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SUMMARY

Four macromolecules in liver cytosol bind corticosteroids
and their anionic metabolites. One of these, a basic protein,
designated "corticosteroid Binder I" appears to be identical to
the major protein that binds 3-methylcholanthrene. This
conclusion is based on double label studies with
3-methylcholanthrene-14 C and cortisol-3H. Alignment of both

forms of radioactivity is apparent when the corticosteroid
binder is purified to homogeneity by a series of column
Chromatographie fractionation procedures. The binder for
3-methylcholanthrene also has a molecular weight identical to
that of the corticosteroid binder as determined by calibration
on Sephadex G-75 columns and by sedimentation velocity
experiments in the analytical ultracentrifuge. Furthermore,
isoelectrofocusing assigns to the homogeneous
3-methylcholanthrene binder a pH, of 8.65 to 8.83 which is
the same range as for the corticosteroid binder. Although
cortisol radioactivity does not remain bound after the
electrofocusing step, aligning with the behavior of Binder I,
the 3-methylcholanthrene binder after electrofocusing can be
shown to rebind corticosterone to form a complex which has
the anticipated molecular weight.

INTRODUCTION

It has been shown by a number of investigators (1-3,5, 7,
10, 12) that carcinogens interact with a variety of
macromolecules in target organs. However, little is known
about the interaction of these agents with specific proteins in
vivo except the h proteins described by Sorof et al. (15â€”18)
and the dimethylaminoazobenzene-binding protein isolated
by Ketterer et al. (7), and nothing is known about the
functions of specific protein-carcinogen complexes. In this
communication, the specific binding of 3-methylcholanthrene
in liver is described. We show that the macromolecule which
interacts with the majority of the hepatic
3-methylcholanthrene is identical to the corticosteroid-binding
protein I which we have already shown to bind to
administered dimethylaminoazobenzene (8). Although the
function of this protein is presently unknown, it could
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conceivably act in the metabolism of the carcinogen or in its
transport to a site of metabolism. It is hoped that these studies
will help to clarify the nature of the interaction of these
ligandswith macromolecules.

MATERIALS AND METHODS

3-Methylcholanthrene-6-14C (5.47 mCi/mmole),
cortisol-4-14C (51.8 mCi/mmole), and l,2-cortisol-3H (44

Ci/mmole) were obtained from New England Nuclear (Boston,
Mass.). Generally labeled 3-methylcholanthrene-3 H (500
mCi/mmole) was obtained from Amersham-Searle (Arlington
Heights, 111.). All of these compounds were
chromatographically homogeneous as shown by thin-layer
chromatography on silica gel (Brinkman Instruments Inc.,
Westbury, N. Y.): for the carcinogen in benzene:hexane, 1:1
(v/v), and benzene:hexane, 1:9 (v/v), and for the hormone in a
variety of other systems (14).

Male adrenalectomized rats (Charles River Breeding
Laboratories, Wilmington, Mass.) weighing 100 to 150 g were
given injections i.p., 7 days after surgery, of 50 to 85 Â¿(Ciof
14C-labeled carcinogen or 200 pCi of the tritiated carcinogen

in 1 ml of sesame oil, and the animals were sacrificed 13 hr
and 40 min later. For double label experiments, 100 Â¿iCiof
tritiated cortisol or 5 ÃŸCiof cortisol-14C were injected i.p. 13
hr after the injection of 3-methylcholanthrene, and the
animals were decapitated 40 min later. Liverswere perfused in
situ and homogenized, and cytosol fractions were prepared as
described earlier (4, 11). The procedures for measurement of
radioactivity also have been described (19).

RESULTS

As shown in Table 1, injection of 0.95 to 4.35 mg of
3-methylcholanthrene results in uptake of 0.61 to 0.77% of
the dose by liver,whether 14Cor 3H-labeled carcinogen is used.

The uptake of cortisol from 2.3 to 270 Â¿igof the injected dose
is 15.1 to 16.7%. Injection of 3-methylcholanthrene alone
gives similar results. These data are in agreement with previous
results on the uptake of the hormone (9) and the carcinogen
(2). The separation of radioactivity into that unbound and
that bound to macromolecules by molecular sieve
chromatography is shown in Chart 1. Ninety to 98% of the
3-methylcholanthrene radioactivity and 18 to 21.5% of the
cortisol radioactivity in cytosol was bound to macromolecules
(Table 1). After lyophilization, the pooled bound radioactivity
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Table 1
Uptake and binding of 3-methylcholanthrene and cortisol by rat liver in vivo

Rats were given injections of 3-methylcholanthrene i.p. in sesame oil. Thirteen hr later, they were given injections of
cortisol in 1 ml of 0.9% NaCl solution. They were sacrificed by decapitation 40 min later. Livers were perfused with 0.9%
NaCl solution in situ and homogenized as described earlier (4, 11). Cytosol was prepared as described (4, 11) and fractionated
on Sephadex G-25 columns (see Chart 1). Percentage of cytosol radioactivity bound is computed from: (radioactivity bound
to protein/total radioactivity eluted from column) X 100.

