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ABSTRACT  Adult bovine adrenal cortical cells in monolayer
culture were used to study the induction of cholesterol side-chain-
cleava%e cytochrome P-450 by eorticotr?in (ACTH). In the pres-
ence of 1 uM ACTH, there was a 4-fold increase in cortisol pro-
duction by these cells over a 72-hr period and a corresponding in-

crease in total cytochrome P-450 content. The incorporation of

ESS]methionine into a number of cellular proteins was stimulated -

y the presence of ACTH in the culture medium, whereas the
incorporation into other proteins was decreased. The temporal
profile of these changes varied from one protein to another. Ex-
amination of the incorporation of [*>S]methionine into mitochon-
drial protein. showed an increased production of a radiolabeled
protein that comigrated with the form of cytochrome P-450 known
as side-chain-cleavage cytochrome upon incubation with ACTH.

Thus, it appears that the cytochrome P-450,, content is increased .

in bovine adrenal cortical cells exposed to ACTH. Cytochrome P-
450, ., synthesized in a cell-free translation system directed by
RNA isolated from bovine adrenal cortical tissue or from cells, had

~a molecular weight of 54,500. Cytochrome P-450, isolated from
bovine adrenal mitochondria had a molecular weight of 49,000.
Thus, cytochrome P-450, . is synthesized as a larger precursor that
must be processed by proteolytic cleavage before or upon insertion
into the mitochondrion.

The molecular events by which corticotropin (ACTH) stimu-
lates cholesterol side-chain cleavage by adrenal mitochondria
are being examined by using cultures of adult bovine adrenal
cortical (BAC) cells. This cell culture system has been described
and characterized (1-3). These cells are responsive to ACTH,
as shown by increased cortisol output during the first few days
of culture (3, 4). The rate-limiting step in cortisol biosynthesis
is the first step in the pathway of cholesterol metabolism to ste-
roid hormones—i.e., cholesterol side-chain cleavage (5). This
reaction is catalyzed by a form of cytochrome P-450 known as
side-chain-cleavage cytochrome P-450 (P-450,.), which is lo-
cated in the inner membrane of the mitochondrion (6-9). Two
other mitochondrial proteins, adrenodoxin and adrenodoxin
reductase, serve to transfer electrons from NADPH to P-450, ..
and are therefore also required for the conversion of cholesterol
to pregnenolone (10, 11).

ACTH is known to effect both an acute and a long-term
(chronic) stimulation of the cholesterol side-chain-cleavage re-
action. Our study was designed to characterize the long-term
stimulation of cholesterol side-chain cleavage by ACTH. We
examined radiolabeling profiles of proteins in BAC cells main-
tained in monolayer culture at various times after addition of
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ACTH to the culture medium and found a complex pattern of
changes. Examination of radiolabeled proteins in mitochondria
isolated from such cells suggests that the level of P-450,. is in-
creased by ACTH administration. By using an antibody di-
rected toward bovine adrenal cytochrome P-450,., we show
that P-450,. is synthesized in vitro as a larger molecular weight
precursor that must be processed before or on insertion into the
inner mitochondrial membrane.

MATERIALS AND METHODS

Cell Preparation and Culture.The procedure used for bo-
vine adrenal cell preparation and culture was essentially that
described by Gospodarowicz et al. (1). Bovine adrenal glands
were obtained from freshly slaughtered steers and transported
to the laboratory on ice. Scrapings of the fasciculata zone were
prepared under sterile conditions; placed in Hanks™ balanced
salt solution containing 25 mM Hepes buffer (pH 7.2) (GIBCO),
collagenase-dispase at 2.0 mg/ml (Boehringer Mannheim), and
DNase at 0.2 mg/ml (Boehringer Mannheim); and shaken for
30-45 min at 37°C. After the mixture was centrifuged at 1000
rpm for 5 min, the supernatant was removed and the digestion
was repeated. The cells were pelleted by centrifugation,
washed twice with 25 mM Hepes buffer in Hanks’ solution, and
plated in 60- or 100-mm culture dishes (Falcon Plastics, Cock-
eysville, MD) at a density of approximately 10° cells per 25 cm?
in Ham’s F-12 medium containing 12.5% horse serum, 2.5%
fetal calf serum, 1% antibiotic antimycotic solution, 1% kana-
mycin, 0.5% mycostatin, and fibroblast growth factor at 50 ng/
ml (kindly provided by Denis Gospodarowicz). The medium
was replaced every 2 or 3 days, and generally, by 6 days, con-
fluency was attained. At this time, the medium was exchanged
for growth factor-, antibiotic-free F-12 medium for an additional
24 hr. Thereafter, cells were incubated in growth factor-, an-
tibiotic-free F-12 medium in the presence or absence of 1 uM
ACTH,;_y4) (Cortrosyn, Organon) for periods up to 72 hr. The
medium was replaced daily, and samples were stored frozen
until assayed for cortisol by radioimmunoassay (12).

