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SUMMARY
The instability of the solubilized/punfied form, the lack of catalytic
activity of the stabilized, macrolide-complexed form, and the
compromised catalytic activity of the decomplexed form of ste-
roid-inducible cytochrome P45OlllAl motivated further investi-
gations of the substrate specificity of this isozyme. A major
complementary goal was to identify reactions utilizable as sen-
sitive, specific diagnostic probes for the detection and partial
characterization of this isozyme in tissues for which isolation and
purification are not practical (e.g., extrahepatic, embryonic tis-
sues, etc.). The approach utilized a combination of a specific,
purified inducer, specific inhibitors including tnacetyloleandomy-
cm and inhibitory antibodies, and diagnostic probe substrates
including the phenoxazone ethers, testosterone, warfarin, 2-
acetylaminofluorene, estradiol-1 7/3 and benzo[a]pyrene. The re-
suIts obtained indicated that steroid-inducible, rat hepatic
P45OIIIA1 would catalyze minimal or no O-dealkylation of meth-
oxy-, ethoxy- or pentoxyphenoxazone but catalyzed rapid 0-
debenzylation of benzyloxyphenoxazone. Hydroxylation of tes-

tosterone was specific for the /3 face of the molecule at the 2-,
6-, 1 5- and 1 6-positions with no detectable conversion to andro-
stenedione and minimal hydroxylation on the a face. Both the R-
and S-enantiomers of warfann were attacked at positions 9 and
1 0, and these reactions appeared to be specific to isozymes of
the lIlA family. Aromatic hydroxylation of estradiol-1 7/3 was effi-
ciently catalyzed, particularly at the 2-position. Hydroxylations of
2-acetylaminofluorene at positions 5 and 7 were catalyzed at
relatively rapid rates, but N-hydroxylation of the same substrate
was not catalyzed effectively. Hydroxylation of benzo[a]pyrene
occurred preferentially at carbon 3 with much lesser activity at
carbon 9 and little or no detectable attack at positions 7 or 1.
The results indicated that the 2/3- and 1 5/3-hydroxylation of
testosterone and the 1 0-hydroxylation of warfann would serve
as the most useful probes thus far available for detection of the
presence of functional P45OllIAl isozymes in tissues for which
isolation and purification are impractical. The results also mdi-
cated a very broad, yet selective substrate specificity for the
steroid-inducible P45OIIIA1.

The cytochrome P450 superfamily represents a large number

of hemoproteins whose principal function is the catalysis of the

monooxygenation of drugs, steroids, lipids, and other small,

liposoluble organic chemicals. The focus of the investigations

in this report is on the substrate, position, and stereospecificity

of a steroid-inducible, isozymic member of this superfamily,

referred to by the recently standardized nomenclature (1) as

P45OIIIA1. This isozyme is distinguished from the closely ho-

mologous (90% with respect to amino acids) isozyme P45OIIIA2

in that it is inducible by steroids and appears not to be consti-

tutively present in male or female rat hepatic tissues at any

age. P45OIIIA2 is constitutively present in hepatic tissues of

sexually mature male but not female rats. Members of this

family of isozymes have commonly been referred to as P450p

(2), P45OPCN-E (3), P45OPCN1 (4), P45OPCNa (5), and

P45OPB2a (6). In this paper, reference will be made to

P45OIIIA1 as the steroid-inducible form. PCN and various

synthetic glucocorticoids, of which DEX is the prototype, re-

This work was supported by National Institutes of Health Grants ES-04041
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portedly are capable of specifically inducing P45OIIIA1 and/or

closely related isozymes in rodent hepatic cells (1, 3-8).

Although several investigators have studied the substrate

specificity of these isozymes, they have encountered a number

of obstacles and problems not generally applicable to other

isozymes of the P450 superfamily. Upon solubilization and

partial purification, loss of catalytic activity occurs relatively

rapidly (4-10). Various macrolide antibiotics, notably TAO, are

converted by P450111A isozyme(s) to metabolites that bind to

and stabilize the same isozyme(s) (11, 12), but the complexed

form is not catalytically active per se. Displacement of the

macrolide metabolite from the purified form with potassium

ferricyanide or other oxidizing agents not only permits rapid

degradation of the enzyme but also introduces complications in

the interpretation of assays of activity by virtue of known and

potential effects of the oxidizing agent and/or displaced mac-

rolide metabolite on the reactions under study. Dialysis to

remove these agents results in variable activity losses and it is

conceivable that the entire procedure could alter substrate

specificity. It seemed possible that a more satisfactory picture

of the substrate specificity of this particular isozyme could be
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obtained with the freshly prepared, membrane-bound form as

it exists within the confines of its natural lipophilic environ-

ment.

Thus, we have utilized an approach in which two separate

sources of freshly prepared microsomes (hepatic microsomes

from adult female Sprague-Dawley rats and from fetal rats of

the same strain), each containing minimal or no detectable

P45OIIIA isozymes, were directly compared with the same two

analogous preparations of microsomes in which relatively high

concentrations of P45OIIIA1 were present due to pretreatment

of the rats with the purified, specific inducing agents, PCN or

DEX. By utilizing highly purified inducers together with the

use of inhibitory antibodies and TAO as specific inhibitors, we

have provided important information regarding the regio- and/

or stereoselectivity of steroid-inducible, P45OIIIA1-catalyzed

monooxygenation for a number of substrates that have at-

tracted considerable attention as sensitive probes for specific

P450 isozymes. These were AAF, estradiol-17/3, a series of

phenoxazone ethers, testosterone, and warfarin. When used

together, this combination of approaches with specific probes

provides a powerful tool for elucidating important aspects of

the substrate specificity for this interesting isozyme family.

The data also indicate that the most useful substrate probes

for detection of P45OIIIA1 in tissues containing minimal quan-

tities of this (or closely related isozymes) are testosterone and

R-warfarin. These, however, should be used in conjunction with

specific inhibitors, of which TAO appears to be very useful.

Materials and Methods

Chemicals. Nonradiolabeled testosterone, estradiol-17fl, unpurified

DEX, NADPH, glucose 6-phosphate, glucose 6-phosphate dehydroge-
nase, 3-methylcholanthrene, protein A-Sepharose CL-4B, and BaP
were obtained from Sigma Chemical Co. (St. Louis, MO). AF and AF-

9-one were synthesized in our laboratory according to methods de-

scribed by Fletcher and Namkung (13) and Pan and Fletcher (14),

respectively. AAF and 9-keto-AAF were subsequently synthesized by
acetylation of AF and AF-9-one with acetic anhydride as earlier de-
scribed (13). The purity of each of these compounds was >99% as

assessed with analytical HPLC. All hydroxylated metabolites of AAF

and BaP were acquired from the Chemical Repository of the National
Cancer Institute. Isosafrole was purchased from ICN Pharmaceuticals
(Plainview, NY); phenobarbital (PB) was obtained as the pure pow-
dered sodium salt from the University Hospital Pharmacy (Seattle,
WA); [9-’4C]AAF (52 mCi/mmol, 98% purity) and [7,10-’4CJBaP (47.2
mCi/mmol, 97% purity) were purchased from Amersham Corp. (Ar-

lington Heights, IL). [9-’4C]AAF was further purified (>99.5%) by

HPLC using a Whatman Partisil ODS-2 Magnum (M9 10/25) column

and eluting isocratically with methanol/water (80:20), and [7,10-’4C]

BaP was purified (>99%) with preparative, reverse-phase HPLC on a

Whatman Partisil ODS-2 Magnum (M9 10/25) column with a linear

methanol/water gradient (80-100%, 30 mm). PCN was obtained from

three separate sources: as a generous gift from Searle Laboratories

(Chicago, IL); as a purchase from The Upjohn Company (Kalamazoo,
MI); and from chemical synthesis in our own laboratory. PCN was

synthesized and purified (melting point, 231-232�) according to meth-

ods described by Mazur and Cella (15). Analyses with analytical HPLC

indicated that the Upjohn preparation contained a relatively large

amount (>7%) of several impurities and that the Searle preparation
contained slightly lesser (5-7%) quantities of contaminants. The PCN

synthesized in our laboratory was purified such that the final prepa-
ration was >99.5% pure by analytic HPLC. Similarly, HPLC analyses
indicated that the DEX supplied by Sigma was only 87% pure (m.p.

