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ABSTRACT. Hepatic microsomal androstenedione 15c~-hydroxylase (i.e. cytochrome P450,,,,,) was purified 
from female CD-1 mice. Protein purification was monitored in eluates from Fractogel, DEAE-Sephacel, and 
hydroxylapatite columns at heme absorbing 417 nm, by cytochrome P450 content, reactivity to monoclonal 

antibody against female-specific rat cytochrome P450 2C12, and androstenedione 15cw-hydroxylase activity. The 

catalytic activity for androgens of the purified cytochrome P450,,,,,, exhibiting a high degree of regioselec- 

tivity and stereospecificity, was restricted to the 7a- and 15a-hydroxylation of androstenedione, representing, 

respectively, >5% and >93% of the total metabolites. Polyclonal antibodies against cytochrome P450,,,,, 
exhibited a concentration-dependent and very selective inhibition of hepatic microsomal androstenedione 7a- 

and 15a-hydroxylation and a 60% inhibition of benzphetamine demethylation, the latter drug appearing to be 
a much more effective substrate than androgens. Cytochrome P45015aAL, accounted for about 3% of the total 

P450 in female mouse liver microsomes. The apparent subunit molecular weight of P450,,,,, was 53,000, and 
the protein appeared as a single band on sodium dodecyl sulfate-polyacrylamide gels. The isoform was intensely 

expressed in both liver and lung of CD-1 female mice and was female-predominant in the livers of five or 
eight strains examined; it was sex-independent in the remaining three strains. Amino-terminal sequence 
analysis indicates that cytochrome P450,,,,, is a member of the murine cytochrome P450 2c subfamily. 
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The P450t enzymes, referred to as mixed-function oxidases 

or monooxygenases, are a superfamily of enzymes respon- 

sible for the metabolism of such endogenous compounds as 
steroids, fatty acids, thyroid hormone, prostanoids, bile ac- 
ids, and biogenic amines. In addition, many of the P450 
enzymes originally identified as drug-metabolizing enzymes 
metabolize a wide range of exogenous chemicals, e.g. xe- 
nobiotics, ethanol, insecticides, herbicides, food additives, 
and environmental pollutants. Whereas these enzymes are 
regarded generally as deactivating or detoxifying agents, 
they may also function to enhance the biological activity of 
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endogenous compounds (e.g. glucocorticoids, leukotrienes) 
as well as increase the toxicity of some environmental 
chemicals (e.g. carcinogens). To date, more than 200 I’450 
genes have been characterized in such diverse organisms as 
bacteria, snails, flies, fishes, birds, and mammals in this 
ancient gene superfamily that has existed for over 3.5 bil- 
lion years [l-3]. Within the past decade or so an enormous 
amount of information has been published regarding the 
identification and characterization of scores of forms of 
I’450 and their genes. In a vast number of these studies, the 
rat has been the model of interest [3, 41. Indeed, we know 
more about the regulation, expression, and catalytic activi- 
ties of rat P450 than of any other species. 

In contrast to the rat where some two dozen or so con- 
stituent isoforms of hepatic P450 have been characterized 
extensively at a molecular and regulatory level [2, 3, 51, far 
fewer constituent forms of P450, with diverse and overlap- 
ping catalytic activities, and representing a small fraction of 
the total P450 pool, have been identified in the mouse liver 
[3]. Testosterone 15cy-hydroxylase appears to be specific for 
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the female-predominant*, constituent murine I’450 2a-4 
[6], whereas testosterone 16a-hydroxylase may be represen- 
tative of the constituent, male-specific I’450 2d-9 [7] and 
testosterone 2aw-hydroxylase is indicative of a presently un- 
assigned constituent member of the I’450 2d subfamily [8]. 
In addition, testosterone is also hydroxylated at the 16a- 
position by at least one or more female-specific, inducible 
forms of I’450 in the 2b subfamily that are actually ex- 
pressed constituently in some mouse strains [3, 9, lo]. Mu- 
rine I’450 2a-5, sharing >96% nucleotide sequence similar- 
ity with I’450 2a-4 [ll], selectively catalyzes 7-hydroxyl- 
ation of coumarin [12]. Recently, several new murine 
isoforms have been cloned and expressed at the cDNA 
level, e.g. Cyp3a-16 [13], 2c-29 [14], and 2e-1 [15]. Since 
many of these newly identified murine I’450 cDNAs have 
not been characterized at a protein and/or catalytic level, 
there remain numerous “orphan” constituent monooxygen- 
ase reactions in murine liver for which no dependent forms 
of I’450 have been identified [16]. Since hepatic drug- 
metabolizing enzyme activities are expressed at higher lev- 
els in female than in male mice [17], we have used a mono- 
clonal antibody prepared against the major female-specific 
rat I’450 2C12 [18] to probe the hepatic microsomes of 
female mice for previously unidentified forms of P450. 