General Procedures. The P-450 content was quantified in
sonicates of adrenal cells by measuring the difference between
the (reduced CO-cytochrome. — reduced P-450) difference
spectra at 450-and 490 nm (13) with an Aminco DW2 spectro-
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photometer (American Instruments, Silver Spring, MD). The
sonicates were prepared by removing the medium from the
culture dishes (100 mm), washing the cells twice with 5 ml of
Gey’s balanced salt solution, and scraping the cells from the
dishes into 5 ml of Gey’s solution by using a rubber policeman.
After centrifugation and resuspension in 5 ml of the same so-
lution (three times), the cell pellet was suspended in 1 ml of
0.1 M phosphate buffer (pH 7.5), and the suspension was sub-
jected to ultrasonic disintegration for 10 sec in a Branson model
WI185D sonifier (Plainview, NY) equipped with a microtip.
Finally, the sonicate was homogenized by hand, using a Pot-
ter-Elvehjem homogenizer, just before spectrophotometric
examination. All manipulations were performed at 4°C.

NaDodSO,/polyacrylamide gel electrophoresis was con-
ducted as described by Laemmli (14). Cellular protein concen-
tration was determined according to the method of Kuno and
Kihara (15).

Radiolabeling of BAC Proteins. To examine changes in cel-
lular protein synthesis in response to ACTH stimulation, BAC
cells (60-mm culture dishes) were radiolabeled for 30 min with
[®3S]methionine (120 uCi/2 ml of culture medium; 1
Ci = 3.7 X 10 becquerels) prior to harvesting. After incu-
bation, the medium was removed and the dishes were washed
three times with Gey’s balanced salt solution. The cells were
treated with 1 ml of lysing buffer (0.0625 M Tris, pH 6.8/2%
NaDodSO,/10% glycerol/5% 2-mercaptoethanol) and then
transferred to a conical centrifuge tube, and the mixture was
heated for 2 min in a boiling water bath. The lysate was lyoph-
ilized and stored at —70°C before electrophoresis.

Mitochondria were isolated from washed cells that were ra-
diolabeled as described above by freeze-thawing in 20 mM 4-
morpholinepropanesulfonic acid (Mops) buffer, pH 7.4/0.5
mM EDTA/250 mM sucrose. Cell debris and nuclei were re-
moved by centrifugation at 200 X g for 10 min, and the super-
natant fraction was centrifuged at 13,000 X g for 10 min to pellet
the mitochondria. This pellet was washed by resuspension in
isolation buffer, centrifuged, and subjected to electrophoresis.

Cell-Free Translation of Cellular RNA. RNA for in vitro
cell-free translation was isolated from two sources. In one in-
stance, freshly removed adrenal glands were partially dissected
at the slaughterhouse. The dissected cortical tissue was frozen
immediately in liquid nitrogen for transport to the laboratory.
Total RNA was isolated from this tissue by the guanidine hy-
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Fic. 1. Time course of cortisol production in monolayer cultures
of BAC cells in the presence (o) or absence (®) of ACTH. Cumulative
cortisol values from duplicate culture dishes are given at each time
point.
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drochloride extraction procedure (16). In the second instance,
RNA was isolated from BAC cells maintained in monolayer cul-
ture (100-mm dishes) by the phenol/chloroform extraction pro-
cedure (17).

