrapone was used as ligand instead of carbon 
monoxide. In this case the basis for calculation is 
the extinction coefficient of the P450 3A-TAO 
metabolite complex determined as described above 
(69 mM-’ cm-‘). Experimental conditions for 
optimal formation of the metyrapone complex are 
as described above. 

SDS-PAGE and immunoblotting. Microsomal 
protein patterns were analysed by SDS-PAGE with 
an acrylamide concentration of 8% according to 
Laemmli [33] with subsequent silver staining of the 
protein bands [34] or transfer of the peptides to 
nitrocellulose by transblotting for immunostaining 
[351. 

PuriJcation of P450 28 and antibody production. 
P450 2Bl was purified according to Ryan et al. [36]. 
Prior to immunization the detergent was removed 
from the purified P450 preparation by chroma- 
tography on hydroxyapatite [37]. Rabbits were 
immunized by subcutaneous injections of purified 
enzymes emulsified in Freund’s complete adjuvans 
for the first and incomplete adjuvans for the following 
injections. Blood was drawn from the ear vein and 
complete serum was used for immunoblotting. 

Protein determination. The protein concentration 
was quantitated by the method of Lowry et al. [38] 
using bovine serum albumin for calibration. 

Chemicals. Chemicals were of reagent grade and 
purchased from Merck (Darmstadt, F.R.G.), except 
for Lubrol PX, DEX, PCN, P-naphthoflavone 
(Sigma, Deisenhofen, F.R.G.), goat anti-rabbit 

0 5 10 15 
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Fig. 2. Formation of the TAO metabolite complex in 
microsomes of DEX-treated male rats. Sample and 
reference cuvettes contained 2 mL each of 0.1 M Tris-HCl, 
pH 7.4, 20% glycerol, 1 mM EDTA, 6.25 mM glucose 6- 
phosphate, 7@I MgClr, 7pM MnClr, 1 U glucose 6- 
phosphate dehydrogenase, 0.31 mg microsomal protein/ 
mL(0.58 @fP450)andeither0.8 mMNADPH(diamonds), 
0.3 mM NADH (squares) or both pyridine ‘nucleotides 
(circles) as indicated. The reaction was started bv addition , 
of 30 &f TAO in DMSO to the sample cuvette and addition 
of a respective volume of DMSO to the reference cuvette. 
The reaction was monitored by repetitive scanning in the 
wavelength range between 500 and 400nm. The amount 
of complex formed is calculated by the absorbance 

difference 456-500 nm. 

BP 45:11-F 
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Fig. 3. Formation of the TAO metabolite complex in the 
concentration range of 0.2-3OOfl TAO. The TAO 
metabolite complex was formed in liver microsomes of 
DEX-treated rats under the optimal conditions described 
in Materials and Methods. TAO concentrations as 

indicated. Sample: 0.5 @f P450, 0.26 mg protein/ml. 

immunoglobulin G-peroxidase conjugate (Nordic, 
Bochum, F.R.G.), acrylamide, NJ’-methylene- 
bis-acrylamide, N,N,N’,N’-tetramethylethylene- 
diamine , phenobarbital (Serva, Heidelberg, 
F.R.G.), hydroxyapatite (Bio-Rad Labs, Munich, 
F.R.G.), 2@-hydroxytestosterone, 6phydroxy- 
testosterone and 6-dehydrotestosterone (Steraloids, 
Wilton, NH, U.S.A.). 15gHydroxytestosterone and 
TAO were kind gifts of Searle (Stokie, IL, U.S.A.) 
and Pfizer GmbH (Karlsruhe, F.R.G.), respectively. 

RESULTS 

Quantitative formation of the P450 3A-metabolite 
complex with TAO in vitro 

Liver microsomes of untreated and inducer- 
treated rats were used to study and optimize the in 
vitro formation of the P450-TAO metabolite 

Table 1. Apparent KM values for TAO in P450 3A complex 
formation obtained with microsomes of phenobarbital-, 

DEX- and TAO-treated male rats 

Inducer Apparent K,,, (PM) Method 

PB 0.22 + 0.055 A 
PB 0.13 k 0.024 B 
DEX 0.26 k 0.035 B 
DEX 0.33 t 0.050 C 
TAO 0.69 ‘- 0.086 A 

Values were obtained by plotting the TAO concentration 
against complexed P450 3A either determined directly as 
TAO metabolite complex (A) or indirectly as decrease in 
carbon monoxide (B) or metyrapone binding capacity (C). 

Original data were analysed by non-linear regression to 
obtain the apparent KM values. PB, phenobarbital. 

Values are means *SD. 

complex. Figure 2 shows complex formation in 
microsomes of DEX-treated male rats. Under the 
conditions described by others [26] only incomplete 
formation is observed. Usually about 40-50% 
complex is formed in vitro reaching the maximum 
after about 20min incubation time at 37” in the 
presence of a NADPH-regenerating system. An 
incubation temperature of 37” is chosen to accelerate 
the reaction. This increases the initial rate of complex 
formation by a factor of 5.5 without altering its 
extent (data not shown). Complete conversion of 
P450 3A to the TAO metabolite complex, however, 
is obtained only in the presence of additional NADH, 
whereas NADH alone does not support complex 
formation (Fig. 2). 

The concentrations of TAO used for in vitro 
complex formation vary between 10 and 3OOpM 
[23-26, 391. Titrations with TAO (Fig. 3) show that 
a concentration of 10 PM TAO is optimal. Apparent 
KM values for TAO obtained with microsomes of 
rats treated with various inducers are calculated by 

Table 2. Total P450, P450 3A and P450 2B content of liver microsomes of untreated 
and inducer-treated rats 

Inducer 
(sex of rat) 

TAO (m) 
TAO (m) 
DEX (m) 
PB (m) 
PB (m) 
HCB (m) 
UT (m) 
TAO (f) 
PB (f) 

Total P450 

4.20 
4.58 
1.90 
1.25 
1.34 
1.80 
0.90 
1.75 
1.48 

P450 3A 
(nmol/mg protein) 

3.31 (78.8) 
3.55 (77.5) 
1.25 (65.7) 
0.26 (20.5) 
0.37 (27.6) 
0.20 (10.9) 
0.11 (12.7) 
0.93 (53.1) 
0.16 (10.7) 

P450 2B 

0.83 (19.7) 
0.79 (17.0) 
0.38 (20.0) 
0.79 (63.1) 
0.71 (53.0) 
0.40 (22.0) 

so.01 
0.78 (44.6) 
0.65 (43.7) 

Total P450 was determined as carbon monoxide complex [ 11, P450 3A as TAO 
metabolite complex and P450 2B as metyrapone complex after formation of the 
P4503A-TAOmetabolitecomplex(see MaterialsandMethods). PB,phenobarbital; 
HCB, hexachlorobenzene; UT, untreated. 

