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1. Introduction

The rate-limiting step of adrenal and gonadal
steroidogenesis is the conversion of cholesterol to
pregnenolone [1-3]. There is good evidence that
maost of the steroidogenic compounds activate the
steroid biosynthetic pathway at a site priar the for-
mation of pregnenolone [4—6]. This effect of the
steroidogenic compounds in both adrenals and gonads
requires protein synthesis, since cycloheximide inhibits
the transformation of cholesterol to pregnenclone
[1,7] and increases the accumulation of unconjugated
cholesterol in the cytosol [8]. [t has been postulated
[1] that the steroidogenic compounds stimulate
steroidogenesis by regulating a protein which trans-
locates cholesterol from cytosol to mitochondria, but
such a protein has not been identified.

We report here the presence of a heat stable protein
in the cytosol of adrenal, testicle and ovary, which
specifically binds cholesterol and some of its deriva-
tives, but which does not recognize the compounds
without the side chain of cholesterol.

Abbreviations: CBP, cholesterol-binding protein; cholesterol,
S-cholesten-3gol; (20 5) 20-hydroxycholesterol, (20 5}

5 cholesten-33, 20-diol; (20 R, 22 R) 20,2 2-dihydroxy-
cholesteral, (22 R) § cholesten-3320a22-triol; (20 R, 22 8)
20,22-dihydroxychalesterol; (22 §) § cholesten-3320a22-
triol; pregnenolone, 5 pregnen-3jol-20-one; progesterone,
4-pregnene-3,20 dione; dehydroepiandrosterone, 33-hydroxy-
S-androsten-17-one; testosterone, 173 hydroxyandrost-4-ene-
3-one; cortisol, 4-pregnen-113, 17w, 21 triol-3,20-dione;
17-oestradiol, 1,3,5(10) oestratricne-3,178-diol; 25-hydroxy-
cholesterol, S-cholesten-343, 25-diol
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2. Materials and methods

2.1. Partial purification of adrenal cholesterol-binding
protein

All tissues were homogenized in 50 mM Tris—HCL
buffer, pH 7.4 and centrifuged 1o 105 000 X g for
90 min. The supernatant was slowly added to 10 vol.
cold acetate (—60°C) and centrifuged to 10 000 X g
for 10 min. The pellet was washed once with cold
acetone and once with cold ethyl ether (—60°C),
and finally dried under vacuum. The acetone powder
was resuspended in Tris—HCI buffer heated at 100°C
for 5 min and centrifuged. The supernatant was
saved (heat-stable cytosol). The proteins of this
fraction were precipitated by addition of ammonium
sulfate to 30% saturation. After centrifugation, more
ammonium sulfate was added to reach 60% satura-
tion and centrifuged. The pellet of each centrifuga-
tion was redissolved in 50 mM Tris—HCI buffer,
pH 7.4 and dialyzed against the same buffer. The
fraction precipitated by 60% ammonium suifate was
chromatographed on a DEAE—Sephadex A 50 column
{20 X 1.5 cm) pre-equilibrated in 50 mM Tris—HCl
buffer. After washing the column was eluted by a
continuous gradient of NaCl (0—0.5 M). In some
cases, the fraction precipited by 60% ammonium
sulfate was preincubated with [*H]cholesterol
(spec. act. 43 Ci/mmol; Amersham, England) before
chromatography on DEAE—Sephadex.

2.2. Binding assays
Celite 454 was extensively washed with 6 N HCI,

distilled water, and distilled methanol. After activa-
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tion at 600°C for 12, 50 mg aliquots were distributed
in small tubes. Lubeled and unlabeled sterols dissolved
in benzene were layered on celite and then the solvent
was dried under vacuum. The protein fraction in

50 mM Tris—HCI buffer was added to the tubes
containing the celite and sterols and shaken for the
times and at the temperaturesindicated in the fig.1 -6
and tables 1,2. At the end of the incubation the tube
was centrifuged at 10 000 X g for 10 min. An aliquot
of the supernatant was used for determination of the
radioactivity, another was layered over a sucrose
gradient (5--20%) prepared in Tris-~HCl buffer con-
taining 10%glycerol (v/v}and centrifuged for 30—40 h
at 250 000 X g.