MATERIALS AND METHODS 
Materials 

[4-‘4C]Testosterone (57.3 mCi/mmol), [4-‘4C]androstene- 
dione (53.9 mCi/mmol), and [2-‘4C]hexobarbital (8.59 
mCi/mmol) were purchased from DuPont NEN Research 
Products (Boston, MA). Fractogel EMD TMAE-650 (M), 
chloride form matrix (tentacle ion exchange), was a gift 
from EM Separation Technology (Gibbstown, NJ). DEAE- 
Sephacel was purchased from Pharmacia (Uppsala, Swe- 
den), and Biogel-HTP, PVDF membranes for sequencing, 
Biobeads SM-2 (20-50 mesh), and materials used for pro- 
tein electrophoresis were from Bio-Rad Laboratories (Her- 
cules, CA). NitroPure transfer membranes were purchased 
from Micron Separations (Westboro, MA) and ECL west- 
ern blotting detection reagents were obtained from Amer- 
sham (Arlington Heights, IL). Lubrol PX was obtained 
from ICN Biochemicals (Costa Mesa, CA). NADPH- 
cytochrome P450-reductase was purified from untreated 
murine hepatic microsomes as we previously described [ 191. 
All other chemicals were of the highest available purity. 

Microsomal Preparation and Solubilization 

Animals were housed in the University of Pennsylvania 
Laboratory Animal Resources facility, under the supervi- 

sion of certified Laboratory Animal Medicine veterinarians, 
and were treated according to a research protocol approved 
by the University’s Institutional Animal Care and Use 
Committee. Untreated 14- to 16-week-old female CD-1 
mice (Charles River Laboratories, Wilmington, MA) were 
housed for 2 weeks on hardwood bedding in plastic cages 
provided with acidified water (as a prophylactic against the 
pathogen Pseudomonas aeuringosa) and mouse diet, ad lib. 
Four hundred mice were quickly decapitated, their livers 
were perfused in situ with chilled saline and homogenized 
(lo%, w/v) in a Tris-sucrose buffer, pH 7.4, containing 
protease inhibitors leupeptin (4.2 ~_LM), antipain (3.3 PM), 
and PMSF (0.57 mM). Microsomes were prepared accord- 
ing to our standard method [20]. The resultant microsomal 
pellets were suspended in homogenizing buffer, pooled (a 
fraction of which was stored at O-4” for measuring steroid 
hydroxylations and drug metabolism in intact microsomes), 
and solubilized by the dropwise addition of sodium cholate 
(2.5 mg/mg protein) in a 100 mM potassium phosphate 
buffer, pH 7.4, containing 100 FM DTT, 100 p,M EDTA, 
and 20% glycerol (buffer A) with continuous stirring for 60 
min at 4”. The solubilized microsomes were centrifuged at 
105,000 g for 60 min, and the supernatant was dialyzed 
overnight against buffer A containing 0.25% sodium 
cholate (buffer B). . 

Protein Purification 

All purification steps were carried out at 4” unless otherwise 
stated. The dialysate derived from the solubilized micro- 
somes was applied to a Fractogel column (2.5 x 30 cm) that 
was equilibrated with 600 mL of buffer B. After sample 
application (7.8 p,mol of P450 in 100 mL), the column was 
first washed with 600 mL of buffer B and P45Os were eluted 
with buffer B containing 0.1% Lubrol. The lo-mL fractions 
were monitored for heme absorbance at 417 nm, and the 
absorbance peaks were assayed for P450 content and for 
reactivity to a monoclonal antibody against the predomi- 
nant female-specific rat I’450 2C12 [18]. 

Fractions eluted with 0.1% Lubrol and containing mea- 
surable P450 and exhibiting maximal absorbance at 417 nm 
and strong reactivity to anti-P450 2C12 were pooled, con- 
centrated in a Centriprep-30, and dialyzed overnight 
against 2 L of a 10 mM potassium phosphate buffer, pH 7.9, 
containing 100 FM DDT, and 100 ~_LM EDTA, 20% glyc- 
erol, 0.1% Lubrol, and 0.25% sodium cholate (buffer C). 
The dialyzed fraction was applied to a DEAE-Sephacel col- 
umn (2.5 x 20 cm), pre-equilibrated with 300 mL of buffer 
C, and washed until the initial fractions absorbing at 417 
nm (exhibiting no reactivity against anti-P450 2C12) 
passed through the column. The putative P450,,,,D, 
monitored at 417 nm and with anti-P450 2C12, was eluted 
in fractions 20 through 28 with a linear gradient of KC1 (0 
to 0.3 M) in buffer C. Each fraction contained 5 mL of 
eluate. 