Values in parentheses are % of total P450. 
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Fig. 4. Correlation of P450 3A determinations by (a) 
quantitation of the TAO metabolite complex and (b) 
carbon monoxide binding capacity before and after complex 
formation. The quantitations were performed as described 
in Materials and Methods. The data points were obtained 
with microsomes of (1) untreated male, (2) phenobarbital- 
treated male, (3) PCN-treated male, (4) TAO-treated 
female, (5) DEX-treated male and (6) TAO-treated male 

rats. r* = 0.979, slope: 1.03 k 0.07. 

non-linear regression analysis and are in the range 
of 0.22-0.69 PM (Table 1). 

Spectroscopic quantitation of P450 3A through TAO 
metabolite complex 

By the optimized method for complex formation 
used in Fig. 2, we quantified P450 3A in microsomes 
of adult male and female rats that were either 
untreated or treated with various inducers (Table 2). 
In microsomes of untreated male rats P450 3A 
constitutes about 12% of total P450, i.e. 0.1 nmol 
P450/mgprotein. 3Alevels are elevated by treatment 
of the rats with hexachlorobenzene, phenobarbital, 
DEX and TAO, the latter being the most potent 
inducer examined here. Compared to untreated rats, 
TAO leads to a 30-fold increase in the P450 3A 
level, i.e. 3.4nmol P450 3A/mg protein. The 3A 
inducing potency follows the order TAO > DEX > 
phenobarbital > hexachlorobenzene. 

Complexed P450 can be quantified either directly 
by spectroscopic measurement of complex formation 
at 456nm, or indirectly by determination of CO 
complexation before and after TAO metabolite 
complex formation. Good agreement of the values 
obtained by the two different methods is obtained 
(Fig. 4). In vivo formation of the P450 3A-TAO 
metabolite complex often leads to complete 
conversion of the P450 3A present, but sometimes 
considerable amounts of uncomplexed P450 3A can 
be detected in the microsomal preparation so that 
the amount of complex formed in vitro exceeds that 
formed in vivo (data not shown). This fact should 
be considered when the P450 3A content is 
determined by this method. Exact and reproducible 
results for quantitation require the presence of 
catalase in the reaction mixture. Peroxide-dependent 
P450 destruction as determined by decreased ability 
to form a P450,,&0 complex is observed by 
incubation of microsomes in the presence of NADPH 

Table 3. Peroxide-dependent P450 destruction caused by 
incubation of microsomes with NADPH in the absence of 

substrate 

Microsomal sample + 
% of destroyed 

cytochrome P450 N 

NADPH 30.5 + 3.4 6 
NADPH + catalase 4.0 + 3.0 4 
NADPH + catalase + azide 41.4 t 11.9 3 
NADPH + superoxide dismutase 31.0 2 II.2 2 

Liver microsomes of phenobarbital-treated rats were 
incubated for 30min at 37” in the presence of the 
compounds indicated. NADPH, 800 yM; catalase, 480 U/ 
mL; superoxide dismutase, 60 U/mL; sodium azide, I mM. 
Buffer: 1OOmM Tris-HCI, pH7.4, 20% glycerol, 1 mM 
EDTA. P450 concentration, 0.85pM. Specific P450 
content, 1.5 nmol P450/mg microsomal protein. Intact 
cytochrome P450 was quantitated as carbon monoxide 
complex [ 11. 

Values are means t SD. N, number of experiments. 

Table 4. NADPH-dependent P450 destruction in micro- 
somes: the extent of destruction is dependent on the 

microsomal cytochrome P450 pattern 

Inducer 
% of destroyed 

cytochrome P450 N 

Phenobarbital 30.5 + 3.4 6 
DEX 57.7 2 3.0 
TAO 59.6 2 0.1 ; 
Hexachlorobenzene 43.9 2 8.8 4 
Untreated 35.7 + 3.4 3 

Liver microsomes of male ratseither untreated or treated 
with the inducers indicated were incubated k8OOpM 
NADPH for 30min at 37”. Sample volume, 3 mL. 
P450 concentration, 0.8-l.OpM. Cytochrome P450 was 
determined in the sample (+NADPH) and the reference 
(-NADPH) by the method of Omura and Sato [l]. The 
amount of peroxidatively destroyed P450 in the samples is 
expressed as per cent of the respective references. 

Values are means + SD. N. number of determinations. 

and absence of substrate (Table 3). This process is 
completely prevented by catalase. Azide inhibition 
of the catalase activity abolishes its protective effect 
indicating that peroxide is responsible for P450 
destruction. Furthermore, superoxide dismutase 
does not exhibit any preventive effect on P450 
destruction (Table 3). The extent of peroxide-caused 
destruction is different in microsomes of rats treated 
with various inducers, i.e. it is dependent on the 
microsomal P450 composition (Table 4). The high 
level of destruction in microsomes of dexamethasone- 
and TAO-treated rats implies that P450 3A may be 
directly involved in this process. This is supported 
by a multiple linear regression analysis comparing 
P450 3A and 2B content with P450 destruction. The 
results show good correlation (? = 0.96) mainly with 
the P450 3A content and with a minimal contribution 
of P450 2B. 
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Fig. 5. TAO N-demethylation as a function of the P450 
3A content in rat liver microsomes. P450 3A quantitation 
through formation of the TAO metabolite complex and 
TAO N-demethylation were performed as described in 
Materials and Methods. The data points were obtained 
with microsomes of (1) hexachlorobenzene-treated male, 
(2) untreated male, (3) phenobarbital-treated male, (4) 
PCN-treated male, (5) TAO-treated female, (6) DEX- 
treated male and (7) TAO-treated male rats. r* = 0.983. 

Isozyme specificity of complex formation 

In order to ascertain the isozyme specificity of the 
TAO metabolite complex, the extent of complex 
formation was compared with enzymatic activities 
specific for the P450 3A family. In the multi-step 
process of TAO metabolite complex formation, P450 
3A is involved in two steps of the reaction sequence, 
i.e. the initial N-demethylations and the ultimate 
formation of the complex proper [21]. The enzyme 
components responsible for the intermediate step(s) 
are not clearly defined up to now. As the rate of 
TAO demethylation is initially independent of the 
metabolite complex formation, the former reaction 
can be used as marker activity for P450 3A. Figure 
5 shows that there is a strong correlation between 
liver microsomal TAO N-demethylation activity and 
P450 3A content of rats treated with various inducers. 

120, 

-0 1 2 3 4 

P450 3A (nmol/mg proteln) 

Fig. 6. Microsomal testosterone hydroxylation as a function 
of the P450 3A content. Quantitation of P450 3A through 
formation of the TAO metabolite complex and testosterone 
hydroxylation was performed as described in Materials and 
Methods. Samples: liver microsomes of untreated rats 
or rats treated with phenobarbital, DEX, TAO or 
hexachlorobenzene. 6pHydroxytestosterone (circles); 28_ 
hydroxytestosterone (squares); 15bhydroxytestosterone 

(diamonds); 6-dehydrotestosterone (triangles). 

