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ABSTRACT Cytochrome P450IIC5 (rabbit liver 21-
hydroxylase) is unusual among hepatic forms of cytochromes
P450 because it catalyzes the conversion of one active steroid
hormone (progesterone) to another active hormone (deoxycor-
ticosterone). Another interesting aspect of this steroid-
hydroxylating enzyme is the ability to convert A5-3,3-
hydroxysteroids to the A4-3-ketosteroid configuration. The
A5-3,-hydroxysteroid, pregnenolone, was readily 21-
hydroxylated, and this product was further metabolized to the
A4-3-ketosteroid, deoxycorticosterone. It is suggested that the
mechanism of this cytochrome P450-mediated, 3i3-hydroxy-
steroid dehydrogenase/A54 isomerase-like reaction is
through a gem-diol formation. In this study, COS-1 cells were
transfected with the plasmid encoding cytochrome P450IIC5 to
express a functional enzyme within the cell milieu. Transfected
COS cells preferentially metabolize pregnenolone compared
with all other steroids tested. Progesterone and 17a-
hydroxypregnenolone are also 21-hydroxylated, whereas 17a-
hydroxyprogesterone is a poor substrate. Substrate preference
of this 21-hydroxylase differs from that seen with bovine
adrenal P45OXXIA1 (formerly P45OC21) hydroxylase. Addi-
tionally, this study demonstrated that C19 steroids, like dehy-
droepiandrosterone and androstenedione, are hydroxylated at
the 16a position. Contrary to previous reports, no metabolite
of estradiol-17,B was detected, presumably due to the unstable
nature of catechol estrogens (2-hydroxyestradiol).

The multiplicity of microsomal cytochromes P450 has been
clearly established by isolation and characterization. In the
rabbit, at least seven distinct forms of P450 have been
isolated (1, 2). These include form 2, which is the prinicipal
form induced in the liver by phenobarbital (3, 4) and which
represents one of two major forms in lung microsomes
isolated from untreated rabbits (5, 6). Also associated with
rabbit hepatic microsomes are forms 4 and 6, which are
differentially induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin
in a tissue- and age-specific manner (7, 8). Forms 3b and 3c
(9, 10), which are capable of 6/3 and 16a-hydroxylation of
progesterone (2), have also been isolated and characterized
(11, 12). The enzyme of interest to this study is form 1, a
hepatic steroid 21-hydroxylase (13). This enzyme is now
designated as cytochrome P450IIC5, according to a proposed
uniform system of nomenclature (14).
Cytochrome P450IIC5 is unusual among hepatic forms of

cytochromes P450 because it metabolizes the conversion of
progesterone to 11-deoxycorticosterone (DOC) at rates sim-
ilar to those with cytochrome P45OXXIA, the adrenal mi-

crosomal steroid 21-hydroxylase (15). Although hepatic ster-
oid-metabolizing P450s typically inactivate steroid hor-
mones, the metabolite DOC, formed from progesterone by
P45011C5, is a mineralocorticosteroid. In addition, P450IIC5
exhibits a high degree of genetic polymorphism, indicating its
potential variability in contributing to steroid metabolism. In
contrast to the cloned bovine adrenal 21-hydroxylase ex-
pressed in COS-1 cells (16), reconstituted microsomal prep-
arations of P450IIC5 have also been shown to catalyze the
21-hydroxylation of pregnenolone (17) as well as the 2-hy-
droxylation of estradiol (18), the hydroxylation of benzo(a)-
pyrene (19), and the 7-hydroxylation of 2-acetylaminofluo-
rene (20).

Recently, P450IIC5 has been cloned (21) and expressed in
COS-1 cells, a nonsteroidogenic cell line (22). Expression of
cytochromes P450 in COS-1 cells has been a useful technique
for the characterization of an enzyme's potential activity
without interference of or contributions by other cy-
tochromes P450 (refs. 16 and 23, for examples). Here we
characterize the steroidogenic capacity of cytochrome
P450IIC5 as a dehydrogenase-like enzyme that catalyzes the
conversion of A5-3f-hydroxysteroids to A4-3-ketosteroids in
addition to its ability to catalyze the 21-hydroxylation of
progesterone and pregnenolone.