Fractions enriched for reactivity to anti-P450 2C12 from 
the DEAE-Sephacel column were pooled, concentrated 

*The terms sex-dependent, sex-predominant or -dominant and sex- 
specific are often used indiscriminantlv. We use sex- ot gender-dewzxdent 
to imply that expression levels ate dependent upon the existence of gen- 
der; sex- or gender-predominant indicates that expression levels, regardless 
of magnitude, are consistently greater m one gender; and sex- or gender- 
specific implies that expression is basically restricted to only one gender. 
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with a Centriprep-30, dialyzed against a 5 mM potassium 
phosphate buffer, pH 7.25, containing 100 I.LM DTT, 100 
FM EDTA, 20% glycerol, and 0.1% Lubrol, (buffer D), and 
applied to a hydroxylapatite column (1.5 x 10 cm) pre- 
equilibrated with buffer D. The column was washed with 
buffer D until initial fractions absorbing at 417 nm were 
eluted. Fractions containing the P45Ois,,o eluted with a 
linear potassium phosphate gradient and found to be elec- 
trophoretically homogeneous were pooled, concentrated 
with a Centricon-30, and dialyzed overnight with 5 mM 
potassium phosphate buffer, pH 7.4, containing 100 PM 
DTT, 100 PM EDTA, and 20% glycerol; the buffer was 
replaced two to three times. To monitor enzymatic activity, 
the detergent had to be removed by first washing the dial- 
ysate on a hydroxylapatite column (1.5 x 10 cm) with 
detergent-free buffer D. Then the putative P45Ois,,, was 
eluted from the column with 200 mM buffer D containing 
no detergent. Fractions reactive to anti-P450 2C12 were 
pooled, concentrated with a Centricon-30, and dialyzed 
overnight with detergent-free buffer D; any remaining de- 
tergent residue was removed by incubating the dialysate 
with SM-2 Biobeads for 90 min at 4”, and the final protein 
product was divided into aliquots and stored at -80”. 

EnTyme Reconstitution 

The catalytic activities were studied in the isolated protein 
and reconstituted as previously described [21], with minor 
modifications. That is, the enzymatic reactions (500 FL) 
were determined, under conditions of linear kinetics, in a 
50 mM phosphate buffer, pH 7.4, containing 5 mM MgClz, 
1.5 mM NADPH, 50 p,g dilauroylphosphatidylcholine, 500 
units murine NADPH-cytochrome P450_reductase, and 
100-500 pmol of the putative P45Ois,,o. The reaction 
mixture was preincubated for 5 min at room temperature. 
Next, 50 p,mol of either testosterone or androstenedione 
dissolved in 10 p,L of methanol and spiked with 200,000 
dpm of the respective [14C]androgen was added. The reac- 
tion was started by the addition of the NADPH-electron 
generating system consisting of 0.50 p,mol glucose-6- 
phosphate, 1 unit glucose-6-phosphate dehydrogenase, and 
5 pmol MgCl,. After incubating for 20 min at 37” in a 
shaking water bath, the reaction was terminated by the 
addition of 2 mL of ethyl acetate and centrifuged. The 
organic phase was dried under a gentle stream of nitrogen, 
redissolved in 50 PL of methanol, and resolved on a one- 
dimensional thin-layer chromatography system capable of 
distinguishing 37 metabolites of androstenedione and tes- 
tosterone [22]. In control incubations, the reaction mixture 
contained all components except that the protein was 
added after termination of the reaction with ethyl acetate. 
After chromatography, plates were exposed to X-ray films 
with intensifying screens and quantified by scintillation 
counting of the scraped spots. Steroid metabolites were 
identified by comparing their mob&ties to standard steroids 
run in our laboratory and found to be indistinguishable 
from those of previous reports [22]. Benzphetamine [23] and 

cocaine [24] demethylase activities were measured spectro- 
photometrically, and hexobarbital hydroxylase was deter- 
mined by a radioenzymatic assay [20]. P450 content was 
measured as previously reported [25]. 

Electrophoresis 

SDS-PAGE was performed in 7.5% acrylamide slab gels 
(20-30 mamp/gel) according to Laemmli [26], and proteins 
were visualized by staining with Coomassie brilliant blue. 
The standard protein molecular weight markers were phos- 
phorylase b (95,500), glutamate dehydrogenase (55,OOO), 
ovalbumin (43,000), lactate dehydrogenase (36,000), and 
carbonic anhydrase (29,000). 

Protein concentrations were estimated by the method of 
Bradford [27] using bovine serum albumin as the standard 
protein. 

N-terminal Sequence Analysis 

Approximately 100 pmol of our purified, putative 
P450 15aAD~ electrophoretically transferred to a PVDF 
membrane, was sequenced by the phenylthiohydantoin 
method [28, 291. N-terminal amino acid sequencing was 
performed by the Wistar Protein Microchemistry Labora- 
tory (Philadelphia, PA). The amino acid yield/cycle was 
comparable to that previously reported for the amino- 
terminal sequence analyses of other P45Os [2, 81, and indi- 
cated the presence of only a single protein. 