Furthermore, good correlations are obtained 
between the amount of TAO metabolite complex 
and the rate of formation of 6/I-hydroxytestosterone, 
2/Shydroxytestosterone, 15/3-hydroxytestosterone 
and 6-dehydrotestosterone (Fig. 6), four pre- 
dominantly P450 3A-dependent activities [40-421. 

Isozyme specificity of cytochrome P450 quantitation 
by metyrapone binding 

The initially assumed absolute specificity of 
metyrapone for P450 2B isozymes [2] is not supported 
by results obtained by others [3,5,11] and by our- 
selves. If the method of Luu-The et al. [2] is used 
for 2B quantitation, microsomal preparations 
obtained from rats treated with the P450 3A inducers 
DEX or TAO appear to contain P450 2B levels 
exceeding the total P450 content (Table 5). These 

Table 5. Spectroscopic quantitation of P450 2B isoenzymes in liver microsomes of rats 
by the method of Luu-The et al. [2]: complex formation with metyrapone 

Inducer Total P450 P450 2B* % P450 2B of 
(sex of rat) (nmol P450/mg protein) total P450* N 

UT (m) 0.86 2 0.16 0.13 -c 0.03 14.7 2 1.0 4 
UT (f) 1.19 f 0.10 0.31 f 0.18 29.9 2 16.8 5 
PB (m) 1.56 2 0.17 1.21 * 0.21 77.5 I?: 8.5 4 
BNF (m) 0.93 k 0.13 0.22 + 0.09 23.9 k 10.1 3 
HCB (m) 1.32 2 0.69 0.43 It 0.18 33.6 2 4.0 2 
DEX (m) 2.06 2 0.25 2.51 * 0.48 122 2 12.7! 6 
TAO (m) 3.56 k 0.48 4.23 2 0.36 121 f 9.9! 6 

P450 2B was quantitated by metyrapone binding as described by Luu-The et al. [2] 
in liver microsomes of rats treated with various inducers. UT, untreated; PB, 
phenobarbital, /3NF, jkraphthoflavone; HCB, hexachlorobenzene. 

Values are means k SD. N, number of determinations. 
* These data are overestimates due to the presence of P450 3A (see text). 
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and subsequent immunoblotting with antibodies 
against P450 2B shows that the relative amounts of 
2Bl and 2B2 differ with regard to the inducer used 
(Fig. 8). Judged from these analyses, DEX 
predominantly induces the 2B2 isozyme, whereas 
phenobarbital is a strong inducer of both isozyme 
forms but with a more pronounced effect on 2Bl 
expression. This differential inductive effect may be 
responsible for the observed discrepancies between 
P450 2B content and the corresponding enzymatic 
activities (see Discussion). 

Fig. 7. Competitive inhibition of P450 metyrapone binding 
by TAO. Microsomes of DEX-treated (2.5 PM P450) male 
rats were preincubated with TAO (dissolved in DMSO) 
for 5min at 20” and reduced with sodium dithionite. 
Difference spectra were recorded after addition of 5 
(circles), 10 (diamonds) or 30 (squares) PM metyrapone. 
The resulting metyrapone complex was quantitated by the 

absorption difference (446-470 nm). 

Determination of the molar extinction coefficients for 
the P450 3A-metyrapone and TAO metabolite 
complex 

results indicate not only that P450 3A is able to form 
a ligand complex with metyrapone but also that the 
molar extinction coefficient of this complex is 
different from that of the 2Emetyrapone complex. 

Evidence for the interaction of P450 3A with 
metyrapone comes from two different sets of 
experiments. (1) Binding of metyrapone to cyto- 
chrome P450 is competitively inhibited by TAO, a 
P450 3A-specific ligand (Fig. 7). (2) After P450 3A- 
specific formation of a TAO metabolite complex, 
the binding capacity of microsomal P450 for 
metyrapone is reduced. For example, metyrapone 
binding to P450 is completely abolished in 
microsomes of untreated male rats after formation 
of the TAO complex. A decrease in metyrapone 
binding of about 85% is found in microsomes of 
TAO- and DEX-treated rats (compare columns 4 in 
Tables 2 and 5). Residual binding sites correspond 
to non3A isozymes as outlined below. 

The molar extinction coefficient for the P450 3A- 
TAO metabolite complex formed in uiuo by 
treatment of rats with TAO was determined in the 
followingway. Microsomescontainingthemetabolite 
complex were treated with various concentrations of 
potassium ferricyanide in the range of 0.1-2 PM for 
partial dissociation of the complex. The absorbance 
difference due to dissociated complex was deter- 
mined, the sample reduced with sodium dithionite 
and exposed to carbon monoxide. Then, the 
absorption difference of the resulting P450,,&0 
complex was determined. The values were analysed 
by linear regression and the slope was used for 
calculation of the molar extinction coefficient of the 
3A-TAO metabolite complex based on the value 
of E = 91 mM_’ cm-’ for the P450,&0 complex. 
By this method a value of 69.0 + l.OmM-‘cm-’ 
was obtained (r2 = 0.9994) (Fig. 9). 

The molar extinction coefficient for the P450 3A- 
metyrapone complex was determined to E = 
71.5 2 3.0 mM_’ cm-’ in the same way, but using 
metyrapone instead of carbon monoxide. The 
calculation is based on the extinction coefficient of 
69.0 mM-’ cm-’ given above for the P450 3A-TAO 
metabolite complex. 

DISCUSSION 

Spectroscopic quantitation of cytochrome P450 2B 
isozymes 

Data from the literature and our own results show 
that membersof at least two P450isozyme subfamilies 
present in liver microsomes of male rats, P450 2B 
and P450 3A, can form metyrapone complexes in 
the reduced state. Nevertheless, metyrapone can be 
used for P450 2B quantitation after blocking the 3A 
isozymes by formation of a TAO metabolite complex. 
Consecutive application of the two methods thus 
allows quantitation of both groups of isozymes 
(Table 2). It is an open question, however, as to 
whether metyrapone binding is restricted to 2B and 
3A isozymes. Determination of apparently P450 2B- 
specific enzymatic activities, i.e. pentoxyresorufin 
0-depentylase (PROD) and testosterone 16/3- 
hydroxylase, in microsomes of untreated and inducer- 
treated rats, reveals no strong correlation with the 
spectroscopically determined P450 2B content 
(Table 6). 