62-65�). We recrystallized the material from 95% ethanol (m.p. 66-

68�) and subsequent HPLC analysis indicated a purity of 99.5%.

Hydroxylated testosterone metabolites were kindly supplied by Pro-

fessor D. N. Kirk from the MRC Steroid Reference Collection (London,

England), except that 15/3-hydroxytestosterone was supplied as a gen-
erous gift from Searle Research Division (Skokie, IL). [2-3Hj- and [4-

3H]estradiol-17$ were prepared in our laboratory as described earlier
(16). TAO was kindly provided by the Roerig Division of Pfizer Phar-
maceuticals (New York, NY). The methoxy, ethoxy, pentoxy, and

benzyloxy ethers of phenoxazone were synthesized and purified in our

laboratory in accordance with methods described by Mayer et al. (17)

and Klotz et al. (18), respectively. Melting points were in good agree-

ment with the published literature values (18). Resorufin and racemic

warfarin were obtained from Aldrich Chemical Co. (Milwaukee, WI)

and phenoxazone was supplied by Dr. A. E. Rettie, Department of

Medicinal Chemistry, University of Washington. The R- and S-war-

farm enantiomers and various warfarin metabolites were kindly pro-
vided by Dr. William Trager of the same department. [4-’4C]Testoster-

one (59.6 mCi/mmol, 99% pure) and [9-’4Cjwarfarin (racemic; 46 mCi/

mmol, 99% pure) were each obtained from Amersham. Purities of these

labeled compounds were checked and verified with analytical HPLC.

All other chemicals utilized were of the highest quality available com-

mercially.
Enzyme sources. Sexually mature female Sprague-Dawley (Wistar-

derived) rats (220-260 g) were obtained from Tyler Laboratories (Belle-

vue, WA) and were housed in the University Vivarium with food

(Purina Rat Chow) and water ad libitum. Two to three animals were

placed in single cages which contained crushed corncob bedding mate-

nat (Bed-’o-cobs, Sanicel) and were kept on a 14-hr light, 10-hr dark
lighting schedule. Primigravida pregnant as well as nonpregnant ani-

mals were treated with PCN or DEX as inducing agents according to

the following schedules. Inducers were suspended in corn oil and

administered intraperitoneally (PCN, 80 mg/kg; DEX, 100mg/kg) once
daily for 4 days. Pregnant rats were given the same doses but as divided,

twice daily injections initiated on the morning of day 16 of pregnancy

(the morning after copulation is designated as day 0). Fetuses were
removed 24 hr after the last injection, and fetal livers from three to

four dams were pooled and homogenized in a Potter homogenizer with
a Teflon pestle. Homogenates were centrifuged at 9,000 x g for 10 mm,

and the resultant supernatant was centrifuged at 104,000 X g for 1 hr

to sediment the microsomal fraction. Livers of nonpregnant females

were homogenized and centrifuged at 9,000 X g for 20 mm with

subsequent sedimentation of the microsomal fraction at 104,000 X g
for 1 hr. Sedimented microsomes were washed, resedimented, sus-
pended in buffer, and utilized immediately as enzyme sources except

where otherwise indicated.

Purified P450s and P450 antibodies. Cytochrome P450111A was
purified from male rat liver microsomes in accordance with methods

described by Elshourbagy and Guzelian (9) and also as the TAO-
complexed form (probably a mixture of IIIA1 and IIIA2 and hereafter

referred to as P450111A1/2) by the method described by Wrighton et
at. (19). In order to exclude antigenic proteins that may have been

present in minute quantities, the TAO-complexed preparation was

further purified by loading 0.125-mg quantities onto a preparative, 10-

20% gradient, sodium dodecyl sulfate gel. The only evident band (after

Coomassie Blue staining) was excised and homogenized in 0.5 ml of

potassium phosphate-buffered normal saline (pH 7.4). The homoge-
nized sample was sonicated with 0.5 ml of Freund’s complete adjuvant

and used as a source of antigen for generation of P450111A antibodies.

Antibodies were generated by injecting the complexed form subcuta-

neously into female New Zealand White rabbits. Injections (in Freund’s

incomplete adjuvant) were repeated after 1 and 2 months, and blood

was withdrawn 2 weeks after the final injection. An IgG-enriched
fraction was prepared (20) by passage of sera through a protein-A-

Sepharose CL-4B column.

P450s IA1, 1A2, and IIB1/2 were also prepared from rat liver micro-

somes exactly according to methods described by Ryan et a!. (21, 22),

except that the final immunopurification step for P4501A2 was not

carried out, and no antibodies were elicited for this isozyme. Other
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TABLE 1
Rates of dealkylation and debenzylation of phenoxazone ethers in freshly prepared hepatic microsomes of aduft female rats (expe#{241}ments
1-6) or rat fetuses (experiments 7 and 8) (treated with steroidal inducing agents
Results are expressed as mean ± SD (N = 5-7). Conversion of the various phenoxazone ether substrates to resorufin was assayed fluorimetrically as described under
�Matenals and Methods.’ PCN and DEX were obtained commercially or synthesized and purified as described under Materials and Methods. ND indicates that activities
were below the level of detectability (<0.05 pmol/min). Reaction cuvettes contained 0.02-0.2 mg of microsomal protein, 1 0 nmol of substrate dissolved in 1 0 �zl of
dimethyl sulfoxide, 1 .0 �mol of NADPH, and potassium phosphate buffer (0.1 M, pH 7.4) to bring the total volume to 1 .0 ml. Reactions were run at 37#{176}.

Specific Activ8y
Inducing Agent

Demethytation Deethylation Depenty�tion Debenzy�tion

pmol/mg protein/mm

1. None 16.3 ± 3.7 48.5 ± 4.2 1.2 ± 0.3 10.1 ± 2.3
2. PCN, Upjohn 8.9 ± 1.9 120.5 ± 7.8 3.5 ± 1.0 64.2 ± 5.9
3. PCN, Searle 7.4 ± 2.1 109.1 ± 9.4 2.8 ± 0.7 70.3 ± 8.0
4. PCN, purified 4.9 ± 1 .3 46.1 ± 5.4 1 .3 ± 0.4 68.2 ± 5.2
5. DEX, Sigma 9.9 ± 2.6 104.9 ± 10.8 25.9 ± 4.6 134.2 ± 9.5
6. DEX, purified 4.2 ± 0.8 107.0 ± 9.2 32.5 ± 5.1 207.0 ± 15.9
7. None(fetal) ND ND ND 0.3± 0.2
8. PCN, purified (fetal) ND ND ND 2.6 ± 0.5

0

Demethylotion Deethylation Depentylotion Debenzylation

Fig. 1. Dealkylase and debenzylase activities of purified P450s in recon-
stituted systems. Reaction vessels contained 0.02-0.1 nmol of P450,
0.01 -0.02 nmol of NADPH-cytochrome P450 reductase, 1 0 nmol of
substrate, 1 1Lmol of NADPH, and 40 nmol of dilauroylphosphatidylcholine
in 0.1 M potassium phosphate buffer, pH 7.4.

commonly utilized names for P4501A1 are P450� and BNF-B; for

P4501A2 are P450d and ISF-G; for P45OIIB1 are P450,,, PBB and PB-

4; for P45011B2 are P450�, PBD, and PB-5. In routine separations, the

DE-52 column did not provide complete separation of IlBi from 11B2,
but no further attempt was made to separate IIB1 from IIB2 since they

are 97-98% homologous and the preparation is referred to as P45011B1/

2. Catalytic activities of IIB1 are normally much higher than those of

11B2 but, qualitatively, quite similar. The purified isozymes had specific
contents of 13-17 nmol of P450/mg of protein. Electrophoresis yielded
single protein staining bands on sodium dodecyl sulfate-polyacrylamide

gels. NADPH-cytochrome P450 reductase was purified from hepatic

microsomes of PB-induced rats by methods described by Shepard et al.