All binding determinations using the celite system
were performed in triplicate. Three additional samples
were also measured in the presence of a 100-fold
excess of unlabeled cholesterol.

3. Results

Cholesterol conttent of sheep adrenal cytosol is
very high (4—8 ug/mg protein, § expt). Therefore, to
study the binding of [*H]cholesterol to adrenal cytosol,
it was crucial to extract endogenous cholesterol with-
out protein degradation. After acetone precipitation,
more than 99% cytosol cholesterol was recovered in
the pool of organic solvents and cholesterol was
undetectable in the acetone powder. Heating at 100°C
for 4 min precipitated 90—95% resuspended acetone
powder proteins. The recovery of the cholesterol-
binding protein was almost complete as indicated by
the measurement of its binding activity (table 1).

3.1. Binding of { *H]cholesterol to heat stable adrenal
cytosol proteins

The classical methods used to separate unbound
from bound steroids, such as dextran-coated charcoal,
ammonium sulfate precipitation, or equilibrium
dialysis do not give reproductible results when used
to separate bound from unbound cholesteral. Nor
did gel filtration on Sephadex G-75 or G-100 columns
{1X10 cm)separate bound from unbound cholesterol.
When heat-stable cytosol wasincubated at 4°C or 37°C
with [*H]cholesterol (10~% M) in the absence or
presence of unlabeled cholesterol (1077 M), then
chromatographed on Sephadex at 4°C most of the
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Table 1
Specific binding of [*H]cholesterol by several preparations
of sheep adrenal cytosol

fmol/D.1 mg protein

Acetone powder 20+ 10
Heat-stable cytosol

acetone powder 1ORD + 204
Ammonium sulfate

precipitated (0-30% satn)} 220+ 40
Ammonium sulfate

precipitated (30-60% satn) 2580 = 400
DEAE -Sephadex 4240 + 500

Tris—HCl buffer, 1 ml 50 mM, containing 0.5 mg protein of
the indicated cytosol preparation, was incubated with 50 mg
celite containing 10 pmol [*H]cholesterol, without or with

I nmeal unlabeled cholestero! at 4°C for 16 h and centrifuged
at 10 000 X g for 10 min. An aliquot was taken for protein
determination, another was layered over a sucrose gradient
(5-20%} and centrifuged at 250 000 X g for 36 h. The
specific binding represents the integration of radioactivity
under the 3 8 peak. The results are the mean = SD of 3
different determinations

radioactivity came out in the void volume. Moreover,
similar results were obtained when 50 mM Tris-buffer
alone, rather than the heat-stable cytosol was used.

When the celite system was used [*H]cholesterol
bound to heat-stable cytosol was displaced by unlabeled
chelesterol (fig.1). Sucrose density gradient ultra-
centrifugation of the soluble complex formed during
incubation of the heat stable cytosol with celite
containing [*H]cholesterol reveals that most of the
radioactivity is bound to a macromolecule in the
region of 3 8 (fig.2). The specificity of the binding
was inferred by the fact that a 100-fold excess of
untabeled cholesterol completely inhibits the radio-
active peak in the 3 § region (fig.2).

Preincubation of heat stable cytosol with trypsin
or pronase at 37°C for 30 min completely abolished
the radioactive peak (fig.2). This result demonstrates
that the macromolecule which binds [*H]cholesterol
is a protein.

It should be emphasized that the combined celite—
sucrose gradient assay is more specific than celite
alone, since a 100-fold excess of unlabeled cholesterol
completely inhibits the binding in the former system
but not in the latter (compare the displacement
produced by 1077 M in fig.1 with fig.2).
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Fig.1. Displacement of [*H]cholesterol bound to heat-stable
sheep adrenal cytosol by increasing concentrations of unlabeled
cholesterol. Heat stable adrenal cytosol, 1 ml (0.5 mg protein)
was incubated at 4°C for 16 h with 50 mg celite containing
[*H]cholesterol and the indicated concentrations of choles-
terol. At the end of the incubation the samples were centri-
fuged and 2 aliquots of each of triplicate incubations were
taken for determination the radioactivity.