MATERIALS AND METHODS
Materials. Dulbecco's modified Eagle's medium was from

GIBCO. Methanol and methylene chloride were of HPLC
grade (Burdick and Jackson); Milli-Q purified water and the
methanol were filtered (0.45 gm) before use in HPLC.
[1,2,6,7-3H]Progesterone (96 Ci/mmol; 1 Ci = 37 GBq),
17a-[1,2,6,7-3H]hydroxyprogesterone (63 Ci/mmol), 17a-
[7(n)-3H]hydroxypregnenolone (12 Ci/mmol), [4,7-3H]preg-
nenolone (12.7 Ci/mmol), [1,2-3H]dehydroepiandrosterone
(13 Ci/mmol), [4-14C]androstenedione (59 mCi/mmol), and
[4-14C]estradiol-17P (55 mCi/mmol) were purchased from
Amersham, freed of carrier solvent, dissolved in ethanol, and
used without further purification. Dehydroepiandrosterone
(DHEA) and 3,3,4a-dihydroxy-5-androstene-17-one were

Abbreviations: DOC, 11-deoxycorticosterone; 3/3-HSD, 3/3-
hydroxysteroid dehydrogenase/A54isomerase; DHEA, dehydro-
epiandrosterone.
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purchased from Steraloids (Wilton, NH); all other steroids
were purchased from Sigma.
COS-1 Cell Transfection. COS-1 cells were grown in

DMEM/10% iron-supplemented calf bovine serum (Hy-
Clone) and transfected with 5 pAg of plasmid DNA per ml of
transfection medium in 60-mm or 100-mm dishes by using
DEAE-dextran as described (23). The coding region of
P45011C5, formerly known as pl-8, was inserted into vector
pCMV1 (24). DNA sequence analysis identified an additional
initiation codon located 14 base pairs (bp) upstream and in a
different reading frame from the true initiation codon of pl-8
cDNA. To prevent incorrect initiation of translation, a 23-bp
Cla I fragment containing the upstream initiation codon was
deleted to give pCMVIIC5, as described before (22). This
construct contains the entire rabbit liver P45011C5 cDNA
coding region with the initiation codon located -74 bp from
the cytomegalovirus promoter and was used for all subse-
quent COS-1 cell transfections.
Enzyme Assays. Radiolabeled steroid substrates (100,000

cpm per ml of medium) were added, along with nonradioac-
tive substrate, to a final concentration of 1 AM (unless
otherwise noted), 72 hr after transfection. Aliquots of me-
dium (0.5 ml) were removed at various time intervals and
extracted with 5 ml of methylene chloride, and the organic
phase was evaporated to dryness at 40°C under a stream of
nitrogen. The residue was dissolved in methanol and sub-
jected to reverse-phase HPLC.

Chromatography. HPLC was conducted using a Waters
30-cm ,Bondapak C18 column. The solvent-delivery profile
consisted of a 30-min methanol/water 60:40 elution, then a
15-min linear gradient to 100% methanol, and finally an
additional 15 min with 100% methanol. Radioactive material
was detected by an on-line liquid scintillation spectrometer
(Radiomatic Flo-One; Meriden, CT). In instances where
radioactive substrates were not available, UV 254-nm absor-
bance was used for detection and quantification.
TLC was conducted on silica-gel GF plates with preabsor-

bent zone (Analtech) and double developed in a saturated
chamber of benzene/methanol 9:1. Radio-inert steroids were
detected with UV 254-nm illumination, and tritiated steroids
were detected with liquid scintillation spectrophotometry.

Steroids were analyzed as their methyl oxime, trimethyl-
silyl ether derivatives by gas chromatography and mass
spectrometry. To some of the steroid extracts purified by
HPLC three internal standards were added (5a-androstane-
3a,17a-diol, stigmasterol, and cholesteryl butyrate), and
methyl oxime derivatives were made of reactive carbonyl
groups. This derivatization was achieved by adding 0.1 ml of
2% methoxyamine hydrochloride in pyridine, and the solu-
tion was incubated for 1 hr at 60°C. After drying under
nitrogen, 50 IlI of trimethylsilylimidazole was added, and
silylation proceeded overnight at 100°C. The derivatized
samples were separated on a 15-m SPB-1 fused-silica capil-
lary column attached to a Hewlett-Packard 5970 mass spec-
trometer. The samples (dissolved in cyclohexane) were in-
jected without splitting the stream with an oven temperature
of 50°C. This temperature was held for 3 min; then the oven
temperature was rapidly taken to a standing temperature of
230°C. The temperature was programmed to 310°C at 2°C/
min. Mass spectra were obtained by repetitive scanning over
the 100- to 800-atomic mass unit range.