Antibody Preparation 

Polyclonal antibodies raised against our putative P45Ors,AD 
were produced in female New Zealand white rabbits by Dr. 
J. K. Noel (HRP Inc., Denver, PA). Approximately 140 j.rg 
of our purified protein mixed with Freund’s complete adju- 
vant was injected nodal and intradermally. Two weeks 
later, 100 kg of the protein mixed in Freund’s incomplete 
adjuvant was administered intradermally. Four weeks after 
the first immunization, a booster dose of 50 pg protein 
mixed with Freund’s incomplete adjuvant was injected in- 
tradermally, and the rabbit was exsanguinated 2 weeks 
later. Antibody titer was determined by ELISA precoated 
with solubilized antigen. 

Western Blotting 

Microsomes were prepared from liver of male and female 
AKR/J, C57BL/6J, BALB/cJ, 129/J, A/J, C3H/HeJ, DBA/2J 
(Jackson Laboratory, Bar Harbor, ME), and CD-l (Charles 
River Laboratories) mice, as well as from lung, kidney and 
total brain of CD-1 females, and assayed by western blotting 
[30] for the presence of the putative P45Ois,,D protein. 
Briefly, 10 kg of microsomal protein was electrophoresed 
on 0.75 mm SDS-polyacrylamide (7.5%) gels and electro- 
blotted onto nitrocellulose filters. The blots were probed by 
a 1:15,000 titer of polyclonal anti-mouse P450,suAD rabbit 
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immunoglobulin G and detected by an enhanced chemilu- 
minescence procedure [31]. The antibody proved to be 
highly specific, detecting no more than a single band per 
lane. 

RESULTS 

Since the presence of detergent severely inhibits such 
P450-dependent reactions as androgen hydroxylations [2, 
81, isolation and purification of the putative P450,,,,, 
were based upon absorbance at 417 nm, characteristic of 
flavo- and hemoproteins, P450 content, and reactivity to 
monoclonal antibodies raised against the major female- 
specific rat P450 2C12. 

The elution profile of the solubilized microsomes from 
the Fractogel column (Fig. 1) had four heme absorbance 
peaks, of which only the Lubrol-eluted peak was assayable 
for P450 and reacted positively with anti-P450 2C12. This 
P450-Fractogel-isolated peak contained proteins that were 
either intensely reactive (fractions 115-l 20) toward anti- 
I’450 2C12 or weakly reactive (fractions 122-135) to the 
antibody, the latter recently identified as a highly selective 
P450-dependent testosterone 2cY-hydroxylase [8]. Fractions 
117-120 were combined, dialyzed, concentrated, and ap- 
plied to a DEAE-Sephacel column from which three sub- 
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FIG. 1. Elution profile from the Fractogel EMD TMAE-650 
(M) anion exchange column. Solubilized and dialyzed mi- 
crosomes were loaded on the column according to the 
method described under Materials and Methods. Fractions 
l-23 were collected during sample application, fractions 44- 
60 were collected during washing with the equilibrium 
buffer, and fractions 115-135 (cytochrome P450) were 
eluted with 0.1% Lubrol. Fractions represented by solid 
circles were the most intensely reactive to anti-P450 2C12 
and were the source of material applied to the DEAE- 
Sephacel column (Fig. 2). Each fraction contained 10 mL of 
eluate. 

stantial peaks containing P450 were eluted (Fig. 2). How- 
ever, only the first peak eluted with a linear KC1 gradient 
reacted with anti-P450 2C12. Next, fractions from this 
peak were pooled, dialyzed, concentrated, and applied to a 
hydroxylapatite column from which basically only a single 
P450containing peak was eluted with a linear potassium 
phosphate gradient, reacting with anti-P450 2C12 and ex- 
hibiting a maximal dithionate-reduced CO-binding absor- 
bance at 450 nm (Fig. 3). 

The progressive purification of the putative P4501saAL) 
by column chromatography, shown in an SDS- 
polyacrylamide gel, demonstrates the isolation of an appar- 
ent single major protein with intense reactivity towards 
anti-P450 2C12 from the hydroxylapatite column (Fig. 4). 
With the use of molecular weight markers, the molecular 
weight of the purified protein was estimated from unstained 
markers to be 53,000, consistent with the molecular 
weights of known forms of P450 [2]. 

Regioselectivity and stereospecificity of steroid hydrox- 
ylations catalyzed by the putative P4501s,An are shown 
from autoradiographic results of thin-layer chromatograms 
of androstenedione and testosterone metabolites (Fig. 5). 
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FIG. 2. Elution profile from the DEAEdSephacel column. 
Fractions 115-120 eluted from the Fractogel column with 
Lubrol were pooled, dialyzed, and chromatographed on a 
DEAESephacel column as described under Materials and 
Methods. Fractions 1-5 were collected during sample appli- 
cation, and fractions 6-17 were collected during washing 
with the equilibration buffer. A linear gradient of 0 to 0.3 M 
KC1 was started at fraction 18 and ended at fraction 70. Each 
fraction contained 5 mL of eluate. All peaks were assayable 
for P450, but only the second peak (fractions 20-28) re- 
acted to anti-P450 2C12. Fractions represented by solid 
circles were the source of material applied to the hydroxyl- 
apatite column (Fig. 3). 
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FIG. 3. Elution profile from hydroxylapatite chromatogra- 
phy. Pooled fractions 22-26 from the Sephacel column (Fig. 
2) were dialyzed, concentrated, and adsorbed to the hydrox- 
ylapatite column as described under Materials and Methods. 
Fractions l-10 were collected during sample application, 
and a linear gradient of 5-500 mM potassium phosphate 
containing 0.4% sodium cholate was started at fraction 14 
and ended at fraction 115. One milliliter of eluate was cob 
lected in each fraction. Fractions 38-78 contained the pu. 
tative P450,,,An, and fractions represented by solid circles 
were the source of material used to characterize the en- 
zyme. 