Formation of the P450 3A-TAO metabolite 
complex can be used for quantitative isozyme 
determination, provided that complete conversion 
of the isozyme into the complex is achieved. 
Although the methods for in uitro TAO metabolite 
complex formation used by various authors are 
similar, published data differ with respect to the 
extent of the complex formed. Whereas Watkins et 
al. [24] achieve complete conversion, the data of 
others [25,27,28] indicate that only a fraction of the 
P450 3A present in the microsomes is complexed. 
Delaforge et al. [26] have shown that excess TAO 
inhibits complex formation and found the optimal 
concentration to be lOpmol/L. This may explain 
the results of Tine1 et al. [25] and Pershing and 
Franklin [23] who used TAO in concentrations of 
100 and 133pM, respectively, and achieved only 
partial complexation. Experiments in our laboratory 
have shown that complex formation is only slightly 
inhibited by TAO concentrations in the range of 
100-300 ,umol/L. However, the TAO concentration 
is not the only factor affecting complex formation. 
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Table 6. PROD and testosterone 16/&hydroxylase activity in liver microsomes of untreated and inducer-treated male 
rats compared to spectrophotometrically determined P450 2B content 

PROD activity 2B content PROD activity 16/I-Hydroxylase 2B content 
(nmol resorufin/ (nmol 2B/ 

16P_Hydroxylase 
(nmol resorufin/ (nmol product/ (nmol 2B/ (nmol product/ 

Inducer mg protein x min) mg protein) nmol 2B x min) mgprotein x min) mg protein) nmol 2B x min) 

UT 0.04 -r- 0.01 SO.01 - SO.01 SO.01 - 
DEX 0.11 2 0.01 0.38 0.28 -c 0.01 5.3 + 0.4 0.38 14.0 2 1.1 
PB 2.18 k 0.21 0.79 2.76 * 0.27 15.4 + 5.2 0.79 19.5 + 6.5 
HCB 0.34 * 0.01 0.40 0.84 -+ 0.02 1.7- 0.40 4.4 - 

Liver microsomes of male rats either untreated (UT) or treated with DEX, phenobarbital PB or hexachlorobenzene 
HCB were assayed for PROD and testosterone 16/Shydroxylase activity as described in Materials and Methods. The 
microsomal P450 2B content was determined spectrophotometrically as described in this paper. 

Values of enzymatic activities are means + SD calculated from three measurements, except for 16/3-hydroxylase 
activity in microsomes of HCB-treated rats (N = 1). 

Fig. 8. Differential expression of P450 2Bl and 2B2 by treatment of rats with various inducers. Liver 
microsomes of either untreated or inducer-treated rats were analysed by SDS-PAGE with subsequent 
immunoblotting using a rabbit antiserum against P450 2B1/2B2 as described in Materials and Methods. 
Samples and amounts of microsomal P450 applied on SDS-PAGE (pmol): (1) phenobarbital-treated 
males, 4.0; (2) phenobarbital-treated females, 4.0; (3) TAO-treated males, 5.5; (4) DEX-treated males, 

7.7; (5) untreated males, 4.3; (6) hexachlorobenzene-treated males, 3.9. 

Fig. 9. Determination of the molar extinction coefficient 
of the P450 3A-TAO metabolite complex. Absorbance 
differences of the TAO metabolite complex (456500 nm) 
and the P450 carbon monoxide complex (450-490nm) 
were plotted. The experimental procedure is described in 

detail in Materials and Methods. rz = 0.999. 

With the optimal TAO concentration, i.e. 10pM 
[26], we achieve only about 50% complexation of 
P450 3A. Quantitative P450 3A-TAO metabolite 
complex formation, however, is obtained by addition 
of a further cofactor, NADH, to the reaction 
mixture. Using this method, the extent of complex 
formation amounts to about 80% of total P450 in 
microsomes of TAO-treated male rats, leaving only 
20% for other isozymes. Further support for this 
quantitation method is provided by the correlation 
of spectroscopically determined P450 3A and TAO 
N-demethylaseactivityinmicrosomesfromuntreated 
rats and rats treated with non-complex-forming 3A 
inducers, like DEX and phenobarbital (r2 = 0.977). 
The large degree of P450 3A specificity of TAO N- 
demethylation is evident from correlation with 3A- 
specific testosterone-metabolizing activities [40-42], 
i.e. formation of 2@hydroxytestosterone, 15& 
hydroxytestosterone and 6-dehydrotestosterone 
(Fig. 6). The strongest evidence for complete 
conversion of P450 3A comes from studies with 
microsomes of TAO-treated rats, when the amount 
of in uitro formed complex equals or surpasses that 
of in uiuo complex. 

Under our assay conditions, complex formation is 
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completed after about 20 min irrespective of the 
level of complexable P450 3A. In the literature, 
incubation times vary between 5 and 60min 
[24,25,39,43]. In a recent paper [44] maximum 
complex formation was obtained only after 60 min. 
It is likely that slow complex formation under 
suboptimal conditions in combination with short 
incubation times may be another factor leading to 
an underestimation of the P450 3A content 
determined by this technique. Errors in quantitation 
can apparently also result from peroxidative P450 
destruction during the assay. Our observation that 
P450 3A is exceptionally sensitive for this process is 
in agreement with the results of Kitada et al. [45] 
who demonstrated preferential oxidative destruction 
of testosterone 6/?-hydroxylase and ethylmorphine 
N-demethylase. Protection can be achieved with 
catalase and/or EDTA [46]. Different temperatures 
during complex formation, i.e. 25” or 35” [44,47], 
may also contribute to the variation in the results 
obtained. Quantitation of P450 3A solely by 
determination of in uiuo-formed complex in liver 
microsomes of TAO-treated rats can also result in 
underestimation of the isozyme level because of the 
presence of uncomplexed P450 3A. 

ligand for reduced P450 than metyrapone [lo], and 
(b) the P450 TAO metabolite complex is stable 
towards carbon monoxide. 

Whether metyrapone forms complexes with P450 
species other than P450 2B and P450 3A is not 
known for certain. The conclusion of Ivanetich et 
al. [3] based on data of Luu-The et al. [2] that P45Oc 
(P450 1Al) is able to form a metyrapone complex 
has not been confirmed by others. On the contrary, 
Ryan et al. [53] could not detect metyrapone complex 
formation with purified P450 1Al. The inability to 
form a metyrapone complex has also been shown 
for P450 lA2 [53], 2Al [36], 2C6 [54], 2C7, 2Cll 
and 2C13 [55]. In two recently published reviews 
P450 2C12 has been reported as an additional 
metyrapone complex-forming isozyme (56,571. This 
isozyme is female specific and obviously absent in 
the microsomes of male rats (55,581. Thus, the 
isozyme(s) responsible for the low affinity binding 
in microsomes of male rats remain unknown [5,59] 
(unpublished data). 