RESULTS

Comparison of the Enzymatic Activities of Adrenal and
Liver 21-Hydroxylases Expressed in COS-1 Cells. The rates of
progesterone metabolism by rabbit liver 21-hydroxylase
(P450IIC5) and bovine adrenal 21-hydroxylase (P45OXXI)
expressed in COS-1 cells are similar (Fig. 1), as was dem-
onstrated with microsomal preparations (15). In both cases,
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FIG. 1. (A) Time course of tritiated progesterone (1 ,M) metab-
olism by COS-1 cells transfected with plasmid encoding P45011C5.
(B) Time course of tritiated progesterone (1 uM) metabolism by
COS-1 cells transfected with plasmid encoding bovine adrenal
P45OXXI. Prog, progesterone. No metabolism of progesterone was
noted in mock-transfected COS-1 cells.

only a single metabolite was isolated from the media. Similar
experiments were conducted with various sizes of tissue-
culture dishes (60 or 100 mm), various transfections (up to
five experiments), and various substrate concentrations (1-5
,uM). These data were used to construct Table 1. Table 1 lists
the ratios ofthe rates ofmetabolism ofa variety of substrates.
The preferred substrate of the adrenal 21-hydroxylase, 17a-
hydroxyprogesterone, is not readily metabolized by the he-
patic 21-hydroxylase. Conversely, the A5-pregnenes do not
act as substrates for the adrenal enzyme; however, preg-
nenolone is the preferred substrate for the hepatic enzyme,
and 17a-hydroxypregnenolone is metabolized as rapidly by
the hepatic enzyme as progesterone.
The C19 steroids, DHEA and androstenedione, are also

metabolized by the rabbit liver 21-hydroxylase, whereas
there is no detectable metabolism of the steroids by the
adrenal 21-hydroxylase. We were unable to detect any
metabolites isolated from cells incubated with estradiol-1783,
even though reconstituted, purified P4501IC5 has been dem-
onstrated to readily hydroxylate this estrogen at the C-2
position (18). However, microsomes from transfected cells
catalyzed the 2-hydroxylation of estradiol (data not shown).
The rate is -15-20% the rate obtained for progesterone
21-hydroxylase activity when both substrates are present at
an initial concentration of 20 ,M. This rate is -10 times
background. To isolate the catechol product, ascorbic acid
must be included in the incubation and in the TLC systems
(18).

Table 1. Comparison of rates of metabolism of various steroids
by liver (P4501IC5) and adrenal (P45OXXI) 21-hydroxylase

Enzymatic activity, rate ratio

Steroid substrate Bovine adrenal Rabbit liver

17a-Hydroxyprogesterone 1.0 0.08
Progesterone 0.4 0.4
Pregnenolone ND 1.0
17a-Hydroxypregnenolone ND 0.4
DHEA ND 0.5
Androstenedione ND 0.09
Estradiol-17,8 ND ND

Rates are presented as ratios; 1.0 represents the most rapid rate of
substrate disappearance. ND, not detectable.
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Various C-21 Products of Rabbit Liver 21-Hydroxylase. As
demonstrated in Fig. 1, progesterone is hydroxylated at the
C-21 position, resulting in the synthesis of a single product,
DOC. Although not shown, 17a-hydroxyprogesterone is like-
wise hydroxylated to form a single product, 11-deoxycorti-
sol.