The RNA obtained from both sources was translated in a com-
mercially available rabbit reticulocyte translation system (18)
(New England Nuclear) using [**S]methionine as the radiolabel.
In all cases, RNA samples were titrated in the translation system
to ensure that the amount used in the experiments lay on the
linear portion of the radioactivity incorporation curve. Newly
synthesized P-450, was isolated from the total translation prod-
ucts by the procedure of Ivarie and Jones (19) using Pansorbin
(Calbiochem) as the source of protein A. Antibody to P-450;,,
was obtained by injection of purified protein into the popliteal
lymph nodes of rabbits (20), followed by subcutaneous booster
injections. The IgG fraction from serum was prepared by pre-
cipitation with 33% ammonium sulfate. Purified bovine adrenal
cytochrome P-450, was isolated according to the method of

Seybert et al. (21).

RESULTS

Cortisol Production and Cytochrome P-450 Content. The
response of BAC cells in monolayer culture to 1 uM ACTH
included a 4-fold increase in the output of cortisol. Time courses
of cortisol production during a 72-hr period by cells treated with
ACTH and by cells maintained in the absence of ACTH are
shown in Fig. 1. In the absence of ACTH, the rate of cortisol
production was low, but =6 hr after ACTH treatment, the rate
of cortisol production was greater than control rates and, within
24 hr, cortisol secretion was 4-fold greater in ACTH-treated
than in nontreated cells.

The P-450 content was estimated spectrophotometrically to
be 85 pmol/mg of cellular protein in untreated cells and 443
pmol/mg of cellular protein after 72 hr of ACTH treatment.
This 5-fold increase should be considered an estimate in view
of the spectral overlap between P-450 and cytochrome oxidase.
However, at all time points examined (24 hr and beyond) after
ACTH addition to the culture medium, there was an increased
level of P-450 compared with that in cells maintained in the
absence of ACTH. The amount of P-450 continued to increase
at least up to 72 hr after ACTH addition.

Radiolabeling of Cellular and Mitochondrial Proteins. Ex-
amination of the pattern of radiolabeling of proteins in the BAC
cells showed that ACTH treatment had a dramatic effect. Au-
toradiographs of the profiles obtained after electrophoresis of
the radiolabeled proteins derived from cells incubated for var-
ious periods of time in the presence or absence of ACTH are
shown in Fig. 2, and the extent of radiolabeling of cellular pro-
tein, which was quite constant after the first few hours of ACTH
treatment, is given in Table 1. ACTH increased the incorpo-
ration of radiolabel into several protein bands and decreased
the incorporation into several others. Densitometric scans of
several of the lanes from the autoradiograph shown in Fig. 2
are shown in Fig. 3. The densities of the bands at M, 76,000,
35,000, and 25,000 were greatest in lysates of cells treated for
24 hr with ACTH; however, the density of the band at M,
19,000 was greatest in lysates of cells treated for 48 hr with
ACTH and absent at 72 hr. The greatest density of the band
at M, 100,000 was in lysates of cells 72 hr after ACTH treatment.
The scan from the lane to which the lysate of cells maintained
for 24 hr in the absence of ACTH was applied is also shown for
comparison. The density of the band at M, 46,000 was greatly
reduced 24 hr after ACTH treatment. ACTH also caused a num-
ber of smaller changes in the radiolabeling pattern, in partic-
ular, increases in labeling of proteins of M, between 53,000 and
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Fic. 2. Autoradiographs of [3*SImethionine-labeled proteins iso-
lated from BAC cells incubated in the presence or absence of 1 uM
ACTH. Lane A, 0 time, no ACTH; lane B, 2 hr, no ACTH; lane C, 2 hr,
plus ACTH; lanes D and M, molecular weight standards [from top to
bottom, phosphorylase b (92,500); bovine serum albumin (69,000);
ovalbumin (46,000), and cytochrome ¢ (12,000)]; lane E, 6 hr,no ACTH;
lane F, 6 hr, plus ACTH; lane G, 10 hr, no ACTH; lane H, 10 hr, plus
ACTH; lane I, 24 hr, no ACTH; lane J, 24 hr, plus ACTH; lane K, 48
hr, no ACTH; lane L, 48 hr, plus ACTH; lane N, 72 hr, no ACTH; lane
0, 72 hr, plus ACTH. Molecular weight standards, radiolabeled by
[**Clmethylation, were purchased from New England Nuclear. Sam-
ples were subjected to electrophoresis on a 12.5-7.5% gradient poly-
acrylamide/NaDodSO, gel.