(23). The reductase preparation exhibited a specific activity of 57.2
�mol/mg/min at 24#{176}in a solution containing 0.33 M potassium phos-

phate buffer (pH 7.4), 10 mM EDTA, 3 mM MgC12, 0.1 mM KCN, 0.05

mM cytochrome c, and 0.1 mM NADPH. Antibodies were raised against

P450s IA1 and IIB1/2 by the method described by Thomas et al. (24).
Polyclonal antibodies known to exhibit considerable immunologic

cross-reactivity include IA1 with 1A2, IIB1 with 11B2, and IIIA1 with

IIIA2. However, cross-reactivity among the purified members of these

Fig. 2. Immunoblot of purified P45011B1/2 and hepatic microsomes from
adult female rats. Shown are microsomal protein from rats induced with
purified DEX (20 �g’ !ane 1), rats induced with PB (7.5 �g, !ane $),

untreated rats (20 �g’ lane 3), rats induced with purified PCN (20 Mg,
lane 4), rats induced with unpurified PCN from Upjohn (20 �g, lane 5),
and 0.1 �g of purified P45OllBl/2 (lane 6).

three groups is not normally encountered. Analyses performed with

enzyme-linked immunosorbent assays (25) and with Western blots (26)
indicated no detectable cross-reactivity among antibodies raised against
IA1, IIB1/2, and IIIA1/2. Antibodies were not raised against 1A2. (For

Western blots, 5% nonfat dry milk was used to block nonspecific

binding, and the substrate used for color development was 4-chloro-1-

naphthol.) For utilization as potential enzyme inhibitors, IgGs were

preincubated with the enzyme sources at 25� for 15 mm with a ratio of

0.5-10 mg of IgG/nmol of P450 as determined in preliminary experi-

ments with a range of concentrations. IgG titers were determined with
the enzyme-linked immunosorbent assay. When tested against P450s

IIIA1/2, IIB1/2, IA1, or P450-oxidoreductase, absorbance associated
with P450111A1/2 remained significantly greater than that for the latter

three at a final concentration of 400 ng/ml. This concentration corre-

sponds to an approximate serum dilution of 1:10,000.
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TABLE 2
Effects of induction with PCN on conversion of warfarln to various
metabolites by hepatic microsomal preparations from aduft female
and fetal rats
Results are expressed as mean ± SD (N = 3-5). Quantities of metabolites
generated were assessed by hplc analyses as described under Materials and
Methods. Linearity of conversion as a function of time and protein concentration
was verified in preliminary experiments. Retention time of R-warfann was 20.1 mm.
ND indicates that quantities generated were below the limits of detectability (150
pmol) (UV); 24 pmol (radiometric) of metabolite/reaction vessel). Radioactive ra-
comic warfann was utilized in experiments with fetal tissues. Reaction vessels
contained 0.4 �mol of R-warfann (adults) of 2.5 Mci of racemic warfann (fetuses),
1 -2 mg of microsomal protein, 1 .0 pmol of NADPH, 2.0 ��mo1 of glucose-6-
phosphate dehydrogenase and sufficient potassium phosphate buffer (0.1 N, pH
7.4) to bring the total volume to 1 .0 ml. lncubations were carried out at 37#{176}for 15
mm (adult) or 1 20 mm (fetuses) under 1 OOCYo 02.

Enzyme Source

R-Warfann Retention p� �
Metabolfte line Mutt Females U Fetuses Fetuses

(Control) Induced) (Controls) (PCN-lnduced)

mm pmot/rng protein/mm

Dehydro 3.5 28 ± 5 342 ± 57 ND ND8
4’-Hydroxy 7.8 31 ± 8 47 ± 16 ND ND
6-Hydroxy 9.6 43±3 59±6 ND ND
lO-Hydroxy 10.8 ND 24 ± 3 ND 0.73 ± 0.18
8-Hydroxy 12.6 67 ± 6 85 ± 1 5 ND ND
7-Hydroxy 14.1 352 ± 29 553 ± 49 ND 0.51 ± 0.13

8 Relativelylargeamounts of radioactivity eluting with the solvent front prevented
accurate quantitation of the dehydro metabolite with fetal tissues.

Enzyme assays. Enzymic conversion oftestosterone to androstene-
dione and various hydroxylated metabolites was assessed with HPLC
in accordance with slight modifications of the procedures described by
Wood et a!. (27) except that a Rainin Microsorb C18 (5 M, 150 X 4.6

mm) column was employed in this study. Retention times of metabo-
lites are provided in Table 3. For analyses with adult female liver, UV

detection of eluted metabolites was utilized. For experiments with fetal

livers, radiolabeled [‘4Cjtestosterone was utilized as substrate, 18-sec
fractions were collected from the HPLC column, and metabolites were

quantitated via liquid scintillation counting. Hydroxylation of the
aromatic ring ofestradiol-17$ was assayed by methods described earlier
(28). Conversion of R- and S-warfarmn by adult liver to oxidized metab-

olites followed essentially the same procedures as those described by
Kaminsky et a!. (29). Bioconversion of radiolabeled racemic warfarin

to metabolic products by fetal livers utilized the same procedure except

that eluted fractions were collected and radiolabeled metabolites quan-

titated via scintillation spectrometry. Measurements of the conversion

TABLE 3

of AAF and BaP to oxidized metabolites were also performed with

HPLC analyses by the methods described earlier by Faustman-Watts
et at. (30) and by Dean et al. (31), respectively. Conversion of the four

phenoxazone ethers to resorufin was followed with the continuous

fluorimetric assays as earlier described by Rettie et a!. (32). For each

of these assays, we verified in preliminary experiments that the reac-
tions were zero order with respect to substrate and were linear with
respect to time and protein concentrations. Incubation conditions for

individual assays are described in tables and figures. Proteins were
measured with the methods described by Bradford (33) using crystalline
bovine serum albumin as a standard.

Results and Discussion

Analyses of the effects of steroid induction on rates of deal-

kylation and debenzylation of phenoxazone ethers (Table 1)

showed that the purity of the inducing agent significantly

influenced the results obtained. With unpurified PCN, 2-3-fold

increases in deethylation were observed whereas this activity

was not increased when the purified steroid was utilized. This

result suggested that some of the impurities would induce

P4501A1 or related isozymes since this P450 is highly efficient

for catalysis of the deethylation reaction (4, 34). Purified PCN

did not elicit a significant increase in depentylase activity

whereas use of either of the unpurified PCN preparations

results in 2-3-fold increases in this activity. These results

suggested that the unpurified preparations also contained vary-

ing quantities of “phenobarbital-type” inducing agents, since

phenobarbital induces isozymes (e.g., IIB1) known to efficiently

catalyze the depentylation reaction (4, 35). However, the pun-

fled and unpurified PCN preparations each produced marked

increases (9-10-fold) in debenzylation, suggesting strongly that

benzyloxyphenoxazone is a reasonably good substrate for

P45OIIIA1. In addition, treatment with purified PCN resulted

in marked decreases (70%) in demethylation. This contrasted

with lesser (45-55%) decreases elicited by the unpurified prep-

arations. The decreases in demethylation activity may have

resulted from repression of P450IA2 since the reconstituted

isozyme preferentially catalyzed the demethylation reaction

(Fig. 1). In reconstituted systems with P4501A1, 1A2, and IIB1/

2, it was found that each of these preparations catalyzed rela-

tively rapid debenzylation reactions. Also, microsomes from

Effects of induction of P-45OIIIAI with PCN on conversion of testosterone to androstenedione and hydroxylated metabolites by hepatic
microsomal preparations from aduft females and fetuses near term
Results are expressed as mean ± SD (N = 3). Metabolites generated were quantitated by HPLC analyses as described and Materials and Methods. Linearity of
conversion as a function of time and protein concentration was verified in preliminary experiments. Retention time of testosterone was 22.3 mm. ND indicates that
quantities of metabolites generated were below the limits of detectability (24 pmol of metabolite/reaction vessel, fetuses; 1 50 pmol, adults) for the respective assays.
Reaction vessels contained 1 .0 pmol of NADPH. 3 �mo1 of MgCl2, 50 �mol of sucrose, 250 nmol (adults) or 1 �Ci (fetuses) of testosterone in 20 ,J of ethanol, 1 -4 mg
of microsomal protein, and potassium phosphate bufter (0.1 M, pH 7.4) to bring the total volume of 1 .0 ml. Incubations were camed out at 37#{176}for 15 mm (adults) or 120
mm (fetuses) under 1 00% 02.