In contrast, metabolism of A5-steroids resulted in a variety
of steroid products. Fig. 2 shows that pregnenolone (1 gM)
is rapidly hydroxylated at the C-21 position. However, by a
mechanism not yet understood, 21-hydroxypregnenolone is
converted to 21-hydroxyprogesterone in a reaction similar to
that catalyzed by 303-hydroxysteroid dehydrogenase/A54
isomerase (3,3-HSD) (EC 1.1.1.145) (Fig. 2A). Although not
illustrated, a trace quantity ofprogesterone was isolated from
incubations with higher initial concentrations of preg-
nenolone (5 and 10 AM). The addition of radio-inert 10 ,uM
21-hydroxypregnenolone significantly reduced the synthesis
of tritiated DOC (Fig. 2B). However, the accumulation ofUV
254-nm absorbing material that coeluted with DOC was
greatly enhanced. Fig. 3 illustrates the time course of accu-
mulation of this UV 254-nm absorbing material derived from
0, 1, and 5 AM initial concentrations of 21-hydroxypreg-
nenolone. This steroid was collected from incubations with
21-hydroxypregnenolone and pregnenolone and was tenta-
tively identified as DOC due to its UV 254-nm absorbing
characteristic and comigration with DOC standards on HPLC
and TLC.
The 3f8-HSD-Like Activity. The conversion of the A5-383-

hydroxysteroids to A4-3-ketosteroids is conventionally me-
diated by the enzyme 3P-HSD. However, mock-transfected
COS cells demonstrated no 3p8-HSD activity with preg-
nenolone, 17a-hydroxypregnenolone, or DHEA. This 3,8-
HSD-like activity is mediated by cytochrome P4501IC5 as
shown in Fig. 4. Fig. 4A shows a time course of the metab-
olism of 1 pM tritiated pregnenolone. With addition of 10,uM
clotrimazole, a general cytochrome P450 inhibitor (25, 26),
the rate of pregnenolone utilization is decreased to half, but
the accumulation of DOC is eliminated (Fig. 4B). The addi-
tion of trilostane at 2.5 ,g/ml, a 3,8-HSD-specific inhibitor,
did not alter the rate of pregnenolone utilization and only
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FIG. 3. Time course of accumulation of a UV 254-nm-absorbing
material that comigrates with DOC on HPLC analysis. COS-1 cells
were transfected with plasmid encoding P4501IC5. Incubation me-
dium was supplemented with 0, 1, or 5 ,M radio-inert 21-
hydroxypregnenolone, as indicated.

partially inhibited the rate of DOC accumulation (Fig. 4C).
This partial inhibition may be due, in part, to the ability of
trilostane to inhibit metabolism of a substrate such as 21-
hydroxypregnenolone, which probably has a higher Km than
pregnenolone (as shown in Fig. 4C).
17a-Hydroxypregnenolone is also metabolized by the rab-

bit liver 21-hydroxylase in a similar manner. The resultant
products were identified as 17a,21-dihydroxypregnenolone
and the 3-keto,A4-analogous steroids of the above product
and substrate (Fig. 5). Inhibition of this reaction with 10 ,M
clotrimazole was complete, whereas trilostane (2.5 Ag/ml)
reduced the rate ofmetabolism to halfthat of control (data not
shown). As noted previously, trilostane may be able to inhibit
reactions with Km values higher than pregnenolone.
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FIG. 2. Time course of tritiated pregnenolone (1 AM) metabolism
by COS-1 cells transfected with plasmid encoding P45011C5. P5,
pregnenolone; 21P5, 21-hydroxypregnenolone. (A) Control. (B)
Same as A, except supplemented with 10 AM of radio-inert 21-
hydroxypregnenolone.
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FIG. 4. Time course of tritiated pregnenolone (1 ,uM) metabolism
by COS-1 cells transfected with a plasmid encoding P45011C5. P5,
pregnenolone; 21-P5, 21-hydroxypregnenolone. (A) Control. (B)
Same as A, except supplemented with 10 AM clotrimazole. (C) Same
as A, except supplemented with 2.5 ,g of trilostane per ml. Mock-
transfected COS-1 cells demonstrated no activity with pregnenolone,
17a-hydroxypregnenolone, or DHEA.
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FIG. 5. Time course of tritiated 17a-hydroxypregnenolone (1
AM) metabolism by COS-1 cells transfected with plasmid encoding
P4501IC5. 17a-Preg, 17a-hydroxypregnenolone; 17a-Prog, 17a-
hydroxyprogesterone; 17a,21-Preg, 17a,21-dihydroxypregnenolone
(3,B,17a,21-trihydroxy-5-pregnene-20-one); 17a,21-Prog, 17a,21-
dihydroxyprogesterone (11-deoxycortisol; 17a,21-dihydroxy-4-
pregnene-3,20-dione).