46,000, which were incompletely resolved. This is the region
in which P-450,.. migrates.

Because one-dimensional NaDodSO,/polyacrylamide gel
electrophoresis of a total cell lysate showed too many proteins
to permit resolution of P-450,.., we analyzed mitochondrial
protein extracts prepared from [**S]methionine-labeled cells.
The results of gel analysis of mitochondrial proteins from cells
exposed to ACTH for 24 hr are compared with those of un-
treated control and those of total radiolabeled cellular protein
in Fig. 4. As was the case with the whole cell radiolabeling stud-
ies, ACTH increased the radiolabeling of some mitochondrial
proteins and decreased the radiolabeling of others. In partic-
ular, ACTH increased the incorporation of [**S]methionine into
a protein that comigrated with purified P-450, . (compare lanes
C and D in Fig. 4).

The electrophoretic mobility of the P-450, isolated from
BAC mitochondria (mature form) and that of the newly syn-

Table 1. Incorporation of [3*S]methionine into total adrenal

cell proteins
Activity,
cpm/pg
Time, hr ACTH of protein

0 - 598
2 + 1600
6 - 2100
6 + 1400
10 - 2400
10 + 2700
14 - 2100
14 + 2600
18 + 1900
24 - 2400
24 + 2400

Proc. Natl. Acad. Sci. USA 78 (1981)

thesized P-450,,, immunoisolated from a cell-free translation
system by using total RNA extracted from adrenal cortical tissue
are compared in Fig. 5. Clearly, the newly synthesized form is
larger than the mature form. By using molecular weight stand-
ards, the molecular weights of the mature form of P-450, ., and
of the newly synthesized form were found to be 49,000 and
54,500, respectively. By using total RNA isolated from BAC
cells maintained in monolayer culture in the presence of
ACTH, a precursor of similar size was found (data not shown).

DISCUSSION

BAC cells in monolayer culture grow and divide in the presence
of fibroblast growth factor and maintain differentiated function
in the presence of ACTH and, therefore, constitute a useful
model system for the study of cellular regulatory mechanisms
and tropic hormone action in adult, differentiated, non-neo-
plastic mammalian cells. Furthermore, it is evident from the
results of this investigation and of others (22-25) that the syn-
thesis of several proteins is regulated by ACTH and that control
of the synthesis of these proteins is an important component
of the mechanism of action of this tropic hormone. P-450,.., like

46,000

76,000 53 000
Loy
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25,000 |
l2hr,+ACTH

35,000
Ay

6hr, + ACTH

10 hr, + ACTH

24 hr, + ACTH
48 hr, + ACTH

72 hr, + ACTH

0 hr,no ACTH

24 hr, no ACTH

FiG. 3. Densitometric scans obtained by using a Transidyne 2955
scanning densitometer of autoradiograph lanes shown in Fig. 2. The
top of the gel is at left. Molecular weights of proteins in the major peaks
are marked at the top.
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FiG. 4. Autoradiograph of [3SImethionine-labeled mitochondrial
proteins isolated from BAC cells maintained for 24 hr in the presence
or absence of ACTH. Total radiolabeled cellular protein from these
cells is shown for comparison. Lane A, total protein from cells incu-
bated for 24 hr in the absence of ACTH; lane B, total protein from cells
incubated for 24 hr in the presence of ACTH; lane C, mitochondrial
protein from cells incubated for 24 hr in the presence of ACTH; lane
D, mitochondrial protein from cells incubated for 24 hr in the absence
of ACTH. Purified P-450,. migrated to the point indicated by the ar-
row. An increase in radiolabeling is seen at this point in lane C com-
pared with that at the same point in lane D. Samples were subjected
to electrophoresis on a 10% NaDodSO,/polyacrylamide gel.