3.2. Partial purification of adrenal cholesterol binding
protein (CBP)

Most of the cholesterol binding activity is recovered
in the protein fraction precipitated between 30—60%
saturation of ammonium sulfate (table 1).

The elution profile of the DEAE Sephadex A-50
column chromatography shows that the cholesterol-
binding activity was associated with the fraction eluted
with about 0.3 M NaCl (fig.3). About 200-fold purifi-
cation was reached at this step (table 1).

3.3, Specificity of binding

Competition studies using the combined celite—
sucrose gradient system were carried out in order to
determine the degree of specificity of cholesterol
binding to CBP.

The addition of a 100-fold excess of non-radio-
active steroids without the side chain of cholesterol
had no inhibitory effects (table 2). In addition, when
CBP was incubated with [*H]pregnenolone or [*H]de-
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Fig.2. Sucrose density gradient ultracentrifugation profiles
of adrenal heat-stable cytosol (0.4 mg protein/ml} (e, 4},
adrenal heat-stable cytosol treated with trypsin or pronase
(©), preincubated with celite containing [ *H]cholesterol

(1 pmol) alone (e, ©), or with 100-fold excess of unlabeled
cholesterol (&), At the end of incubation (14 h, 4°C) the
samples were centrifuged and an aliquot of the supernatant
was layered on 5-—-20% sucrose gradient and centrifuged

at 250 000 X g for 38 h.
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Fig.3. Elution profile of cholesterol-binding pratein on
DEAE Sephadex A-50 column. Proteins of adrenal heat
stable cytosol precipitated by ammonium sulfate (30—60%
saturation) were incubated with [3H|]cholesterol (10°° M)

at 4°C for 16 h and placed on 1.5 X 20 cm DEAE—Sephadex
column. Elution was monitored at 280 nm (¢) and aliguots
from each fraction analyzed for radicactivity {e).

289



Volume 89, number 2

Table 2
Effects of unlabeled sterols and steroids on specific binding
aof [*H]cholesterol to CBP prepared from sheep adrenal

Unlabeled compounds Binding (% control)

None 100
Dehydroepiandrosteronc 100
Progesterone 100
Pregnenolone 100
Testosterone. 100
Cortisol 100
17p-Oestradiol 100
25-Hydroxycholesterol 30
(20 S)20 hydroxycholesterol 21

{20 R, 22 §)20-22 dihydroxycholesterol 18
(20 R, 22 R)20-22 dihydroxychnlesterol 9
7-Carboxy-methyl-oxime-cholesterol
4-Methyl-4-aza-5a-cholestane
Cholesterol sulfate

Cholesterol

SO OO

CBP, 1 ml (0.7 mg prolcin) was incubated at 4°C for 16 h
with 50 mg celite containing [*H|]chelesterol (1 pmol)
alone, or with a L00-fold excess of unlabeled compounds.
After centrifugation, aliquots of the supernatant were
layered on a 5—20% sucrose gradient, and centrifuged at
250 000 X g for 38 h. The radioactivity in the 3 S region
was integrated, and expressed as % control

hydroepiandrosterone no specific binding was observed
in the 3 S region (data not shown).

On the other hand, cholesterol derivatives with
modifications in the A and B rings such as 7-carboxy-
methyloxime-cholesterol, 4 methyl-daza-Sa-cholestane
and cholesterol sulfate have the same inhibitory
potency as those observed with the cholesterol itself
(table 2).