The steroid 3p-hydroxy-5,16-pregnadiene-20-one (Al6-
pregnenolone) is a UV 254-nm absorbing steroid: this prop-
erty permits a facile monitoring of its metabolism. It was
initially metabolized by COS cells expressing P45011C5 to a
steroid that coeluted with 3j3,21-dihydroxy-5,16-pregna-
diene-20-one, which was subsequently metabolized to 21-
hydroxy-4,16-pregnadiene-3,20-dione.
Metabolism of C1, Androgens by Rabbit Liver 21-

Hydroxylase. Although androgens lack the side chain con-
taining C-21, DHEA is metabolized rather rapidly by rabbit
liver 21-hydroxylase (Table 1). DHEA (1 AM) was rapidly
metabolized to three products (Fig. 6). The major product
was isolated and identified as 3f3,16a-dihydroxy-5-an-
drostene-17-one (16a-DHEA) by GC/MS. The other two
polar metabolites remain unidentified. To identify these
metabolites, media from incubations with 5 ,M tritiated
DHEA were collected, and the steroids were extracted. The
residue was subjected to HPLC, and the fractions were
collected. Fractions containing the polar steroids were found
to contain 16-oxygenated DHEA (16a-DHEA, 3(3,173-dihy-
droxy-5-androstene-16-one, 163-DHEA, and trace amounts
of 3,8,16a,17f-trihydroxy-5-androstene), a small amount of
3,8,4a-dihydroxy-5-androstene-17-one (4a-DHEA), and
3,8,7a-dihydroxy-5-androstene-17-one (7a-DHEA) as identi-
fied by GC/MS and listed above in descending order of
abundance. Androstenedione was also isolated and identified
by TLC. As seen with incubations with pregnenolone, 3,-
HSD-like conversion of the substrate was evident only at
high substrate concentrations (5 and 10 MM).
The rate of androstenedione metabolism was significantly

slower than DHEA metabolism (Table 1). However, like
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FIG. 6. Time course of tritiated dehydroepiandrosterone (1 ,M)
metabolism by COS-1 cells transfected with plasmid encoding
P45011C5. 16a-DHEA, 16a-hydroxyDHEA (3(3,16a-dihydroxy-5-
androstene-17-one); UK1 and UK2, unknown metabolites.

DHEA, the major product of androstenedione metabolism
was a 16a-hydroxylated substrate (data not shown). Trace
amounts of other metabolites, which have retention times on
either side of 16a-androstenedione, were detectable on
HPLC analysis.
Mechanism of the 33-HSD-Like Activity. To gain some

insight into the mechanism of the 3f-HSD-like activity of
COS cells expressing P45011C5, the metabolism of three
additional steroids was investigated. 3f-Hydroxy-4-pregnen-
20-one (3(-progesterone) was converted to progesterone by
both mock and transfected cells, but only the transfected
cells converted it to DOC. The steroid did not spontaneously
convert to progesterone in an aqueous environment. 3,f,4a,
17f-Trihydroxy-5-androstene, the steroid identified from in-
cubations with DHEA, was not metabolized to a UV 254-
nm-absorbing steroid by mock or transfected cells. 5-An-
drostene-3,17-dione was immediately epimerized (spontane-
ously) to androstenedione in an aqueous environment.

DISCUSSION
The hydroxysteroid dehydrogenase 17,-HSD is typically
responsible for the interconversion of the functional group at
the C-17 position of androgens and estrogens between hy-
droxyl and keto groups. It has been reported previously that
a rat liver microsomal cytochrome P450-mediated reaction
was capable of converting testosterone to androstenedione
through the formation of a gem-diol at the C-17 position (27).