The use of metyrapone for spectroscopic quan- 
titation of cytochrome P450 isozymes has been 
frequently explored [2-6, lo]. The isozyme specificity 
of metyrapone binding, however, has not been fully 
clarified. As shown in this paper, the ability of P450 
3A to interact with metyrapone and to form a ligand 
complex in the reduced state severely restricts the 
usefulness of the spectroscopic quantitation method 
for 2B isozymes as described by Luu-The et al. [2] 
for the following reasons. (a) Microsomes often 
contain isozymes of both subfamilies shown to bind 
metyrapone. For example, treatment of rats with 
P450 3A inducers, like DEX and clotrimazole leads 
also to expression of 2B isozymes [16,48] (Table 2). 
The classical 2B inducer phenobarbital increases the 
microsomal content of P450 3A also [15,49,50]. 
Only negligible levels of 2B isozymes can be detected 
in liver microsomes of untreated male rats [51] 
amounting to about 20 pmol/mg protein in Sprague- 
Dawley rats [52]. Thus, in these microsomes 
metyrapone binding is essentially due to P450 3A. 
(b) Due to the very different extinction coefficients 
of the 2B- and 3A-metyrapone complexes (52 [2] 
and 71.5 + 3.0 mM-’ cm-‘, respectively) not even a 
collective quantitation of both isozyme groups is 
possible. (c) 2B and 3A isozymes bind metyrapone 
with about the same affinity [5] (unpublished 
data). Thus, isozyme determinations at different 
metyrapone concentrations [4] are not useful for 
these P450 species, 

Increased metyrapone binding in microsomes of 
untreated female rats compared to that in male rats 
(Table 5) may well be explained by binding to 
the female-specific P450 2C12. Immunochemically 
determined microsomal 2C12 levels of female rats 
are in the range of 0.19-0.50nmol/mg protein 
[58,60,61], making up about 20-50% of total P450. 
Thus, in liver microsomes of female rats the presence 
of large amounts of metyrapone bound to P450 2C12 
does not allow a simple spectroscopic quantitation 
for 2B isozymes. As the apparent KD values for the 
binding of metyrapone to reduced 2B and 2C12 
differ considerably, i.e. 1. l-l .5 and 98 PM, respect- 
ively [57], a good approximation of the isozyme 
levels could be achieved by using different 
metyrapone concentrations as proposed by Mitani 
et al. [4]. 

With some exceptions microsomal P450 3A and 
2B levels of treated and untreated rats determined 
with the method described here (Table 2) are similar 
to published data obtained by spectrophotometric 
or immunological methods. High 3A levels are found 
in liver microsomes after DEX and TAO treatment, 
amounting to 65% and 78% respectively, of total 
cytochrome P450 which is in good agreement with 
the results of others [39,43,62,63]. Less pronounced 
induction of 3A isozymes is achieved with pheno- 
barbital. In contrast to the results of others 
(25,27,44], we obtained considerable formation of 
a TAO metabolite complex with microsomes of 
untreated male rats. With a level of about 13% 
(0.11 nmol P450/mg protein) our value comes close 
to that of Guengerich et al. [64] obtained by 
immunoquantitation (17%). 

The quantitation of 2B isozymes using metyrapone 
becomes possible after conversion of the 3A isozymes 

Controversial results have been published on the 
inducibility of P450 2B isozymes by DEX. Meehan 

to a metabolic intermediate complex with TAO and et al. [65] conclude from their results that DEX fails 
the subsequent formation of the 2B-metyrapone to induce 2B isozymes. In accordance with this, 
complex. A precondition for this method is that the 
TAO metabolite complex is not dissociated by 

Ritter and Franklin [66] could not detect any PROD 
activity after DEX treatment. The same authors, 

metyrapone. This has been shown directly by 
Werringloer and Estabrook [18] and Franklin [20] 

however, observed a slight increase in testosterone 

and confirmed by us using metyrapone concentrations 
16ghydroxylase activity compared to untreated rats. 

of up to 300 PM (data not shown). This is as expected 
In contrast, Namkung et al. [48] and Yamazoe er al. 

from the facts that (a) carbon monoxide is a stronger 
[67] found increased activity of PROD, which is 
diagnostic for 2B isozymes [68-701, coinciding with 
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enhanced expression of P450 2Bl. Our results 
present a further variation on this theme. After 
blocking the ligand binding site of P450 3A by TAO 
metabolite complex formation, 20% of total 
cytochrome P450 is still able to form a metyrapone 
ligand complex in microsomes of DEX-treated rats. 
However, microsomal PROD activity on a protein 
basis is only slightly enhanced compared to that of 
untreated rats (Table 6). These observations can be 
rationalized by preferential expression of the P450 
2B2 isozyme as evidenced from immunoblotting 
experiments. In contrast to our results, Yamazoe et 
al. [67] observed similar levels of P450 2Bl and 2B2 
after DEX treatment. P450 2B2 has been shown to 
bind metyrapone in the reduced state [53] and is 
known to exhibit lower enzymatic activities as 
compared to P450 2B1[53,71]. In the case of PROD, 
the enzymatic activities of 2Bl and 2B2 in a 
reconstituted system differ by two orders of 
magnitude [72]. These findings may explain the 
observed discrepancies between metyrapone binding 
capacity after TAO metabolite complex formation 
and PROD activity in microsomes of DEX-treated 
rats. The molecular basis for the preferential 
expression of P450 2B2 by DEX compared to P450 
2Bl might be the presence of a glucocorticoid 
responsive element in the 5’-flanking region of the 
2B2 gene [73]. 

pigment of liver microsomes. I. Evidence for its 
hemonrotein nature. J Biol Chem 239: 2370-2378. 
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discriminate between individual isozymes, i.e. 2Bl 
and 2B2, or 3Al and 3A2. Knowledge of the isozyme 
ratios, however, is important for evaluation of the 
microsomes’ metabolic potential, because 2Bl and 
2B2 differ markedly in reaction velocities for 
different substrates [72] and 3A isozymes may even 
differ in substrate or inhibitor specificity [75-771. 
Determination of the 2B1/2B2 ratio is possible by 
SDS-PAGE with subsequent immunoblotting. At 
present 3Al and 3A2 cannot be resolved by 
SDS-PAGE. However, immobilized metal affinity 
chromatography may be able to separate distinct 
P450 3A isozymes [78,79]. * 

9. 

10. 

11. 

12. 

13. 