The inhibitory effect of cholesterol derivatives with
hydroxylated groups on the side-chain is shown in
table 2, fig.4 and fig.5. (20 R, 22 R)20-22 dihydroxy-

Fig.5. Inhibition of | *H |cholesterol bound to CBP by several
cholesterol derivatives. Partial purified CBP, 1 mi (0.58 mg
protein) was incubated with 50 mg celite containing [*H|cho-
lesterol (1 pmol), alone (), or in the presence of 100 pmol
(20 R, 22 8)20,22-dihydroxycholesterol (4), and (20 R,

22 R)20,22-dihydroxycholesterol (4). At the end of incuba-
tion (14 h, 4°C) the sampies were centrifuged and an aliguot
of the supernatant was layered on 5—20% sucrose gradient
and centrifuged at 260 000 X gz for 38 h.
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Fig.4. Inhibition of [°*H]cholesterol bound to CBP by several
cholesterol derivatives. Partial purified CBP, 1 ml (0.58 mg
protein) was incubated with 50 mg celite containing [*H]-
cholesterol (1 pmot) alone (#), or in the presence of 100 pmel
(20 8)20-hydroxycholesteral (#), and cholesterol (¢). At

the end of incubation (14 h, 4°C) the samples were cen-
trifuged and an aliquot of the supernatant was layered on
5—-20% sucrose gradient and centrifuged at 260 0QD X £

for 38 h.
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cholesterol is a better competitor than its sterecisomer 4. Discussion

(20 R, 22 5)20-22 dihydroxycholesterol. The inhibitory

effect of 25 hydroxycholesterol and (20 S)
20-hydroxy-cholesterol is lower than that of choles-
terol hydroxylated in C, and C,y, which is in turn
lower that of cholesterol itself.

3.4. CBP rissue distribution
Heat-stable cytosol was prepared from several

tissues and tested for their ability to bind cholesterol,

Using the combined celite—sucrose density gradient
system, cholesterol-binding activity was found in
adrenals (human, rat, sheep), testis and ovaries (rats,
sheep) (fig.6). On the ather hand, no binding activity
was found in the heat-stable cytosol prepared from
liver, kidney, heart, brain and plasma of rats or sheep

(fig.6).

cpm

fractions number

Fig.6. Sucrose density gradient ultracentrifugation profiles
of heat stable cytosol (0.4 mg protein/ml) from rat adrenals
(o), testis (4), ovaries (2), and liver, heart, kidney, brain and
plasma (#), preincubated with celite containing [ *H]choles-
terol (1 pmol). At the end of incubation (14 h, 4°C), the
samples were centrifuged and an aliquoet of the supernatant
was layered on 5—20% sucrose gradient and centrifuged

at 250 000 X g for 38 h.

In this report, we have shown the presence in the
cytosol of adrenal, testis, and ovaries of a heat-stable
protein that specifically binds tritiated cholesterol.
As determined by sucrose density gradient ultra-
centrifugation, the sedimentation coefficient of the
complex formed is about 3 8. This cholesterol-binding
protein (CBP) has heen partially purified, about
200-fold, from the acetone powder by heat treatment,
ammonium sulfate precipitation,and DEAE Sephadex
A-50 chromatography.

Quantitation of binding affinity was rendered
difficult by the affinity of cholesterol for glass and
plastic and its tendency to self-association with a
critical micelle concentration of about 35 nM at 25°C
[9]. For these reasons, and because in the celite
system there are at least two binding molecules
(celite, CBP), competing for the same ligand, mathe-
matical analyses of competitive displacement curves
(fig.1) or saturation curves (data not shown) was not
possible. It must be noted that similar difficulties have
been found for other sterols [10].

None of the steroids without sidechain that were
tested were able to displace bound radioactive choles-
terol to CBP. On the other hand, sterols with modifi-
cation in the rings A or B inhibited the binding of
tritiated cholesterol as well as unlabeled cholesterol
itself, sugpesting that the side-chain is essential for
binding. In this respect it is interesting to note that
(20 R, 22 R)20,22 dihydroxycholestero!, which is
the natural intermediate in the enzymatic conversion
of cholesterol to pregnenolone [11], is a betier com-
petitor than its stereoisomer, (20 R, 22 §)-20,22
dihydraxycholesterol, which has no metabalic role.