If a comparable mechanism is invoked for the reaction
catalyzed by P4501IC5 at the C-3 position, then a 3-keto
functional group can be generated. As demonstrated with
5-androstene-3,17-dione, a 3-keto,Y5-configuration is unsta-
ble and will immediately epimerize to a 3-keto,A4-
configuration in an aqueous environment. Thus, a likely
mechanism for the 3,-HSD-like activity of P4501IC5 is
through the formation of a gem-diol at the C-3 position,
followed by dual hydrogen abstraction with water loss, and
spontaneous epimerization (Fig. 7) (27). This contrasts with
the classical, non-P450 oxidation of the 3f-hydroxy,A5 con-
figuration to the 3-keto,A5 configuration (followed by spon-
taneous isomerization to the A4 configuration), by 3,-
hydroxysteroid dehydrogenase/M54-isomerase. The protein
encoded by both the human placental (28) and rat testis
(M.C.L., J.M.T., and J.I.M., unpublished work) cDNAs,
upon transfection into COS-1 cells, catalyzes conversion of
the three major A5-3f3-hydroxysteroid substrates preg-
nenolone, 17a-hydroxypregnenolone, and DHEA to their
A4-3-ketosteroid counterparts.
There are a large number of reports of extraadrenal produc-

tion ofDOC (refs. 29 and 30, for example) and alternate path-
ways ofDOC production through pregnenolone (29, 31). The
significance of these pathways has not been fully established.
However, it is interesting to note that most hepatic metabolism
of steroids is catabolic. The reaction described here for
P450IIC5 converts one functional hormone (progesterone) to

-\.. gem-diol
D

formation
HO \/ . HO

OH

I-j
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FIG. 7. Postulated mechanism of conversion of A5-3,-hydroxy-
steroids to A4-3-ketosteroids by formation ofa gem-diol intermediate.
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another (DOC). Factors that affect the relative occurrence of
the cytochrome P450 isozymes may affect the metabolic fate
of progesterone in much the same manner as they affect the
balance between activation and detoxification of environ-
mental carcinogens and toxins. The homologue to rabbit liver
21-hydroxylase has not been purified from human liver, but
a number of animal/organ models have demonstrated similar
activity: bovine liver (30), bovine adrenals (31), guinea pig
spleen (29), rat adrenals (32, 33), and human adrenals (33).
Further, this enzyme seems functionally polymorphic in New
Zealand White rabbits (21, 34, 35), an observation that has
not been factored into the potential physiological significance
of this enzyme's contribution to steroid hormone homeosta-
Sis.
Our results show that P4501IC5 can metabolize a number

of steroids in a variety of ways. Previously, only the 21-
hydroxylation of progesterone by the purified protein had
been rigorously studied (2). Although there is only 30% amino
acid identity between hepatic 21-hydroxylase and bovine
adrenal 21-hydroxylase, the rates of progesterone metabo-
lism by the two enzymes are nearly identical. However, more
recently, the 21-hydroxylation of pregnenolone and the 2-hy-
droxylation of estradiol-17,8 by hepatic cytochrome P450 has
been reported (17, 18). The bovine adrenal enzyme primarily
uses progesterone and 17a-hydroxyprogesterone as sub-
strate (16). This report demonstrates that rabbit liver
P450IIC5 catalyzes the metabolism of pregnenolone and
17a-hydroxypregnenolone, whereas 17a-hydroxyprogester-
one is a very poor substrate.

In our hands, 2-hydroxyestrogens were not detected in
experiments done with estradiol-17,8 and incubated with
COS-1 cells expressing P4501IC5. It is likely that these
unstable catechol estrogens are rapidly destroyed by COS
cells or the purification procedure because no protection
agent was added (18); however, a significant loss of estradiol-
17,8 with time was not detected.

C19 steroids, specifically DHEA and androstenedione,
were primarily 16a-hydroxylated. However, GC/MS identi-
fied a number of additional 16-oxygenated androgens as well
as 4a- and 7a-hydroxylated androgens. Although purity of
the substrate (DHEA) was not verified by GC/MS, various
sites of attack of the steroid nucleus are probably possible
considering the variety of substrates that this enzyme can
use. As with pregnenolone, DHEA was converted to the
3-keto,A4 configuration only at high substrate concentrations
(5 and 10 ,uM). The demonstration that androgens are 16a-
hydroxylated by this enzyme provides further evidence for
the role of a gem-diol formed at the C-3 position. Molecular
modeling suggests that the C-16 and the C-3 carbons could be
positioned similarly depending on whether the A or D ring
initially enters the active site.
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