adrenodoxin and adrenodoxin reductase, is a mitochondrial pro-
tein required for the rate-limiting step in the biosynthesis of
steroid hormones from cholesterol. It is therefore likely that the
synthesis of one or all of these proteins is regulated by ACTH.
ACTH stimulates the cholesterol side-chain-cleavage reaction
within a matter of seconds (26, 27). Such stimulation may be
regarded as the acute action of this hormone and is believed to
involve increased association of cholesterol and P-450,. within
the mitochondrion (28, 29). However, ACTH also is essential
for maintaining the normal function of the adrenal cortex and
little is known concerning its inductive effect on the proteins
required for the cholesterol side-chain-cleavage reaction. In
adrenal glands of hypophysectomized rats, the concentrations
of mitochondrial P-450 and adrenodoxin decrease with a half-
life of about 4 days (30). Concomitantly, the activities of cho-
lesterol side-chain cleavage and of steroid 11B-hydroxylation,
another mitochondrial P-450-dependent hydroxylation reac-
tion, decay with a similar half-life. If ACTH is administered to
such animals, these activities and the content of adrenal mi-
tochondrial P-450 are gradually restored to control levels over
a period of days (30).

We have investigated whether ACTH treatment might in-
duce the synthesis of P-450,.. in BAC cells in monolayer cul-
ture, a system that is much easier to manipulate than whole
animals. ACTH administration stimulated cortisol production
4-fold in these cells (see Fig. 1). In addition, the total content
of spectrophotometrically detectable P-450 was increased about
5-fold after ACTH stimulation. More detailed experiments will
be necessary to define whether ACTH preferentially affects one
or more of the several different forms of P-450 present in these
adrenal cells; however, it is reasonable to presume that P-450,,
represents a substantial portion of the total P-450 (31). From

Proc. Natl. Acad. Sci. USA 78 (1981) 1031

N -

ABCD

FiG. 5. Electrophoretic comparison between newly synthesized P-
450,,, immunoisolated from a cell-free translation system and the
mature form isolated from BAC mitochondria. Lane A, autoradiogram
of [**Clmethylated molecular weight standards [1, phosphorylase b
(92,500); 2, bovine serum albumin (69,000); 3, ovalbumin (46,000); 4,
carbonic anhydrase (30,000)]. Lane B, Coomassie blue-stained mature
proteins isolated and purified from bovine adrenal mitochondria. AR,
adrenodoxin reductase (M, 51,500); SCC, P-450,.. (M, 49,000). The two
proteins were purified independently and mixed together before elec-
trophoresis to illustrate the M, resolution of the gel system. Lane C,
autoradiogram of newly synthesized P-450,.. immunoisolated from the
total translation products generated in the cell-free translation sys-
tem. Protein synthesis was directed by total adrenal cortical RNA in
the presence of [**S]methionine. The immunoisolated P-450,.. desig-
nated “preSCC” is clearly of higher M, than the Coomassie blue-
stained SCC in lane B. Lane D, immunoisolation from cell-free trans-
lation system containing no exogenous RNA. All faint bands in lane
C comigrated with bands in lane D, which suggests that they are not
related to the presence of adrenal cortical RNA. Samples were sub-
jected to electrophoresis on a 12.5-7.5% gradient polyacrylamide/
NaDodSO, gel.

these results, therefore, we conclude that P-450_ . is likely in-
duced by chronic ACTH stimulation.

ACTH caused a number of changes in the pattern of cellular
protein radiolabeling by [**S]methionine (see Figs. 2 and 3).
There was increased radiolabeling in some proteins and de-
creased radiolabeling in others after ACTH treatment. One of
the changes that occurred was an increase in a mitochondrial
radiolabeled protein that comigrated with purified P-450,. (see
Fig. 4). This result provides strong evidence that P-450, is in-
duced by ACTH. It is obvious from Fig. 4 that other mito-
chondrial proteins are also induced by ACTH treatment and
that the inductive effect of ACTH is not specific for P-450,..

When total RNA isolated from either BAC cells in monolayer
culture or from adrenal tissue enriched for cortical cells was
used in the rabbit reticulocyte lysate system to direct synthesis
of P-450, and this was immunoisolated from the total trans-
lation products, the immunoprecipitated product was found to
have a molecular weight of 54,500, which is 5500 greater than
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the molecular weight of purified cytochrome P-450,... Several
other mitochondrial proteins are also synthesized in precursor
form and subsequently processed upon incorporation into the
mitochondrion (32-37). This result suggests that P-450,_. is syn-
thesized as a higher molecular weight precursor that is pro-
cessed before or upon insertion into the inner mitochondrial
membrane.
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to cytochrome P-450,,. is greatly appreciated, as is the expert technical
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Rankin. Dr. C. Richard Parker, Jr., performed the cortisol determi-
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