In Experiment 1, 3-methylcholanthrene-6-14C (5.47 mCi/mmole) and cortisol-l,2-3H (44 Ci/mmole) were used. In
Experiment 2, generally labeled 3-methylcholari"threne-3H (500 mCi/mmole) and cortisol-4-1 4C (51.8 mCi/mmole) were used.

DoseExperi

ment1

2Injected

compound3-Methylcholanthrene-e-1

4C
Cortisol- 1,2-3H
3-Methylcholanthrene-3 H,

generally labeled
Cortisol-4-14 Cdpmx

ios1.966.0

3.980.83Mass4.35

mg
2.3 Mg
0.95mg0.27

mg%

of dose
in liver

homogenate0.77

16.7
0.6115.1%

of homogenate
radioactivity

in cytosol23

53
3040%

of cytosol
radioactivity

bound89

21.5
9818

- -250POO

-â€¢150,000

IO 15 20 25 30 35

FRACTION NUMBER (8ml)

Chart 1. Separation of bound and unbound forms of radioactivity
from liver cytosol by chromatography on Sephadex G-25. Cytosol from
rats given injections of cortisol-3H and 3-methylcholanthrene-1 4C was
applied to a Sephadex G-25 column (3 x 40 cm) and eluted with water.
The bound pool (excluded portion) was concentrated and used for
further chromatography.

was purified by chromatography on DEAE3-Sephadex A-50

columns. As shown in Chart 2, radioactivity from
3-methylcholanthrene eluted in 2 double-labeled peaks
corresponding to corticosteroid Binders I, II, and minimally to
Binder III. Forty to 55% of the 3-methylcholanthrene
radioactivity in the chromatogram eluted with corticosteroid
Binder I; 20 to 35% eluted with Binder II, representing about
70 to 75% of the recovered radioactivity (recovery of
radioactivity in all column procedures was 65 to 76% except
for Sephadex G-25 which was 90 to 98%). The pool containing
Binder I was lyophilized and applied to a column of Cellex-P
(Chart 3). Coincidence of both labels is established at this
point. Elution is carried out with a 0 to 0.5 M KC1 gradient.
The purification is not obvious from the elution pattern since
50 to 60% of the applied protein remains on the resin long
after the binder has been eluted. After concentration, the pool
of bound radioactivity from the Cellex-P was
chromatographed on a Sephadex G-75 column (Chart 4). This
step removes the remaining contaminating protein.

'The abbreviation used is DEAE, diethylaminoethyl.

Rechromatography of the included radioactive peak (Chart 5)
results in a homogeneous peak showing that the corticosteroid
Binder I contains the bound carcinogen.

Several other criteria for the identity of the corticosteroid
binder and the 3-methylcholanthrene binder were examined.
First, the homogeneous peak from t-he final Sephadex G-75
chromatography was concentrated and subjected to
isoelectrofocusing (LKB Instruments, Inc., electrofocusing
system, 110-ml column). The major protein peak (pH, 8.65 to
8.83) is associated with the bulk of the 3-methylcholanthrene
radioactivity. Chart 6 shows typical results of
isoelectrofocusing experiment carried out for 53 hr. The
isoelectric pH of the 3-methylcholanthrene binder is very
similar to that reported for corticosteroid Binder I (11),
although identity cannot be proven by this experiment alone
since the radioactivity from cortisol does not survive

20 30 40

FRACTION NUMBER

50 60

Chart 2. Chromatography of protein-bound 3-methylcholanthrene
(3MQ and cortisol metabolites on DEAE-Sephadex A-50. The
lyophilized bound pool from Chart 1 was applied to a DEAE-Sephadex
A-50 column (2 x 40 cm) and eluted with a linear KC1gradient from 0
to 0.50 M (11). Aliquots (4 ml) were collected. Numbers in
parentheses, molarities at which the peaks of bound radioactivity
eluted; /, //, ///, and IV, positions of the corticosteroid- (metabolite-)
binding proteins in order of their elution.
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-2000

T i ooo

FRACTION NUMBER (35ml/fraction)

Chart 3. Chromatography of Binder l from DEAE-Sephadex A-50 on
Cellex-P. The lyophilized pool I from Chart 2 was chromatographed on
a column of Cellex-P (1.5 x 30 cm). A linear gradient of 0 to 0.50 M
KCl in 0.05 M Tris, pH 7.5, was used as the eluent. 3H, the
radioactivity derived from cortisol-3H; ' 4C, the radioactivity derived
from 3-methylcholanthrene-'4C.

10 20 25 30

FRACTION NUMBER (3ml/fraction)

Chart 4. Chromatography of Binder I from Cellex-P on Sephadex
G-75. The concentrated pool of partially purified binder from Cellex-P
was eluted from a Sephadex G-75 column (1.5 x 50 cm). 3H and ' 4C,
radioactivity derived from cortisol-3H and 3-methylcholanthrene-14C,

respectively.