A heat-stable sterol carrier protein which binds
cholesterol has been isolated from the soluble frac-
tion of liver homogenates (12— 14]. This heat-stable
factor stimulates the synthesis of cholesterol by liver
microsomal enzymes [12,14] and the cholesterol
side-chain cleavage of an acetone powder of adrenal
mitochondria [15]. A similar heat stable sterol carrier
protein in adrenal mitochondria is reported [16,17].
As indicated, using a different method we were able
to demonstrate a cholesterol-binding activity in the
heat-stable cytosol! prepared from adrenal, ovary
and testis, but not from liver, kidney, brain and heart.
Therefore, despite the fact that some of the properties

291



Veolume 89, number 2

of liver and adrenal heat-stable factors [12,14,16] are
close to those of CBP, some are different, i.e., CBP has
mol. wt ~ 70 000 (in preparation) while that of liver
sterol-carrier protein is ~ 16 000 [10]. The specificity
of CBP binding is localized mainly to the side chain

of cholesterol, while that of liver sterol carrier protein
seems to be less specific [10].

The role of CBP on hormone induced steroido-
genesis of both adrenals and gonads is unknown.
However, the binding stereospecificity and the tissue
distribution suggest that CBP might play an important
role. However purification to homogeneity of CBP in
view to set up a specific and sensitive method of
measurement is the next necessary step for studying
its precise role in vivo.

Acknowledgements

The authors express their thanks to Yves Letourneux,
Elisabeth Mappus and R. K. Sharma for having given
us the cholesterol derivatives with hydroxylated
groups on the side chain, the 7-carboxymethyloxime
cholesterol, and the 4-methyl, 4-aza-5a-cholestane,
respectively. This work was supported by grants from
INSERM (CRL 77-5-0364) and la Fondation pour
la Recherche Médicale Frangaise.

292

FEBS LETTERS

May 1978

References

[1] Garren, L. D., Gill, G. N, Masui, H. and Walton, G, M.
(1971) Recent Progr. Horm. Res. 27,433-574.

[2] Hall, P. F. {1970) in: The androgens of the testis
(Eik-Nes, K. B. ed) p. 73, Marcel Dekker, New Yaork.

3] Major, P. W., Armstrong, D. T. and Grap, R. 0. (1967}
Endocrinology 81, 19-29.

[4] Karaboyas, G. C. and Keritz, S. B. (1965) Biochemistry
4,462 468,

(51 Rommerts, F. F. G., Cooke, B. A, and Van der Molen,
H. J.(1974) ). Steroid Biochem. 5, 279.

[6] Mahafee, D., Reitz, R. C. and Ney, R. L. (1974} J. Biol.
Chem. 249, 227-233.

[7] Hermier, C., Combarnous, Y. and Jutisz, M. (1971)
Biochim, Biophys. Acta 244, 624633,

[8] Davis, W. W. and Garren, L. D. (1966) Biochem.
Biophys. Res. Commun. 24, 805—-810.

[9] Haberland, M. E. and Reynolds, J. A. (1973) Proc.
Natl, Acad. Sci. USA 70, 2313-2316.

[10] Haddad, J. G.and Chyn, K. J. (1971) Biochim. Biophys.
Acta 248, 471-481.

[11] Burstein, S, Byon, C. Y., Kimbali, H. L. and Gut, M.
(1976) Steroids 27, 691-701.

[12] Ritter, M. C. and Dempsey, M. E. (1971) J. Biol. Chem.
246, 1536-1547,

[13] Scallen, T. J., Schulster, M. W. and Dharr, A. K. {1971)
J. Biol. Chem. 246, 224-230.

[14] Scalten, T. J., Seetharom, B., Srikantaiah, M. V.,
Hansburg, E. and Lewis, M. R. (1975) Life Sci. 16,
853-B74.

[15] Kan, K. W., Ritter, M. C., Ungar, F. and Dempsey, M. E.
{1972) Biochem. Biophys. Res. Commun. 48, 423-429.

[16] Kan, K. W. and Ungar, F. (1973) J. Biol. Chem. 248,
2868--2875.

[17] Kan, K. W. and Ungar, F. (1974) 1. Ster. Biochem. 5,
817-825.