14 

Luu-The V, Cumps J and Dumont P, Metyrapone- 
reduced cytochrome P-450 complex: a specific method 
for the determination of the phenobarbital inducible 
form of rat hepatic microsomal cytochrome P-450. 
Biochem Biophys Res Commun 93: 776781, 1980. 
Ivanetich KM, Costa AK and Brittain T, Limitations 
on the metvrapone assay for the maior phenobarbital 
inducible f&m-of cytoch;ome P-450. Bioihem Biophys 
Res Commun 105: 1322-1326. 1982. 
Mitani F, Shephard EA, Phillips IR and Rabin BR, 
Complexes of cytochrome P450 with metyrapone. A 
convenient method for the quantitative analysis of 
phenobarbital-inducible cytochrome P450 in rat liver 
microsomes. FEBS Lett 148: 302-306, 1982. 
Parkinson A, Robertson LW and Safe S, Binding of 
metyrapone to dithionite-reduced cytochrome P-450 
from rats treated with xenobiotics. Biochem Pharmacol 
31: 348S3494, 1982. 
Liu Z and Franklin MR, Cytochrome P-450 ligands: 
metyrapone revisited. Arch Biochem Biophys 241: 397- 
402, 1985. 
Netter KJ, Jenner S and Kajuschke K, ijber die 
Wirkung von Metyrapon auf den mikrosomalen 
Arzneimittelabbau. Naunyn Schmiedebergs Arch Phar- 
makol Exp Path01 259: 1-16, 1%7. 
Netter KJ, Kahl G-F and Magnussen MP, Kinetic 
experiments on the binding of metyrapone to liver 
microsomes. Naunyn Schmiedebergs Arch Pharmakol 
Exp Path01 265: 205-215, 1969. 
Leibman KC, Effectsof metyrapone on liver microsomal 
drug oxidations. Mol Pharmacol5: 1-9, 1969. 
Jonen HG, Hiithwol B, Kahl Rand Kahl GF, Influence 
of pyridine and some pyridine derivatives on spectral 
properties of reduced microsomes and on microsomal 
drug metabolizing activity. Biochem Pharmacol 23: 
131S1329, 1974. 
Ritter JK and Franklin MR, Clotrimazole induction 
of cytochrome P-450: dose-differentiated isozyme 
induction. Mel Pharmacol31: 135-139, 1987. 
Arlotto MP, Sonderfan AJ, KlaassenCD and Parkinson 
A, Studies on the pregnenolone-16a-carbonitrile- 
inducible form of rat ‘liver microsomal cytochrome 
P-450 and UDP-elucuronosvltransferase. Biochem 
Pharmacol36: 385&3866, 19g7. 
Lu AYH, Somogyi A, West S, Kuntzman R and 
Conney AH, Pregnenolone-l6a-carbonitrile: a new 
type of inducer of drug-metabolizing enzymes. Arch 
Biochem Biophys 152: 457-462, 1972. 
Elshourbagy NA and Guzelian PS, Separation, 
purification, and characterization of a novel form of 
hepatic cytochrome P-450 from rats treated with 
pregnenolone-l6cu-carbonitrile. J Biol Chem 255: 1279- 
1285. 1980. 

Acknowledgemenrs-The authors thank Mrs G. Giinther 
for skilful technical assistance. We further thank Mr T. B. 
Martinez from Searle (Skokie, Illinois, U.S.A.) for 
providing lS/%hydroxytestosterone. Triacetyloleandomycin 
was a kind gift of Pfizer GmbH (Karlsruhe, F.R.G.). This 
work was supported by the Bundesministerium fiir 
Forschung und Technologie (FKZ 07048591). 

15. Heumann DM, Gallagher EJ, Barwick JL, Elshourbagy 
NA and Guzelian PS, Immunochemical evidence for 
induction of a common form of hepatic cytochrome 
P-450 in rats treated with pregnenolone-l6a-car- 
bonitrile or other steroidal or non-steroidal agents. 
Mol Pharmacol21: 753-760, 1982. 

16. Hostetler KA, Wrighton SA, Molowa DT, Thomas 
PE, Levin W and Guzelian PS, Coinduction of multiple 
heoatic cvtochrome P-450 nroteins and their mRNAs 

REFERENCES 

1. Omura T and Sato R. The carbon monoxide-binding 

in ;ats treated with imidaz&e antimycotic agents. Mol 
Pharmacol35: 279-285, 1989. 

17. Khan WA, Kuhn C, Merk HF, Park SS, Gelboin 
HV, Bickers DR and Mukhtar H, Isozyme-specific 
monoclonal antibody directed assessment of induction 
of hepatic cytochrome P-450 by clotrimazole. Drug 
Metab Dispos 17: 360-364, 1989. 

18. Werringloer J and Estabrook RW, Heterogeneity of 

* Strotkamp D, Roos PH and Hanstein WG, Multiplicity 
and sex-specific and inducer-dependent expression of 
microsomal P450 3A isozymes in rat liver, in preparation. 



Spectrophotometric quart1 titatim 

liver microsomal cytochrome P-450: the spectral 
characterization of reactants with reduced cytochrome 
P-450. Arch Biochem Biophys 167: 270-286, 1975. 

19. Hodgson E and Philpot RM, Interaction of methy- 
lenedioxyphenyl (1 ,Ibenzodioxole) compounds with 
enzymes and their effects on mammals. Drug Metab 
Rev 3: 231-301, 1974. 

34. 

35. 
20. Franklin MR, Inhibition of mixed-function oxidations 

by substrates forming reduced cytochrome P-450 
metabolic-intermediate complexes. Pharmacol Ther 2: 
227-245, 1977. 36. 

21. Pessayre D, Descatoire V, Konstantinova-Mitcheva M, 
Wandscheer J-C, Cobert B, Level R, Benhamou J- 
P, Jaouen M and Mansuy D, Self-induction by 
triacetyloleandomycin of its own transformation into a 
metabblite forming a stable 456 nm-absorbing complex 
with cytochrome P-450. Biochem Pharmacol30: 553- 
558, 1981. 

37. 

22. Mansuy D, Delaforge M, LeProvost E, Flinois JP, 
Columelli S and Beaune P, Induction of cvtochrome 
P-450 in rat liver by the antibiotic troleandomycin: 
partial purification and properties of cytochrome 
P-450-troleandomycin metabolite complexes. Biochem 
Biophys Res Commun 103: 1201-1208, 1981. 

23. Pershing LK and Franklin MR. Cytochrome P-450 
metabolic-intermediate complex formation and induc- 
tion by macrolide antibiotics; a new class of agents. 
Xenobiotica 12: 687-699, 1982. 

24. Watkins PB, Wrighton SA, Schuetz EG, Maurel P 
and Guzelian PS, Macrolide antibiotics inhibit 
the degradation of the glucocorticoid-responsive 
cytochrome P-450p in rat hepatocytes in vivo and in 
primary monolayer culture. J Biol Chem 261: 6264- 
6271, 1986. 

25. Tine1 M, Descatoire V, Larrey D, Loeper J, Labbe Cl, 
Letteron P and Pessayre D, Effects of clarithromycin on 
cytochrome P-450. Comparison with other macrolides. J 
Pharmacol Exv Ther 250: 746-751, 1989. 

26. Delaforge M: Jaouen M and Mansuy D, The 
cytochrome P-450 metabolite complex derived from 
troleandomyucin: properties in vitro and stability in 
vivo. Chem Biol Interact 51: 371-376, 1984. 

27. Sartori E, Delaforge M, Mansuy D and Beaune P, 
Some erythromycin derivatives are strong inducers in 
rats of a cytochrome P-450 very similar to that induced 
by 16a-pregnenolone carbonitrile. Biochem Biophys 
Res Commun 128: 1434-1439, 1985. 