The catalytic activities toward androgen of the purified 
protein derived from the hydroxylapatite column was basi- 
cally limited to the 7or- and 15au-hydroxylation of andro- 
stenedione and the 7a- and Ila-hydroxylation of testos- 
terone*, the latter steroid being a considerably less effective 
substrate (Table 1). Curiously, whereas the purified protein 
exhibited testosterone 1 lor-hydroxylase activity, no such 
activity was detectable in the microsomes (Fig. 5); a similar 
phenomenon has been reported with several isoforms of rat 
P450 [32, 331. As regards drug metabolism, the purified 
protein had an enhanced capacity for benzphetamine and 
cocaine demethylation, but had no measurable hexobarbi- 
tal hydroxylase activity (Table 1). 

We estimate by spectrophotometric analysis that the pu- 
rified P45Ors,,n eluted from the hydroxylapatite column 
had a specific content of 2.7 nmol of P450/mg protein, and 
according to western blot analysis was 3% of the total he- 
patic microsomal P450. Th e 1 ow specific content calculated 

for P45Or saAD may be explained by our observation, not 
unique to this isoform [34], of marked absorption of 
P450 rsaALI at 420 nm, which increased with duration of the 
ferrous state at the expense of the 450 nm absorption during 
the spectral assay. 

* The hydroxylated metabolites of testosterone and androstenedione were 
identified by their identical mob&ties to known standards, run on HPLC, 
and one- and two-dimensional silica gel thin-layer chromatograms, using 
several different solvent systems. 
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FIG. 4. SDS-PAGE of purified P4501saAD. Proteins were re+ 
solved on a 7.5% acrylamide gel, stained with Coomassie 
brilliant blue R-250, and destained with methanol:acetic 
acid. Lane 1 contains molecular weight standards, lane 2 
contains 20 pg of microsomal protein, lane 3 contains 20 pg 
of protein eluate from the Fractogel column (fractions 115- 

120, Fig. I), lane 4 contains 10 pg of protein from the 
DEAE-Sephacel column (fractions 22-26, Fig. 2), lane 5 
contains 1 pg of purified P45015uAD from the hydroxylap- 
atite column (fractions 42-68, Fig. 3), and lane 6 is a west- 
ern blot of 1 pg of purified P45O,,,,n (same as applied to 
lane 5) probed with monoclonal antibody against rat P450 
2C12. [Resolution of the purified protein from the hydrox- 
ylapatite column on 12% and 15% acrylamide gels did not 
alter the appearance of the single band (data not shown).] 

The selective inhibition of steroid hydroxylations by 
polyclonal antibodies prepared against our purified protein 
was investigated by examining the effects of various con- 
centrations of the antisera on microsomal (200 kg protein) 
metabolism of androstenedione (Fig. 6). The results indi- 
cate a selective and concentration-dependent inhibition of 
both androstenedione ~CX- and 15a-hydroxylations, the 
former reaction being more sensitive to the inhibitory effect 
of the antisera. Whereas as little as 10 pg of antisera protein 
inhibited microsomal androstenedione 7c-w-hydroxylation 
by 90%, about 3 times this amount of antisera was required 
to block 90% of androstenedione 15ol-hydroxylase activity, 
possibly suggesting the presence of a microsomal 
P450 1 s,+,n-immuno-related androstenedione 1 5au-hydrox- 
ylase. In contrast, the antisera had little inhibitory 
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FIG. 5. Autoradiograms of one-dimensional thinlayer chro- 
matography of androstenedione and testosterone metabo- 
lites formed by microsomes and putative P450,,,,,. (See 
Materials and Methods for details.) The androgen metabo- 
htes were formed by a control system in which the micro- 
somes were added after the reaction was terminated (lanes 
l), an incubate containing microsomes (lanes 2), and a corn- 
plete reconstituted system containing both the reductase 
and purified enzyme (lanes 3). Complete reconstitution sys- 
tems excluding the purified P450,,,,, or the NADPH- 
cytochrome P450-reductase produced androgen metabo- 
lites that were indistinguishable from that in lanes 1 (not 
shown). Abbreviations: A, androstenedione; T, testoster- 
one; 15oOHA, 15o-hydroxyandrostenedione; 1 IcuOHT, 
1 lo+hydroxytestosterone; 7oOHA, 7o-hydroxyandrostene- 
dione; and 7orOHT, 7cr-hydroxytestosterone. 