Retention AdultFemale Adult Female FetusTestosterone Metabolite � (�tr�) (PCN-induced) Fetus(contro� (�N��)

mm �/mg protein/mm

6cr-OH 5.5 20 ± 7 15 ± 5 0.08 ± 0.04 0.23 ± 0.09
15�3-OH 6.2 ND 1108 ± 221 2.45 ± 0.61 15.37 ± 2.18
7a-OH 7.5 348 ± 46 418 ± 63 0.05 ± 0.03 1 .59 ± 0.71
6/i-OH 8.2 172 ± 34 2822 ± 312 4.18 ± 1 .24 739.8 ± 9.32
16a-OH 9.9 103 ± 24 488 ± 91 6.96 ± 2.51 12.17 ± 3.03
Unidentified 12.1 ND ND 0.58±0.11 0.51 ± 0.31
16$-OH 13.1 ND 244 ± 37 1 .33 ± 0.40 7.12 ± 1.86
2a-OH 14.5 13±7 28±13 0.20±0.07 1.14±0.36
2$-OH 15.1 ND 906 ± 82 1.17 ± 0.60 31.65 ± 5.21
Androstenedione 20.6 ND ND 1 .08 ± 0.49 0.62 ± 0.13
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Fig. 3. Immunoblot of purified P45OlllAl/2 and hepatic microsomes from
adult female and fetal rats. Shown are 20 �g of microsomal protein from
fetal rats induced with purified PCN (lane 1), 20 �g of microsomal protein
from untreated fetal rats (lane 2), 1 .0 �g of purified P45OIIIA1/2 (lane 3),
20 Mg of microsomal protein from adult female rats induced with purified
PCN (lane 4), and 20 �g of microsomal protein from untreated adult
females. (lane 5) Fetal rats were sacrificed on day 20 of gestation.

untreated adult female rats, which lack many inducible P450

isozymes (e.g., IA1, IIB1, and IIIA1) as well as various male-

specific isozymes (e.g., P450h, P45O�, and P45OIIIA2), catalyzed

relatively rapid debenzylation reactions. These observations

suggest that many if not most P450 isozymes will catalyze

debenzylation of benzyloxyphenoxazone. Thus, even though

benzyloxyphenoxazone is a relatively good substrate for

P45OIIIA1, its usefulness as a probe substrate for this isozyme

is limited primarily to employment as an initial screen probe.

The ease and sensitivity of the debenzylation assay, however,

suggest that it may be a highly useful probe for detection of

xenobiotic-biotransfonming P450s in general in extrahepatic or

embryonic tissues. Support for this idea was also given in an

earlier publication (32).

Experiments with DEX as inducer (Table 1) indicated that

even the purified glucocorticoid produced marked increases in

the depentylation of pentoxyphenoxazone. This strongly sug-

gested that purified DEX induces a broader spectrum of P450

isozymes than purified PCN. An attempt also was made to

determine whether P45011B1/2 could be detected immunologi-

cally after DEX induction (Fig. 2). The data corroborated the

results with pentoxyresorufin and indicated that purified DEX

is less specific than purified PCN as an inducer of P45OIIIA1

in rats. The data of Simmons et al. (7) also suggested differ-

ences, but they measured a 40% decrease in immunoquantifia-

Release of tntium from tntium-labeled estradiol-17$ in hepatic
microsomes of adult female and fetal rats after treatment with PCN
Estimated relative rates of 2- and 4-hydroxylation were obtained by measuring
tritium displacement from [2-3Hjestradiol-1 7$ and [4-3H]estradiol, respectively, as
described under Materials and Methods. Results are given as mean ± SD (n = 3-
5). Linearity of the reactions with respect to time and protein concentrations was
verified in preliminary experiments. Limits of detectability were 41 pmol/reaction
vessel. Incubation vessels contained 500 nmol of substrate in 20 �l of ethanol,
0.2-2.0 mg of microsomal protein, 8.8 �zmol of glucose 6-phosphate, 2 units of
glucose-6-phosphate dehydrogenase, 0.35 �zmol of NADPH, and potassium phos-
phate buffer (0.1 M, pH 7.4) to bring the total volume to 1 .0 ml. Incubations were
carried at 37#{176}for 1 5 mm (adults) or 120 mm (fetuses) under 1 00% 02.

Specific Actvity
Hepatic Enzyme Source

[2-3H)Estradiol-17#{216} l4-3HlEstradioi-17i3

pmo!/mg protein/mm

Adult female (control) 21 3 ± 32 1 16 ± 25
Adult female (PCN-induced) 2470 ± 21 1 131 2 ± 201
Fetus (control) 2.3 ± 0.8 0.5 ± 0.2
Fetus (PCN-induced) 78.2 ± 6.2 1 1 .4 ± 2.7

ble P45OIIB1, an isozyme that catalyzes depentylation very

efficiently. Yamazoe et al. (36), however, observed marked

increases in both immunoquantifiable IIB1 and pentoxyphen-

oxazone depentylase as well as testosterone iGa-hydroxylase

activities. Reasons for these differences are presently unex-

plained but may reflect differences in the composition of com-

mercially obtained, unpurified DEX preparations and reem-

phasize the need for utilization of purified inducers. For all

subsequent experiments we utilized purified PCN as inducer

except where otherwise noted.

In experiments with R-warfarin as substrate (Table 2), in-

duction with purified PCN resulted in marked increases in

generation of the dehydro and lO-hydroxylated metabolites but

only minimal increases in hydroxylation at the 4’-, 6-, 7-, and

8-positions. Experiments with S-warfarin yielded results qual-

itatively very similar to those obtained with the R-isomer, with

marked PCN-elicited increases in the generation ofthe dehydro

and lO-hydroxy metabolites and minimal or no changes in

quantities of metabolites hydroxylated at the other four posi-

tions. The R-isomer was attacked somewhat more efficiently

than the S-isomer with R/S ratios for the dehydro and 10-

hydroxy metabolites of 1.7 and 1.9, respectively.

Reaction systems utilizing untreated, control fetal livers as

enzyme source and racemic radiolabeled warfanin as substrate

(see “Materials and Methods”) did not generate detectable

quantities ofmetabolites hydroxylated at any ofthese positions.

Transplacental induction with purified PCN resulted in low

but readily measurable hydroxylation at carbons 10 and 7. The

dehydro metabolite could not be quantitated in fetal prepara-

tions because relatively high and variable quantities of radio-

activity eluting with the solvent front overlapped the elution

position of the dehydro metabolite. Western blots (Fig. 3) also

showed that P45OIIIA was inducible in the fetal livers.

With regard to substrate specificity, the results reported here

tended to agree with results reported by Kaminsky and collab-

orators (4, 5, 29) in which selective attacks at warfanin carbons

9 (which spontaneously converts to the dehydro) and 10 by

P45OIIIA were observed. We performed additional experiments

in an attempt to further confirm the lO-hydroxylation reaction.