28. Sartori E, Delaforge M and Mansuy D, In vitro 
interaction of rat liver cytochromes P-450 with 
erythromycin, oleandomycin and erythralosamine 
derivatives. Importance of structural factors. Biochem 
Pharmacol38: 2061-2068, 1989. 

29. Guengerich FP and Martin MV, Purification of 
cytochrome P-450, NADPH-cytochrome P-450 
reductase, and epoxide hydratase from a single 
preparation of rat liver microsomes. Arch Biochem 
Biophys 205: 365-379, 1980. 

30. Guengerich FP, Separation and purification of multiple 
forms of microsomal cytochrome P-450. Partial 
characterization of three apparently homogeneous 
cytochromes P-450 prepared from livers of pheno- 
barbital and 3-methylcholanthrene-treated rats. J Biol 
Chem 252: 3970-3979, 1977. 

31. Pohl RA and Fouts JR, A rapid method for assaying 
the metabolism of 7-ethoxyresorufin by microsomal 
subcellular fractions. Anal Biochem 107: 150-155, 
1980. 

32. Werringloer J, Assay of formaldehyde generated during 
microsomal oxidation reactions. In: Methods in 
Enzymology Vol. LfI (Eds. Fleischer S and Packer L), 
pp. 297-302. Academic Press, London, 1978. 

33. Laemmli UK, Cleavage of structural proteins during 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

on of P450 isozymes 2249 

the assembly of the head of bacteriophage T4. Nature 
227: 680-685, 1970. 
Merril RC, Goldman D, Sedmann SA and Ebert MH, 
Ultrasensitive stain for proteins in polyacrylamide gels 
shows regional variation in cerebrosoinal fluid oroteins. 
Science 511: 1437-1438, 1981. n ’ 
Towbin HT. Staehelin T and Gordon J. Electroohoretic 
transfer of proteins from polyacrylamide ‘gels to 
nitrocellulose sheets: procedure and some applications. 
Proc Nat1 Acad Sci USA 76: 4350-4354. 1979. 
Ryan DE, Thomas PE, Kotzeniowski D.and Levin W, 
Separation and characterization of highly purified forms 
of liver microsomal cytochrome P-450 from rats treated 
with polychlorinated biphenyls, phenobarbital, and 
3-methvlcholanthrene. J Biol Chem 254: 1365-1374. 
1979. - 
Funae Y and Imaoka S, Simultaneous purification of 
multiple forms of rat liver microsomal cvtochrome 
P-456 by high-performance liquid chromatography. 
Biochim Biovhvs Acta 842: 119-132. 1985. 
Lowry OH, Rosebrough NJ, Farr AL and Randall RJ, 
Protein measurement with the Folin phenol reagent. J 
Biol Chem 193: 265-275, 1951. 
LarreyD,TinelMandPessayreD,Formationofinactive 
cytochrome P-450 Fe(II)-metabolite complexes with 
several erythromycin derivatives but not with josamycin 
and midecamycin in rats. Biochem Pharmacol32: 1487- 
1493, 1983. 
Sonderfan AJ, Arlotto MP, Dutton DR, McMillen 
SK and Parkinson A, Regulation of testosterone 
hydroxylation by rat liver microsomal cytochrome 
P-450. Arch Biochem Biophys 255: 27-41, 1987. 
Halvorson M, Greenway D, Eberhart D, Fitzgerald K 
and Parkinson A, Reconstitution of testosterone 
oxidation by purified rat cytochrome P45Op (IIIAl). 
Arch Biochem Biophys 277: 166-180, 1990. 
Nagata K, Liberato DJ, Gillette JR and Sasame HA, 
An unusual metabolite of testosterone: 17/%hydroxy- 
4,6-androstadiene-3-one. Drug Metab Dispos 14: 559 
565, 1986. 
Wrighton SA, Maurel P. Schuetz EG, Watkins PB, 
Young B and Guzelian PS, Identification of the 
cytochrome P-450 induced by macrolide antibiotics in 
rat liver as the glucocorticoid responsive cytochrome 
P-450p. Biochemistry 24: 2171-2178, 1985. 
Franklin MR, Cytochrome P450 metabolic intermediate 
complexes from macrolide antibiotics and related 
compounds. In: Methods in Enzymology Vol. 206 (Eds. 
Waterman MR and Johnson EF), pp. 559-573. 
Academic Press, San Diego, 1991. 
Kitada M, Komori M, Ohi H, Imaoka S, Funae Y and 
Kamataki T, Form-specific degradation of cvtochrome 
P-450 by lipid peroxidation in rat liver microsomes. 
Res Commun Chem Path01 Pharmacol 63: 175-188. 
1989. 
Kamataki H and Kitagawa H, Effects of lipid 
peroxidation on activitiesof drug-metabolizing enzymes 
in liver microsomes of rats. Biochem Pharmacol 22: 
3199-3207, 1973. 
Wrighton SA, Schuetz EG, Watkins PB, Maurel P, 
Barwick J, Bailey BS, Hartle HT, Young B and 
Guzelian P, Demonstration in multiple species of 
inducible hepatic cytochromes P-450 and their mRNAs 
related to the glucocorticoid-inducible cvtochrome 
P-450 of the rat.-Mol Pharmacol28: 312-321, 1985. 
Namkung MJ, Yang HL, Hulla JE and Juchau MR. 
On the substrate specificity of cytochrome P450IIIAl. 
Mol Pharmacol34: 628-637. 1988. 
Imaoka S, Terano Y and Funae Y, Expression of four 
phenobarbital-inducible cytochrome P-45Os in liver, 
kidney, and lung of rats. J Biochem 105: 939-945, 
1989. 
Gonzalez FJ, Song B-J and Hardwick JP, Pregnenolone 



2250 P. H. Roos er al. 

16o-carbonitrile-inducible P450 gene family: gene 
conversion and differential regulation. Mol Cell Biol 
6: 2969-2976, 1986. 

51. Thomas PE, Korzeniowski D, Ryan D and Levin W, 
Preparation of monospecific antibodies against two 
forms of rat liver cytochrome P-450 and quantitation 
of these antigens in microsomes. Arch Biochem Biophys 
192: 524-532, 1979. 

52. Wilson NM, Christou M and Jefcoate CR, Differential 
expression and function of three closely related 
phenobarbital-inducible cytochrome P-450 isozymes in 
untreated rat liver. Arch Biochem Biophys 256: 407- 
420, 1987. 

53. Ryan DE, Thomas PE and Levin W, Purification and 
characterization of a minor form of hepatic microsomal 
cytochrome P-450 from rats treated with polychlorin- 
ated biphenyls. Arch Biochem Biophys 216: 272-288, 
1982. 

54. Waxman DJ and Walsh C, Cytochrome P-450 isozyme 
1 from phenobarbital-induced rat liver: purification, 
characterization, and interactions with metyrapone and 
cytochrome bg. Biochemistry 22: 4846-4855, 1983. 