effect on any other androstenedione hydroxylation; the ef- 
fects on 6B- and 7B-hydroxylations are presented in Fig. 6. 
The antibody produced a maximal 60% inhibition of mi- 
crosomal benzphetamine N-demethylation, suggesting that 
P450 rSaAD may be responsible, in large measure, for the in 
viva metabolism of the xenobiotic. Preimmune sera had no 
inhibitory effect on any of the reactions studied (data not 
shown). It may be concluded from the immuno-inhibition 
studies that P450,,,,, is the enzyme that appears to be 
almost exclusively responsible for androstenedione 7a- and 
15a-hydroxylations. 

Database-derived comparisons of the amino-terminal se- 
quence of the purified murine P4501saAD with various 
mammalian isoforms indicate that the murine enzyme 
shares the greatest sequence similarity with members of the 
P450 2C subfamily. Putative murine P450,,,,, had the 
greatest sequence similarity (i.e. 90%) with recently iden- 
tified murine P450 2c-29 [14]. Although the next greatest 

TABLE 1. Oxidative metabolism of androgens and xenobi- 
otics catalyzed by purified murine P45O,s,,o 

Activity 
(nmol/min/nmol P450) 

Androstenedione 7a-hydroxylation 
Androstenedione 15a-hydroxylation 
Testosterone 7whydroxylation 
Testosterone 1 la-hydroxylation 
Benzphetamine N-demethylation 
Cocaine N-demethylation 
Hexobarbital 3-hydroxylation 

0.07 f 0.03 
1.02 + 0.13 
0.03 f 0.01 
0.19 k 0.04 

75.18 + 11.39 
47.42 + 8.61 

UD* 

The reconsritutam system used to assay the monooxygenase acttv~t~es is descrlhed 

under Materials and Methods. Values are means + SD, N = 3. 

* Undetectable actwq. 

sequence similarity (i.e. 81%) was with rat P450 2C7, our 
protein was completely unreactive to antibodies raised 
against the rat isoform (data not presented). Other mem- 
bers of the P450 2C subfamily had a 60-70% sequence 
similarity with P4501solAD (Table 2). Antibodies against rat 
P450 2C12, which were used in the present study to moni- 
tor the purification of the murine cytochrome, were in- 
tensely reactive to P450,,,,,, whereas antibodies against 
rat P450 2Cll and human P450 2C9 were only moderately 
reactive to the murine isoform (data not presented). 

Western blot analysis of hepatic P4501saAD (Fig. 7) in 
seven commonly used inbred strains of mice and the widely 
utilized outbred CD-l indicates that expression of the mu- 
rine protein is either female-predominant (AKR/J, C57BL/ 
6J, CD-l, BALB/cJ, and 129/J) or sex-independent (A/J, 
C3H/HeJ, and DBA/2J). Comparison of microsomal 
P450 1501A17 in several tissues from CD-1 female mice 
showed the greatest concentration in liver, followed by 
highly substantial levels in lung, undetectable concentra- 
tions in kidney, and faint levels in total brain (Fig. 8). 

DISCUSSION 

Based upon SDS-PAGE profiles, reconstituted activity, se- 
lective inhibition by polyclonal antisera, and amino- 
terminal sequence analysis, we have identified an isoform of 
murine hepatic P450 having highly specific regioselectivity 
and stereospecificity for 15a-hydroxylation of androstene- 
dione. In fact, in a reconstitution system containing our 
purified protein, referred to as P4501saAD, 7a- and 15~- 
hydroxyandrostenedione were the only detectable andro- 
stenedione metabolites, with the latter accounting for 
>95% of the total product. Although testosterone was a 
much less effective substrate for P450,,,,,, at least 90% of 
the metabolites produced by the murine isoform were 7a- 
and 1 lo-hydroxytestosterone, with the latter androgen rep- 
resenting 75-80% of the total testosterone metabolites. In 
addition, P450,,,,, had no measurable hexobarbital hy- 
droxylase activity, but did contribute significantly to mul- 
ticytochrome P450-dependent [2, 71 benzphetamine and 
cocaine demethylation. 
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FIG. 6. Inhibition of androstenedione hydroxylations and benzphetamine demethylation in intact hepatic microsomes by 
polyclonal antisera prepared against purified P450,,,,,. (See Materials and Methods for details.) Various amounts of antisera 
were preincubated with intact microsomes, and the reaction was initiated by the addition of the NADPH-generating system. 
Androstenedione metabolites were separated by one-dimensional thin-layer chromatography, scraped off the chromatograms, 
and quantified by scintillation counting. Each data point represents the mean of two determinations. Key: 7p, 7p- 
hydroxyandrostenedione (0); 6p, 6@hydroxyandrostenedione (A); BP, benzphetamine demethylase activity ( n ); 15cy, 15~. 
hydroxyandrostenedione (v); and 7ar, 7a-hydroxyandrostenedione (+ ). The syntheses of 2a- 15cu-, 16~, and 16@ 
hydroxyandrostenedione were unaffected by the presence of the antisera (data not shown). Preimmune sera had no inhibitory 
effect on any of the reactions (data not shown). 