We collected HPLC-eluted samples (see “Materials and Meth-

ods”) of the putative lO-hydroxy metabolite, concentrated, and

subjected them to analysis with gas chromatography-mass spec-
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Substrate Specificity of P45OlllAl 633

TABLE 5

Effects of induction of P45OlIlal with purified PCN on conversion of
AAF to oxIdized products by hepatitis microsomal preparations
from adult females and fetuses near term
Results are expressed as mean ± SD (N = 3-5). Gonversion to AAF to the indicated
metabolites was determined by HPLC analyses as described under Materials and
Methods. Lineanty of conversion as a function of time and protein concentration
was verified in preliminary experiments. Retention time of AAF was 23.8 mm. ND
indicates that quantities of metabolites generated were below the limits of detect-
ability (30 pmol/reaction vessel). Reaction flasks contained 1 .0 �zmol of NADPH.
2.0 �mol of glucose 6-phosphate, 2 units of glucose-6-phosphate dehydrogenase,
0.5-3.0 mg of microsomal protein, 40 nmol of AAF (0.5 Mci) in ethanol, and
potassium phosphate buffer to a final volume of 1.0 ml. Incubations were canied
at 37#{176}for 15 mm (adults) and 120 mm (fetuses) under 100% 02.

AM� Me #{149}tabokte
Retention

1�ui�e
Adult Female

(Control)
Adult Female Fetus

(PCN-lnduced) (Centro�
Fetus

(PCN-lnduced)

mm �/rng protein/mm

Unidentified 1 2.5 3.1 ± 2.3 1 1 .2 ± 3.9 0.2 ± 0.1 ND
Unidentified 2 3.5 2.0 ± 1 .1 5.9 ± 2.2 0.1 ± 0.0 1 .5 ± 0.9
7-Hydroxy 5.2 30.8 ± 5.4 283.6 ± 43.1 0.2 ± 0.1 16.2 ± 3.1
9-Hydroxy 6.7 2.6 ± 1.3 26.5 ± 7.3 0.3 ± 0.1 14.8 ± 4.7
5-Hydroxy 7.8 4.1 ± 1 .2 44.7 ± 8.2 0.4 ± 0.2 6.1 ± 1.9
9-Keto 12.7 0.5 ± 0.3 5.4 ± 2.6 0.2 ± 0.1 0.2 ± 0.2
3-Hydroxy 16.0 1 .1 ± 0.6 1 .5 ± 0.5 0.4 ± 0.2 0.7 ± 0.3
1-Hydroxy 18.1 0.8 ± 0.3 6.0 ± 2.7 ND 1.6 ± 0.8
N-Hydroxy 20.6 0.2 ± 0.1 ND ND ND
Unidentified 3 31 .4 4.2 ± 3.4 21 .1 ± 4.0 1 .0 ± 0.5 2.5 ± 1.3

trometry by the methods described by Rettie et al. (32). The

results obtained supported the identity of the eluted peak as

the lO-hydroxywarfarin metabolite.

Induction of adult female rats with purified PCN resulted in

profound increases in quantities of testosterone metabolites

coeluting with standards hydroxylated at the 2$-, 6fl-, 15f3-, and

16-fl-positions (Table 3). Hydroxylation reactions occurring on

the a face ofthe steroid molecule (2a, 6ev, 7a, and 16a) exhibited

much lesser increases (or even slight decreases) after PCN

induction than in the corresponding control preparations and

the differences were not statistically significant by Student’s t

test (p > 0.05) except in the case of 16a-hydroxylation where

a 4-5-fold increase was observed. The marked increase in 15f3-

hydroxylation supports the results of several previous studies.

Other results with testosterone are also consistent with data

reported by Waxman et al. (6), Gonzalez et al. (4), and Graves

15�

et at. (5) although we did observe a statistically significant (p

< 0.05) increase in 16a-hydroxylation, not reported by other

investigators. We also did not observe an increase in 18-hy-

droxylation as did Sonderfan et at. (37), but this minor metab-

olite was not investigated in our study.

The results obtained with fetal hepatic tissues (Table 3) were

somewhat unexpected and suggested that occurrence and reg-

ulation of steroid-hydroxylating enzymes in the fetal rat liver

may not be predictable from observations on mature rats.

Hydroxylations of testosterone at the 15fl- and 16(3-positions

occurred to a greater extent in control fetal livers than in

control adult female livers. The magnitude of induction by

PCN was substantially less in the fetal liver than in the adult.

The 7a-hydroxylation reaction was only minimally affected in

the adult but increased by more than 30-fold in the fetus,

suggesting the possibility that PCN may induce P45OIIA1 in

fetal livers. (This isozyme is also commonly referred to as

P4508., UTF, and 3). Hydroxylation at the 2a-carbon was also

increased 5-6-fold in the fetal liver, suggesting the possibility

that PCN may be capable of transplacentally inducing P450h

(a male-specific isozyme not yet named systematically and

present in hepatic microsomes of adult male rats) or homolo-

gous isozyme(s) in fetal rats. PCN also elicited marked in-

creases in rates of hydroxylation at the 6(3-, 16/3-, 15(3-, and 2(3-

positions, in consonance with the results obtained with female

adults and with the concept that P45OIIIA1 is induced by PCN

in fetal livers. Overall, the results with testosterone as substrate

strongly suggest a different complement of constitutive P450

isozymes in fetal versus adult female hepatic tissues and that,

in the fetal liver, PCN is capable of transplacentally inducing

P450(s) that catalyze hydroxylation of testosterone on the a

face at carbons 2 and 7 and, to a lesser extent, at carbons 6 and

16. A considerable amount of additional research will be re-

quired to clarify these issues. Taken together, however, the

results obtained support the view that P45OIIIA1 attacks tes-

tosterone primarily on the (3 face of the molecule and prefer-

entially at carbons 2, 6, 15, and 16. The immunologic data

presented in Fig. 3 also support this concept.

Studies with estradiol-17(3 as substrate indicated that

P45OIIIA1 catalyzes efficient attack on the aromatic ring of the

I
10

8

- e4 �i �I � � �e �e �e

� � � �I ‘� � ,� 4 ,� 4 ,�t,. � ia ce � �

Fig. 4. Effects of preimmune lgG, anti-
P450111A1/2 IgG, and TAO on conversion
of AAF to various hydroxylated metabo-
lites. Hepatic microsomes from adult, fe-
male Sprague-Dawley rats, pretreated
with purified PCN as inducer (see Mate-
rials and Methods) were utilized as en-
zyme source. In analogous experiments
performed with microsomes from nonin-
duced female rats, none of the three sub-
stances exhibited significant inhibitory ef-
fects. For incubation conditions and inhib-
itor concentrations, see Table 5-7.
Results are given as percentages of con-
trol(no addition)for each metabolite peak.
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634 Namkung et a!.

TABLE 6

Metabolftes of SaP generated by freshly prepared hepatic
microsomes from aduft female rats and the effects of induction
with purified preparations of PCN or DEX
Results are expressed as mean ± SD (N = 3-4). A combination of various HPLC
separation systems (see Materials and Methods) was utilized to separate and
quantitate the listed metabolites. Thus, retention times are not listed. Generation
of the 4,5-oxide, 1 -hydroxy, and 6,1 2-dione in these experiments was below the
limits of detectability (60 pmol/flask) under the reaction conditions used. Incubation
vessels contained 1 .0 �mol of NADPH, 2.0 �mol of glucose 6-phosphate, 2 units
of glucose-6-phosphate dehydrogenase. 0. 1-0.5 mg of microsomal protein, 80
nmol of substrate (0.5 MCi) in 20 M1 of acetone and potassium phoshpate buffer
(0.1 M, pH 7.4) to a total volume of 1 .0 ml. Incubations were carried at 37#{176}for 15
mm under 100% 02.

EnzymeSource

Metabolite Adult Female Adult Female Adult Female

(Control) (PCN-lnduced) (DEX.lnduced)

p/mci/mg protein /min

9,10-DioI 0.40 ± 0.11 0.09 ± 0.05 0.15 ± 0.07
4,5-Diol 0.25 ± 0.06 0.64 ± 0.23 0.51 ± 0.13
7,8-Diol 0.60 ± 0.17 0.43 ± 0.23 0.30 ± 0.08
4,5-Dione 0.27 ± 0.10 0.41 ± 0.12 0.16 ± 0.03
1,6-Dione 0.12 ± 0.04 0.56 ± 0.16 0.55 ± 0.11
3,6-Dione 0.35 ± 0.1 0 1 .74 ± 0.36 1 .59 ± 0.40
9-Hydroxy 0.31 ± 0.08 0.67 ± 0.19 0.55 ± 0.15
7-Hydroxy 0.22 ± 0.06 0.19 ± 0.05 0.25 ± 0.07
3-Hydroxy 1 .06 ± 0.32 3.97 ± 0.58 3.61 ± 0.49

steroid molecule (Table 4). The method utilized does not pro-

vide absolute position specificity because hydroxylation at car-

bon 2 can result in some release (via tautomerization or other

reactions) of tritium from carbon 4 and vice versa (28, 38).