55. Ryan DE, Iida S, Wood AW, Thomas PE, Lieber CS 
and Levitt W, Characterization of three highly purified 
cytochromes P-450 from hepatic microsomes of adult 
male rats. J Biol Chem 259: 1239-1250, 1984. 

56. Bandiera S, Expression and catalysis of sex-specific 
cytochrome P450 isozymes in rat liver. Can J Physiol 
Pharmacol68: 762-768, 1990. 

57. Ryan DE and Levin W, Purification and characterization 
of hepatic microsomal cytochrome P-450. Pharmacol 
Ther 45: 153-239, 1991. 

58. Kamataki T, Maeda K, Yamazoe Y, Nagai T and Kato 
R, Sex differences of cytochrome P-450 in the rat: 
purification, characterization, and quantitation of 
constitutive forms of cytochrome P-450 from liver 
microsomes of male and female rats. Arch Biochem 
Biophys 225: 758-770, 1983. 

59. Gorski JR, Arlotto MP, Klaassen CD and Parkinson 
A, Age- and sex-dependent induction of liver 
microsomal benzo[a]pyrene hydroxylase activity in rats 
treated with pregnenolone-16cx-carbonitrile (PCN). 
Carcinogenesis 6: 617-624. 

60. Waxman DJ, Dannan GA and Guengerich FP, 
Regulation of rat hepatic cytochrome P-450: age- 
dependent expression, hormonal imprinting, and 
xenobiotic inducibility of sex-specific isoenzymes. 
Biochemistry 24: 4409-4417, 1985. 

61. MacGeoch C, Morgan ET, Halpert J and Gustaffson 
J-A, Purification, characterization, and pituitary 
regulation of the sex-specific cytochrome P-450 15/3- 
hydroxylase from liver microsomes of untreated female 
rats. J Biol Chem 259: 15433-15439, 1984. 

62. Delaforge M, Jaouen, M and Mansuy D, Dual effects 
of macrolide antibiotics on rat liver cytochrome P-450. 
Induction and formation of metabolite-complexes: a 
structure-activity relationship. Biochem Pharmacol32: 
2309-2318, 1983. 

63. Pessavre D, Descatoire V, Konstantinova-Mitcheva M, 
Wan&cheer J-C, Cobert B, Level R, Benhamou J- 
P, Jaouen M and Mansuv D, Self-induction by 
triacetyloleandomycin of its own transformation into a 
metabolite forming a stable 456 nm-absorbing complex 
with cytochrome P-450. Biochem Pharmacol30: 553- 
558, 1981. 

64. Guengerich FP, Dannan GA, Wright ST, Martin MV 
and Kaminsky LS, Purification and characterization of 
liver microsomal cytochromes P-450: electrophoretic, 
spectral, catalytic, and immunochemical properties and 
inducibility of eight isozymes isolated from rats 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

treated with phenobarbital or beta-naphthollavone. 
Biochemistry 21: 6019-6030. 1982. 
Meehan RR, Forrester LM,‘Stevenson K, Hastie ND, 
Buchmann A, Kunz HW and Wolf CR, Regulation of 
phenobarbital-inducible cvtochrome P-450s in rat and 
house liver following dexamethasone administration 
and hvnophvsectomv. Biochem J 254: 789-797. 1988. 
Ritter-JK’and Franklin MR, High magnitude hepatic 
cytochrome P-450 induction by an N-substituted 
imidazole antimycotic, clotrimazole. Biochem Phar- 
macol36: 2783-2787, 1987. 
Yamazoe Y, Shimada M, Murayama N and Kato R, 
Suppression of levels of phenobarbital-inducible rat 
liver cytochrome P-450 by pituitary hormone. J Biol 
Chem 262: 7423-7428, 1987. 
Burke MD, Thompson S, Elcombe CR, Halpert, J, 
Haaparanta T and Mayer RT, Ethoxy-, pentoxy and 
benzyloxyphenoxazones and homologues: a series of 
substrates to distinguish between different induced 
cytochromes P-450. Biochem Pharmacol 34: 3337- 
3345, 1985. 
Lubet RA, Mayer RT, Cameron JW, Nims RW, Burke 
MD, Wolff and Guengerich FP, Dealkylation of 
pentoxyresorufin: a rapid and sensitive assay for 
measuring induction of cytochrome(s) P-450 by 
phenobarbital and other xenobiotics in the rat. Arch 
Biochem Biophys 238: 43-48, 1985. 
Mayer RT, Netter KJ, Heubel F, Hahnemann B, 
Buchheister A, Mayer GK and Burke MD, 7- 
alkoxyquinolines: new fluorescent substrates for 
cytochrome P450 monooxygenases. Biochem Phar- 
macol40: 1645-1655, 1990. 
Guengerich FP, Mammalian Cytochromes P-450. Vol. 
I. CRC Press, Boca Raton, 1987. 
Wolf CR. Miles JS. Seilman S. Burke MD. 
Rospendowski BN, Kelly K and Ewen Smith WE, 
Evidence that the catalytic differences of two 
structurally homologous forms of cytochrome P-450 
relate to their heme environment. Biochemistry 27: 
1597-1603, 1988. 
Jaiswal AK, Haaparanta T, Luc P-V, Schembri J 
and Adesnik M. Glucocorticoid regulation of a 
phenobarbital-inducible cytochrome P-450 gene: the 
presence of a functional glucocorticoid response 
element in the 5’-flanking region of the CYP2B2 gene. 
Nucleic Acids Res 18: 4237-4242, 1990. 
Roos PH, Golub-Ciosk B, Kallweit P and Hanstein 
WG, Analysis of microsomal cytochrome P-450- 
patterns: results, problems and prospects. Biol Chem 
Hoppe Seyler 371: 747-748, 1990. 
Graves PE, Kaminsky LS and Halpert J, Evidence for 
functional and structural multiplicity of pregnenolone- 
16o-carbonitrile-inducible P-450 isozymes in rat liver 
microsomes. Biochemistry 26: 3887-3894. 1987. 
Underwood MC, Cashman JR and Correia MA, 
Soecificallv designed thiosteroids as active-site-directed 
probes for-functyonal dissection of rat liver cytochrome 
P450 3A isozvmes. Chem Res Toxicol5: 42-53. 1992. 
Eberhart D, Fitzgerald K and Parkinson A, Evidence 
for the involvement of a distinct form of cytochrome 
P450 3A in the oxidation of digitoxin by rat liver 
microsomes. J Biochem Toxic01 7: 53-64, 1992. 
Roos PH, Immobilized metal affinity chromatography 
as a means of fractionatine microsomal cvtochromes 
P-450 isozymes. J Chromahgr 587: 33-42; 1991. 
Roos PH, Analvsis of microsomal cvtochrome P450- 
patterns by means of ion-exchange and immobilized 
metal affinity chromatography. In: Chromatography in 
Biotechnology (Eds. Ettre LS and Horvath C) pp. 1% 
137. ACS Books, Washington, 1993. 