Benzphetamine N-demethylation is a rather ubiquitous 
activity expressed by many isoforms of P450 [2], some of 
which may or may not normally contribute to the metabo- 
lism of the drug in uiuo. The fact that antibodies against 
murine P450 2d-9 inhibit 90% of the purified protein’s 
benzphetamine demethylase activity but are ineffective in 
blocking the demethylase activity in microsomes [7] sug- 
gests that in the presence of the complete complement of 
microsomal P45Os, isoforms other than P450 2d-9 are re- 
sponsible for benzphetamine demethylation. Our finding 

that anti-P4501,,AD inhibited 60% of microsomal benz- 
phetamine demethylation suggests that this murine isoform 
is normally a significant contributor to the metabolism of 
the drug*. Furthermore, comparing the very substantial 

* Antibodies against murine P450 PBIII, a putative member of the 2c 
subfamily, sharing a high degree of N-terminal amino acid similarity with 
P450 ,5aAL>, also block 60% of constituent hepatic microsomal benzphet- 
amine demethylase activity [35]. 

TABLE 2. N-terminal sequence analysis of murine P45O,,,,o and comparison to other P450 2C and murine isoforms* 

1 7 

Residue 

14 
Mol. mass Similarity 

21 (kDa) I%) 

P450 15aAD . mouse MDLVVFLALTLSXLILLSXWR 53 
P450 2c-29 - mouse MDLVVFLALTLSCL ILLSLWR 50 90 
P4502C7 _ rat MDLVTFLVLTLSS L ILLSLWR 51 81 
I’450 2C6 - rat MDLVMLLVLTLTCLILLSIWR 51 71 
P450 2Cll - rat MDPVLVLVLTLSS LLLLSLWR 51 67 
P450 2C9 _ human MDSLVVLVLCLSCLLLLSLWR 50 62 
P450 2C12 _ rat MDPFVVLVLSLSFLLLLYLWR 51 57 
P450 2d-9 - mouse MELLTGTDLWPVA 1 FTVIF I L 49 
P450 2e-1 _ mouse MAVLGITVALLVWIATLLLVS NA :f 
P450 2a-4 - mouse MLTSGLLLVAAVAFLSVLVLM 48 10 

* Accession numbers: D17674 (P450 2c-29 - mouse), PO5179 (P450 2C7 - rat), PO5178 (P450 2C6. rat), PO8683 (P450 2Cll -rat), A41506 (P450 2C9. human), P11510 (P450 
2Cl2 _ rat), A27384 (P450 Zd-9 _ mouse), X62595 (P450 Ze-1 - mouse). and JO3549 (P450 2~1-4 _ mouse). Restdues that differ from those identlfed in murk P450,j,AL, are 

presented m italics. X, utudentlfied amino aad; NA, not available. Listed molecular masses were determmed from the purified protein and not deduced from the cDNA. 
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AKR/J C57BL/6J CD-l BALB/cJ 129/J A/J C3H/HeJ DBA/2J 

dQ ~58 dQ dQ 63 63 dQ 68 

FIG. 7. Western blots probed with polyclonal antibody to P450,,,, p rotein in liver microsomes isolated from 
male ( d ) and female ( 0 ) mice of eight different strains. (See Materials and Methods for details.) Western blot 
analysis of microsomes from 2-3 ad&tional animals in each group was similar to that presented here. 

benzphetamine and cocaine demethylase activities of 
P450 15aAD with its lower androgen hydroxylating capacity 
may suggest that steroids are not the endogenous substrates 
for the enzyme. In this regard, pulmonary tissue contains an 
unexpectedly high level of P450,,,,, (compared to the 
usual 10% of hepatic total P450 [36]), and mouse lung is 
enriched with isoforms of P450 that do not exhibit signifi- 
cant affinity for steroids [37].* Moreover, the N-terminal 
amino acid sequence of murine P450 2c-29 [14] may be the 
same as P450,,,,,, and the former enzyme strongly cata- 
lyzes the oxygenation of tetrahydrocannabinol [39]. Thus, 
while androstenedione 15a-hydroxylation may be a specific 
indicator of P450,,,,, activity, it may not reflect the 
physiologic function of the enzyme. 

In contrast to the rat where an individual form of hepatic 
P450 may comprise up to 50% of the total P450 [40,41] and 
in humans where much of drug metabolism is dependent 
upon just a few forms of P450 [42], we have found that 
P450 15aAD accounts for about 3% of the total P450 in 
female CD-1 mouse liver microsomes, which is similar in 
magnitude to that reported for other constitutive forms of 
murine hepatic P450 [6-8,351. Unless there exists a unique 
subset of murine P450 whose stability and/or solubility pre- 
cludes their being isolated by existing methodologies, it is 
difficult to understand how any major putative form of mu- 
rine P450, as seen in rats, could have eluded detection. 