Jellinck et at. (39, 40) have recently provided evidence to

indicate that tritium is lost from carbon 2 primarily during 2-

hydroxylation and from carbon 4 predominantly after catech-

olestrogen formation and during binding to GSH, proteins, or

other nucleophiles. With those considerations, the data pre-

sented in Table 4 indicate that P45OIIIA1 catalyzes aromatic

hydroxylation of estradiol at carbon 2 in preference to carbon

4 and that this steroid molecule is a reasonably good substrate

for the IIIA1 isozyme. The results are in substantial agreement

with those of Dannan et al. (41) and earlier preliminary results

from this laboratory (28). However, the earlier data also dem-

onstrated that isosafrole-induced (IA2) and male-specific (h,

also known as UTA, 2(’, and RLM-5) isozymes also catalyzed

efficient 2-hydroxylation of estradiol, thus indicating that this

substrate is not a specific P450111A probe. Again, because of

the extremely high sensitivity and ease of assay, it may be very

useful as a preliminary probe.

Results obtained with AAF as substrate (Table 5) contrasted

with those reported by previous investigators (10) who utilized

partially purified, reconstituted P4SOIIIA1 preparations in at-

tempts to investigate this substrate. The discrepancy appears

likely to be due to the catalytic inactivity of the partially

purified cytochrome. It was of interest in our experiments that

the freshly prepared, PCN-induced preparations exhibited pro-

foundly greater activities than the corresponding control prep-

arations for all assayed positions on the AAF molecule except

at the nitrogen (N-hydroxylation) and at carbon 3. Lesser

increases were also observed at carbon 1 and the greatest

increases occurred at carbons 7, 5, and 9 in that order. Increases

were also observed for three unidentified metabolites, but the

magnitude of these increases was generally lower than for those

observed at carbons 7, 5, and 9. With AAF as substrate, the

results obtained with fetal tissues (Table 5) were in good

agreement with those observed in adult females and supported

the view that P45OIIIA1 is capable of attacking AAF at several

positions on the molecule but with weaker attack on or near

the amide nitrogen. Inhibition with TAO and anti-P45OIIIA1/

2 antibodies (Fig. 4) also supported these ideas. It is known

that various other P450 isozymes are also efficient catalysts of

the hydroxylation of AAF (10). P4501A1 was highly efficient

for ring hydroxylation and P4501A2 catalyzed relative rapid N-
hydroxylation. In view of the capacity of PCN to decrease

demethylation of methoxyphenoxazone (Table 1), a reaction

that is efficiently catalyzed by P4501A2 (Fig. 1), it is not

surprising that PCN did not elicit increases in AAF N-hydrox-

ylation. This may be due to the capacity of PCN to repress

P4501A2. Recently McManus et at. (42) found that PCN in-

duced AAF 7-hydroxylation by about 2-fold in cultured rat

hepatic cells, but hydroxylations at N or other carbons were

not affected. DEX produced profound induction in vivo, but

their data suggested that DEX was inducing several P450

isozymes.

BaP appeared to be attacked preferentially at carbon 3 by

the PCN-induced isozyme(s) (Table 6) with lesser to negligible

attack occurring at other carbon atoms. The 1-hydroxylated

8
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Fig. 5. Effects of preimune IgG, anti-
P45OIIIA1/2 lgG, and TAO on conversion
of BaP to various hydroxylated metabo-
lites. For other procedural details, see the
legend to Fig. 4. Inhibition was not de-
tected with microsomes from uninduced
rats.
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Substrate Specificity of P45OlllAl 635

metabolite could not be detected but generation of small quan-

tities of 1,6-quinone and inhibition of the generation of this

metabolite by TAO or anti-P450111A1/2 antibody (Fig. 5) sug-

gested some attack at the 1-carbon position. Reaction rates at

carbon 7 were not increased and only minimally increased at

carbon 9 by PCN pretreatment, suggesting that P450111A1 is

an inefficient catalyst for 7- and 9-hydroxylation reactions.

Because BaP is known to be a substrate for several P450
isozymes (Ref. 43 and references therein) and because of the

results obtained with phenoxazone ethers (Table 1), it was of

interest to directly compare freshly prepared microsomes from

adult female rats treated with either highly purified PCN or
DEX. Surprisingly, however, the results obtained (Table 6)

showed primarily minor quantitative differences, with PCN

exhibiting a slightly greater effect than DEX. An exception was
in the generation of the 4,5-quinone which was decreased after

pretreatment with DEX but slightly increased after PCN pre-
treatment.

Various other investigations (44-46) have reported marked

increases in aryl hydrocarbon hydroxylase activity after PCN

induction in immature or adult female rats. Inasmuch as this
activity is primarily a reflection of BaP 3-hydroxylation, our

results are in agreement but also demonstrate that other posi-

tions on the molecule do not appear to be attacked efficiently

with the possible exception of carbon 6 (as evidenced from

marked increases in quantities of 1,6- and 3,6-quinones) and,

to a lesser extent, carbon 9.

An analysis of our data together with that reported in the
literature by other investigators, provided a number of gener-
alizations. One is that P450111A1 exhibits a relatively broad

substrate specificity, its active site apparently capable of ac-

commodating very large molecules including the highly bulky
macrolide antibiotics. A relatively low degree of stereoselectiv-

ity with R- versus S-warfarin, relative lack of regioselectivity

in the hydroxylation of AAF, and capacity to utilize a variety

of chemicals as substrates also support this concept. Neverthe-

less, evidence for restricted substrate specificity was also ob-

served. Comparisons of phenoxazone ethers, of attack at the (3
versus a face of the testosterone molecule, and regioselective

attack at carbons 9 and 10 of the warfarin molecule provide

examples of specificity.

A second generalization that can be drawn from the data is

that testosterone and warfarin appear to be the most useful
probes thus far encountered for the detection of members of

the P450111A family in tissues containing only very small
quantities of these isozymes. Some ofthe macrolide antibiotics,

notably TAO, are reportedly specific substrates for this family

(47), but current assays would probably not be sufficiently

sensitive for measurements of the very low activities expected

in most extrahepatic tissues, particularly during periods of early

development. The data do suggest, however, that TAO may be
very useful as an inhibitor probe for specific inhibition of
P450111A-dependent reactions. Experiments were performed

(Table 7) to further explore this idea (see also Figs. 3 and 4)
and the results were promising, showing that TAO was more
effective and at least as selective as inhibitor as polyclonal

antibodies directed against P450111A. Thus, TAO should be

very useful as an adjunct in probe analyses of tissues with low

levels of this or closely related isozymes.

In terms of sensitivity, catecholestrogen formation, BaP 3-

hydroxylation, AAF 7-hydroxylation, and benzyloxyresorufin

TABLE 7

Effects of TAO (0.1 mM) and polyclonal antibody directed against
cytochrome P45OIllAl/2 (anti-P45OIIIAI/2, 19 mg of IgG antibody
protein/mg of microsomal protein) added as inhibftors In v!tro
Concentrations selected followed preliminary range-finding experiments. Experi-
ments were repeated twice with good agreement of percentages of inhibition.
Values are percentages of activities observed in preparations containing an equal
volume of TAO vehicle DMSO and an equal quantity of preimmune lgG. respectively.
For reaction conditions, see the legends to Tables 1-3. TAO or lgG fractions were
premncubated with all reaction mixture components (except substrate) at 37#{176}for 5
mm (TAO) or 25#{176}for 15 mm (IgG) prior to addition of substrate to initiate the
reaction.