1004-

0.15

0.10

-0.05

10

FRACTION NUMBER ( 3 ml/fraction)

Chart 5. Rechromatography of Binder I on Sephadex G-75 column.
The column (1.5 x 50 cm) was eluted with water. In this
normalization, 100% represents 4000 dpm of 3H per ml, 400 dpm of
14C per ml, and 0.150 absorbance at 280 mM/ml protein.

electrofocusing (11). However, when the purified
3-methylcholanthrene-binding protein from isoelectrofocusing
is incubated with corticosterone-1 4C for 90 min at 4Â°,it binds

the hoi mone avidly as shown by Chromatography on Sephadex
G-25 (S. Singer and G. Litwack, data not shown). The
hormone-steroid complex from the in vitro binding
experiment has an estimated molecular weight of 37,800 from
Chromatography on Sephadex G-75. This is in good agreement
with the molecular weight of the
3-methylcholanthrene-binding protein, 37,000 to 39,000, both
before and after isoelectrofocusing (Chart 7) and with the
molecular weight reported for the corticosteroid Binder I by
this method (11).

Furthermore, the homogeneous
3-methylcholanthrene-binding protein behaved as a single
component in sedimentation velocity experiments in the
analytical ultracentrifuge (Fig. 1). Its sedimentation

g radicaci

protein

30 40 50

FRACTIONNUMBER

Chart 6. Isoelectrofocusing of Binder I labeled with
3-methylcholanthrene-3H. Electrofocusing was carried out at 4Â°for 53

hr at 300 V and 0.5 ma. The peak tube had an absorbance of 1.2 at 280
ITIMand contained 3600 dpm of 3// per ml. The noimalized data are

plotted as of the maximum radioactivity or absorbance at 280 mju in
the peak tubes.

coefficient at 20Â° and 60,000 rpm was 3.14 at a protein

concentration of 6.2 mg/ml. When its molecular weight was
determined from diffusion data obtained with the
corticosteroid binder at the same protein concentration, it was
found to be 35,600 which is in good agreement with the
molecular weight of 36,598 determined for the corticosteroid
binder at this protein concentration (11).

Studies carried out to compare in vitro and in vivo binding
of 3-methylcholanthrene indicated that in vitro cytosol from 3
g of rat liver quantitatively bound up to 200 Â¿tCiof the
tritiated carcinogen (500 fzCi/mole). After Chromatography
on DEAE-Sephadex A-50, 70 to 80% of the radioactivity
bound to the 3-methylcholanthrene binder in vitro was
extractable into benzene and appeared to be unchanged
3-methylcholanthrene. The radioactivity bound to this protein
in vivo behaved quite differently. Twenty % was extractable
into benzene, and 20% was extractable into butanol. The
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Chart 7. Calibration curve showing the molecular weight of the basic
3-methylcholanthrene binder before or after isoelectrofpcusing, as
estimated on a Sephadex G-75 column (2.0 x 80 cm). Fractions of 2.5
ml were collected. RNase, pancreatic RNase; DNase, pancreatic DNase;
OVALB, ovalbumin; 3-MCB, the 3-methylcholanthrene binder.

remainder (60%) was in the protein residue left after butanol
extraction and so appears to be tightly bound. After
proteolysis with trypsin (2 mg) for 2 days at 4Â°about one-half

of this residual radioactivity is extractable in butanol and
benzene. The absence of tightly bound 3-methylcholanthrene
radioactivity in our in vitro experiments may be explained by
the results of Hey-Ferguson and Bresnick (6). These workers
found that 3-methylcholanthrene was not bound in vitro in a
fashion that was resistant to organic extraction and stable to
Sephadex G-100 chromatography unless it was preincubated
with pyridine nucleotide and a 9000 X g supernatant from rat
liver homogenate. Therefore, the tight, in vivo binding of the
ligand may require microsomal enzymes.

DISCUSSION

Corticosteroid Binder I (11) and the major
3-methylcholanthrene-binding protein of rat liver in vivo
appear identical by several criteria. The apparent identity of
this protein with the p-dimethylaminoazobenzene-binding
macromolecule (8) and with the aniÃ³nbinder Y (I. M. Arias,
personal communication) described by Arias and coworkers
(13), which shows a 40% immunochemical cross-reaction with
corticosteroid Binder I (I. M. Arias, personal communication)
suggests a broad specificity in ligands bound by this protein.
Because of the ability of this protein to bind corticosteroids
and their anions, certain carcinogens, bilirubin and other
anions, and an estradici metabolite (S. Singer, K. S. Morey,
and G. Litwack, unpublished experiments), we conclude that
this protein may play a key role in the concentration
mechanism for the various ligands in the liver cell. Whether
this binder, common for corticosteroids, their metabolites, and
certain carcinogens, is the site of interdependence of chemical
carcinogenesis and the functional adrenal gland remains a
question for future work.

Corticosteroid and 3-Methylcholanthrene Binding
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Fig. 1. Sedimentation velocity of purified 3-methylcholanthrene-binding protein. A double sector, filled Epon centerpiece was used. Direction
of sedimentation is from left to right. Photographs were taken at 16-min intervals; the photographs shown here were taken at 16 min (Â¡eft)and at
64 min (right), after attaining speed at 60,000 rpm. The protein concentration was 6.2 mg/ml, and the experiment was done at 20Â°.The value of

sio w m tn's experiment was determined with a Nikon microcomparator and was 3.14.
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