* The absence of immune-detectable P450,s,,D in kidney of CD-1 fe- 
males is m agreement with previous studies reporting that renal total P450 
levels in female mice are only 35% of male values, with some selective 
isoform activities being only l-2% of that measured in males [38]. 

FIG. 8. Western blots probed with polyclonal antibody to 
P450 ISuAD protein in liver, lung, kidney, and brain micro- 
somes isolated from CD- 1 female mice. (See Materials and 
Methods for details.) Western blot analysis of tissue micro. 
somes from 2-3 additional animals was indistinguishable 
from that presented here. 

Perhaps, unlike in the rat and human, there are no pre- 
dominant forms of murine hepatic P450 that account for 
more than 5-10% of the total constituent P450 pool. 

Comparing the N-terminal sequence of our putative 
P450 with previously identified isoforms suggests that 
P450 15aAD is a member of the P450 2c subfamily.? If we 
disregard the two unidentified amino acid residues in the 
N-terminal sequence of murine P450,,,,,, then we find 
that the isoform shares 100% sequence similarity with the 
recently cloned murine P450 2~29 [14] (previously iden- 
tified from the purified protein as P450 MUT-2 [39]). Fur- 
thermore, the identified residues in the N-terminal amino 
acid sequences of the purified murine proteins P450 PBIII, 
a potent benzphetamine demethylase [35], and P450,,,, 
like MUT-2 [39], a potent cannabinoid hydroxylase [44], 
also share 100% sequence similarity with P450,,,,,. Al- 
though the protein-derived molecular masses of murine 
P450 MUT-2 (50 kDa [39]), P450 PBIII (51 kDa [35]), 
P450THc (47 kDa [44], and P450,,,,, (53 kDa) are dis- 
similar, their generally potent benzphetamine demethylase 
activities and, more importantly, their identical N-terminal 
amino acid sequences suggest that not only are these iso- 
forms members of the murine 2c family, but may actually be 
the same protein, i.e. P450 2c-29. 

Whereas rat P450 2C7 has the greatest sequence simi- 
larity (81%) (for a non-murine isoform) with putative 
P450 ,501AD, and exhibits the same female-predominance 
[45], antibodies against the rat isoform were completely 
unreactive to P450,,,,,. In contrast, anti-rat P450 2Cll 
and anti-human P450 2C9 were moderately reactive to 
P450 15aAD, and anti-rat P450 2C12, whose antigen shared 
only a 57% N-terminal sequence similarity, was intensely 
reactive to murine P450,,,,,. (The disassociation between 
N-terminal amino acid sequence similarities and antigenic- 
ity can be explained by the fact that the immunogenic 
epitopes of a protein are likely to be located within its 
hydrophilic carboxy-terminal end.) 

Rats and mice express opposite gender differences in drug 
metabolism [4]. Adult rats exhibit a sexual dimorphism in 

t Although murine P450 2~1-4 and P450,,,,, are both androgen 15a- 
hydroxylases, the former isoform can effectively 15ol-hydroxylate andro- 
stenedione as well as testosterone [43], whereas P450,,,,, 15cx- 
hydroxylase activity is restricted to androstenedione. Moreover, the two 
isoforms share virtually no similarity in their N-terminal amino acid se- 
quences (Table 2). 
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P450-dependent monooxygenases in which the activities 
are generally 3- to 5-fold higher in the male [4, 461. Mice, 
on the other hand, have a reversed sexual dimorphism in 
which the enzyme activities are 40-60% greater in females 
[16, 171. The magnitude of this smaller, but consistent sex- 
ual dimorphism in murine monooxygenases is due to the 
occurrence of a less than 2-fold gender difference (F > M) 
in sex-dependent P450-catalyzed activities (compared with 
many 10, to 20-fold sex differences [M > Fj in the rat [4, 
46]), and by the large number of microsomal monooxygen- 
ases that are sex-independent [16]. In agreement with this 
paucity of male-predominant P450-dependent activities, 

we have observed a modest (<2-fold), but clear female- 
predominance of a putative murine P450 2c isoform (i.e. 

hepatic P450,,,,D ) in five of eight mice strains, with no 
strain expressing male-predominance. Although to our 
knowledge there are no previous studies examining the sex- 
dependence of murine P450 2c isoforms, rat P450 2C7 and 
2C6 having the greatest N-terminal amino acid sequence 
similarity (for non-murine isoforms) to P4501,,,D, both 
exhibit, like P4501501AD, a modest female-predominance in 

the rat [33, 451. Since previous studies comparing gender 
differences in murine P450 have been limited to only a few 
isoforms using just a small number of strains, it is difficult to 
determine if our cross-strain P450,,,AD findings are con- 
sistent with sex differences of other murine isoforms. 
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