Reaction
Rat HepaticEnzyme

Source (Adult Females)

#{176}�

TAO

#{176}Intsb�tion

Anti-P45OIllA

Debenzylation PCN-induced 51 38
Debenzylation Control 8 9
Warfann 10-hydroxylation PCN-induced 82 54
Warfann 7-hydroxylation Control 1 1 2
Testosterone 15fi-hydroxylation PCN-induced 77 41
Testosterone 16$-hydroxylation PCN-induced 56 33
Testosterone 16a-hydroxylation Control 5 4
Testosterone 2(3-hydroxylation PCN-induced 64 45

debenzylation are of proven value, but it is clear that these

reactions can be catalyzed by several isozymes not included in

the lilA family. Warafin lO-hydroxylation appears highly spe-

cific for members of the lilA family as discussed above and, as

we have shown here, can also be very sensitive. Hydroxylations

on the /3 face of testosterone exhibited both specificity and

sensitivity. The 6(3- and 16(3-positions can be attacked by other

P450 isozymes (48), but attack at the 2(3- and 15(3-positions
appears to be specific for members of the P45OIIIA family.

A large number of questions concerning the P450111A family
remain to be answered. These include the number of isozymic

forms that exist within the family (49), the modes of regulation,

and substrate specificity of each form. It has been assumed that
PCN induces only P450111A1, but a possibility exists that

quantitatively minor P450 isozymes with higher substrate turn-

over numbers could be induced as well. An examination of the

data suggests that this possibility seems somewhat remote in
mature rats but of higher likelihood prenatally. Considerable
additional research will be required to clarify issues pertaining

to prenatal P450s.

The results of these investigations have provided a number
of new and important findings. These include:

1. Purified PCN and purified DEX differ significantly in
terms of their inducing properties. Purified PCN appears

to be a more specific inducing agent. Commercially available

PCN contains impurities with significant inducing prop-

erties.

2. P450111A1 will efficiently catalyze the biotransformation
of two important model substrate carcinogens, AAF and

BaP.
3. Data on the regiospecific monooxygenation of AAF and

BaP are presented.

4. Data on the capacity of P450111A1 to catalyze the biotrans-

formation of a series of phenoxazone ethers are presented.

5. The responses of fetal livers to the inducing effects of

purified PCN or DEX differ from those of the adult female

liver. Nevertheless, P450111A is induced in both.

6. TAO is a relatively specific inhibitor of P45OIIIA1 and,

because of the large and variable quantities of antibody

often required for substratial inhibition, is probably more
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reliably useful than polyclonal antibodies as an inhibitory

probe.

7. Preliminary data indicating a decreased activity of P4501A2

after treatment with PCN or DEX are provided. These

data are compatible with the idea that expression of IA2

may be repressed after treatment with these steroids.

8. Substantiation ofpreviously reported results (with inducers

of unknown purity) regarding the regio- and stereospecific

biotransformation of testosterone and warfarin by

P45OIIIA, is presented.

References

1. Nebert, D. W., M. Adesnik, M. J. Coon, R. W. Estabrook, F. J. Gonzalez, F.

P. Guengerich, I. C. Gunsalus, E. F. Johnson, B. Kemper, W. Levin, I. R.

Phillips, R. Sato, and M. R. Waterman. The P450 gene superfamily: recom-

mended nomenclature. DNA 6:1-11 (1987).

2. Schuetz, E. G., and P. S. Guzelian. Induction of cytochrome P-450 by

glucocorticoids in rat liver. II. Evidence that glucocorticoids regulate induc-

tion of cytochrome P-450 by a nonclassical receptor mechanism. J. Biol.
Chem. 259:2007-2012 (1984).

3. Guengerich, F. P., G. A. Dannan, S. T. Wright, M. V. Martin, and L. S.

Kaminsky. Purification and characterization of liver microsomal cytochromes

P-450: electrophoretic, spectral, catalytic and immunochemical properties

and inducibility of eight isozymes isolated from rats treated with phenobar-

bital or 5,6-benzoflavone. Biochemistry 27:6019-6030 (1982).

4. Gonzalez, F. ,J., B. Song, and H. P. Hardwick. Pregnenolone-16o-carbonitrile-

inducible P-450 gene family: gene conversion and differential regulation. Mo!.

Cell. Biochem. 6:2969-2976 (1986).

5. Graves, P. E., L. S. Kaminsky, and J. Halpert. Evidence for functional and
structural multiplicity of pregnenolone-16a-carbonitrile-inducible cyto-
chrome P-450 isozymes in rat liver microsomes. Biochemistry 26:3887-3894
(1987).

6. Waxman, D. J., G. A. Dannan, and F. P. Guengerich. Regulation of rat

hepatic cytochrome P-450: age-dependent expression, hormonal imprinting

and xenobiotic inducibility of sex-specific isozymes. Biochemistry 24:4409-
4417 (1985).

7. Simmons, D. L., P. McQuiddy, and C. B. Kasper. Induction of the hepatic

mixed function oxidase system by synthetic glucocorticoids. J. BioL Chem.
262:326-332 (1987).

8. Adesnik, M., and M. Atchison. Genes for cytochrome P-450 and their regu-

lation. CRC Crit. Rev. Biochem. 19:247-306 (1986).

9. Elshourbagy, N. A., and P. S. Guzelian. Separation, purification and char-

acterization of a novel form of hepatic cytochrome P-450 from rats treated

with pregnenolone-16a-carbonitrile. J. Biol. Chem. 255:1279-1285 (1980).

10. Astrom, A., and J. W. DePierre. Metabolism of 2-acetylaminofluorene by

eight different forms of cytochrome P450 isolated from rat liver. Carcinogen-

esis 6:113-20 (1985).

11. Pessayre, D., M. Tinel, D. Larrey, B. Cobert, C. Funck-Brentano, and G.

Bobany. Inactivation of cytochrome P-450 by a troleandomycin metabolite.

Protective role of glutathione. J. PharmacoL Exp. Ther. 224:685-691 (1983).
12. Watkins, P. B., S. A. Wrighton, E. G. Schuetz, P. Maurel, and P. 5. Guzelian.

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).
13. Fletcher, T. L., and M. J. Namkung. Derivatives of fluorene. IV. Raney

nickel-hydrazine hydrate reduction of various mono- and dinitrofluorene

derivatives; some new 9-substituted fluorenes. J. Org. Chem. 23:680-683

(1958).
14. Pan, H. L., and T. L. Fletcher. Derivatives offluorene. V. 9-Hydroxyfluorenes;

reduction of fluorenones in in the presence of an aralkylidenamino groups.

J. Org. Chem. 23:799-803 (1958).

15. Mazur, R. H., and J. A. Cella. 16-Substituted steroids. Tetrahedron 7:130-

137 (1959).

16. Porubek, D. J., M. J. Namkung, M. R. Jachau, and S. D. Nelson. Synthesis
of 2- and 4-tritio- and deuterioestradiol with high specificity. J. Labelled
Compounds 21:703-711 (1984).

17. Mayer, R. T., J. W. Jermyn, M. D. Burke, and R. A. Prough. Methoxyreso-

rufin as a substrate for the fluorimetric assay of insect microsomal dealky-

lases. Pesticide Biochem. Physiol. 7:349-357 (1977).

18. Klotz, A. V., J. J. Stegman, and C. Walsh. An alternative 7-ethoxyresorfin

0-deethylase activity assay: a continuous visible spectrophotometric method

for measurement of cytochrome P-450 monooxygenase activity. Anal.

Biochem. 140:138-145 (1984).

19. Wrighton, S. A., P. Maurel, E. G. Schultz, P. B. Watkins, B. Whitney, and

P. 5. Guzelian. 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).

20. Ey, P. L., S. d. Prowse, and C. R. Jenkin. Isolation of pure IgG, IgG2. and

‘�G2h immunoglobulins from mouse serum using protein A-Sepharose. Im-

munochemistry 15:429-436 (1978).

21. Ryan, D. E., P. E. Thomas, D. Korzeniowski, and W. Levin. Separation and
characterization of highly purified forms of liver microsomal cytochrome P-

450 from rats treated with polychlorinated biphenyls, phenobarbital and 3-

methylcholanthrene. J. Biol. Chem. 254:1365-1374 (1979).

22. Ryan, D. E., P. E. Thomas, and W. Levin. Hepatic microsomal cytochrome

P-450 from rats treated with isosafrole: purification and characterization of

four enzymic forms. J. BiOL Chem. 255:7941-7949 (1980).

23. Shepard, E. A., S. F. Pike, B. R. Rabin, and I. R. Phillips. A rapid one-step

purification of NADPH-cytochrome c (P-450) reductase from rat liver micro-

somes. AnaL Biochem. 129:430-438 (1983).
24. Thomas, P. E., A. Y. H. Lu, D. Ryan, S. B. West, J. Kawalek, and W. Levin.

Multiple forms of rat liver cytochrome P-450: immunochemical evidence with

antibody against cytochrome P-448. J. BiOL Chem. 251:1358-1391 (1976).
25. Paye, M., P. Beaune, P. Kremers, F. P. Guengerich, F. Letawe-Goujon, and

J. Gielen. Quantification of two cytochrome P-450 isozymes by an enzyme-

linked immunosorbent assay (ELISA). Biochem. Biophys. Res. Commun.

122:137-142 (1984).

26. Towbin, H., T. Staehlin, and J. Gordon. Electrophoretic transfer of proteins

from polyacrylamide gels to nitrocellulose sheets: procedure and some appli-

cations. Proc. NatL Acad. Sci. USA 76:4350-4354.

27. Wood, A. W., D. E. Ryan, P. E. Thomas, and W. Levin. Regio- and stereo-

selective metabolism of two C19 steroids by five highly purified and recon-

stituted rat hepatic cytochrome P-450 isozymes. J. Biol. Chem. 258:8839-

8847 (1983).

28. Namkung, M. J., D. H. Porubek, S. D. Nelson, and M. R. Juchau. Regulation

of aromatic oxidation of estradiol-17�l in maternal hepatic, fetal hepatic and

placental tissues: comparative effects of a series of inducing agents. J. Steroid
Biochem. 22:563-567 (1985).

29. Kaminsky, L. S., M. J. Fasco, and F. P. Guengerich. Production and appli-

cation of antibodies to rat liver cytochrome P-450. Methods Enzymol. 74:262-

272 (1981).

30. Faustman-Watts, E. M., C. M. Giachelli, and M. R. Juchau. Carbon monoxide

inhibits monooxygenation by the conceptus and embryotoxic effects of pro-

teratogens in vitro. Toxicol. AppL Pharmacol. 83:590-596 (1986).

31. Dean, P. A., A. E. Rettie, S. M. Turnblom, M. J. Namkung, and M. R.

Juchau. Cytosolic activation of hematin-dependent microsomal monooxygen-

ase activity in the lung. Chem. BiOI. Interact. 58:79-94 (1986).

32. Hattie, A. E., L. Heimark, R. T. Mayer, M. D. Burke, W. F. Trager, and M.

R. Juchau. Stereoselective and regioselective hydroxylation of warfarin and
selective 0-dealkylation of phenoxazone ethers in human placenta. Biochem.

Biophys. Res. Commun. 126:1013-1022 (1985).

33. Bradford, M. A rapid and sensitive method for the quantitation of microgram

quantities of protein utilizing the principle of protein-dye binding. AnaL

Biochem. 72:248-254 (1976).

34. Burke, M. D., S. Thompson, C. R. Elcombe, J. Halpert, T. Haaparanta, and

R. T. Mayer. Ethoxy-, pentoxy- and benzyloxyphenoxazones and homologues:
a series of substrates to distinguish between different induced cytochromes

P-450. Biochem. Pharmacol. 34:3337-3345 (1985).

35. Lubet, R. A., R. T. Mayer, J. W. Cameron, R. W. Nims, M. D. Burke, T.

Wolff, and F. P. Guengerich. Dealkylation of pentoxyresorufin: a rapid and

sensitive assay for measuring induction of cytochrome(s) P-450 by pheno-

barbital and other xenobiotics in the rat. Arch. Biochem. Biophy. 238:43-48
(1985).

36. Yamazoe, Y., M. Shimada, N. Murayama, and R. Kato. Suppression of levels

of phenobarbital-inducible rat liver cytochrome P-450 by pituitary hormone.
J. Biol. Chem. 262:7423-7428 (1987).

37. Sonderfan, A. J., M. P. Arlotto, D. R. Dutton, S. K. McMillen, and A.

Parkinson. Regulation of testosterone hydroxylation by rat liver microsomal

cytochrome P-450. Arch. Biochem. Biophys. 255:27-41 (1987).
38. Fishman, J., and B. Norton. Specific and nonspecific components in the

oxidative metabolism of estracliol by the male rat brain in vitro. J. Steroid
Biochem. 19:219-228 (1983).

39. Jellinck, P. H., E. F. Hahn, B. I. Norton, and J. Fishman. Catechol estrogen

formation and metabolism in brain tissue: comparison of tritium release from

different positions in ring A of the steroid. Endocrinology 1 15:1850-1856
(1984).

40. Jellinck, P. H., J. A. Quail, and C. A. Crowley. Normal and recombinant

human growth hormone administered by constant infusion feminize catechol

estrogen formation by rat liver microsomes. Endocrinology 1 1 7:2274-2278
(1985).

41. Dannan, G. A., D. J. Porubek, S. D. Nelson, D. J. Waxman, and F. P.

Guengerich. 17�3-Estradiol 2- and 4-hydroxylation catalyzed by rat hepatic

cytochrome P450: roles of individual forms, inductive effects, developmental

patterns, and alterations by gonadectomy and hormone replacement. Endo-

crinology 118:1152-1960 (1986).

42. McManus, M. E., A. M. Edwards, I. Stupars, W. Burgess, C. Lucas, and D.

J. Birkett. Effect ofdexamethasone on cytochrome P-450 mediate metabolism
of 2-acetylaminofluorene in cultured rat hepatocytes. Biochem. Pharmacol.

36:237-243 (1987).

43. Sagami, I., T. Ohmachi, F. Hiroshi, and M. Watanabe. Benzo(a)pyrene

metabolism by purified cytochrome P-450 from 3-methylcholanthrene-

treated rats. Xenobiotica 17:189-198 (1987).

44. Gontovinick, L. S., G. Sunahara, and G. D. Bellward. Nonadditive effects of

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


Substrate Specificity of P45OlllAl 637

combined in viva hepatic microsomal enzyme inducers in the Wistar rat. Can
J. PhysioL PharmacoL 61:983-988 (1983).

45. Gorski, J. R., M. P. Arlotto, C. D. Klaasen, and A. Parkinson. Age- and sex-
dependent induction of liver microsomal benzo[ajpyrene hydroxylase in rate
treated with pregnenolone-16n-carbonitrile (PCN). Carcinogenesis 6:617-
624 (1985).

46. Williams. M. T., D. Leonard, and L. Simonet. Effects of pregnenolone-16a-
carbonitrile on drug metabolizing enzymes in hypophysectomized female rats.
Life Sri. 41:1141-1148 (1987).

47. Watkins, P. B., P. Maurel, E. G. Schuetz, S. A. Wrighton, G. Parker, and P.
S. Guzelian. Identification of a human cytochrome P-450 isozyme inducible
by glucocorticoids and macrolide antibiotics. Fed. Proc. 44:1206 (1985).

48. Conney, A. H. Induction of microsomal cytochrome P450 enzymes: the first

Bernard B. Brodie Lecture at Pennsylvania State University. Life. Sci.

39:2493-2518 (1986).

49. Hostetler, K. A., Wrighton, S. A., Kremers, P., and Guzelian, P. S. Immu-
nochemical eivdence for multiple steroid-inducible hepatic cytochromes P450

in the rat. Biochem J. 245:27-33 (1987).

Send reprint requests to: Professor M. R. Juchau, Department of Pharmacol-
ogy, School of Medicine, 83-30, University of Washington, Seattle, WA 98195

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



