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Summary—The androgen receptor from rat submandibular gland was transformed by exposure to ATP
at 0°C. The transformed 4 S receptor converted to a higher molecular weight form in a low-salt glycerol
gradient centrifugation when ATP was removed from the sample. The sedimentation coefficient of the
converted receptor was similar in the absence or presence of 20 mM molybdate; 7.8 + 0.5 S without
molybdate and 7.6 + 0.3 S with molybdate. However, the receptor converting in the presence of molybdate
could markedly bind to DNA-cellulose, while an entity without molybdate could not. These results suggest
that molybdate directly interacts with the DNA-binding domain on the 4S androgen receptor and
prevents this domain from being concealed by conversion in low-salt conditions.

INTRODUCTION

Androgen—receptor complexes, as well as other
steroid—receptor complexes, are known to exist in at
least two states, one of which can bind to the nucleus
or DNA and the other can not. The conversion from
DNA-unbound state to DNA-bound state is called
transformation, occurring in vitro by brief heating
[1, 2], or exposure to salt [3, 4] or ATP [5]). The trans-
formed androgen receptor is distinguished from the
nontransformed receptor by a smaller molecular
weight and a weaker interaction with DEAE-cellulose
than the nontransformed receptor. However, the
molecular mechanism and the reversibility of trans-
formation have not been well established. Colvard
and Wilson[6] reported that the 8 S androgen recep-
tor from rat prostate Dunning tumor could be recon-
stituted from the 4.5S receptor and the 8S pro-
moting factor. Murayama et al. reported similar
resuits on estrogen receptor of cow uterus[7] and
progesterone receptor of hen oviduct [8]. On the other
hand, there is evidence that the transformation pro-
cess of steroid receptors is not reversible; pH-induced
transformation of the rat hepatic glucocorticoid re-
ceptor was irreversible[9], and transformation of
purified progesterone receptor from chick oviduct
could not be reversed by addition of molybdate [10].
It has been recently reported that a 7-8 S form of
glucocorticoid receptor from rat liver bound to
DNA-cellulose or soluble DNA as well as the 48
transformed  receptor[ll] and that 928
glucocorticoid—receptor complexes from mouse brain
also bound to DNA-cellulose after sucrose gradient

*To whom correspondence should be sent.

centrifugation [12). These reports suggest that a de-
crease of an apparent molecular weight is not neces-
sary for glucocorticoid receptor to bind to DNA. In
this report we describe the conversion of the trans-
formed 4S androgen receptor from rat sub-
mandibular gland and the significant effect of sodium
molybdate on DNA-binding ability of converted
receptors.

EXPERIMENTAL

Materials

[17a-Methyl-*H]trienolone (R1881, 87 Ci/mmol)
was purchased from New England Nuclear. ATP and
EDTA were obtained from Sigma. Dithiothreitol
(DTT) was obtained from Boehringer. Leupeptin was
a generous gift from Dr H. Umezawa. Calf thymus
double-strand DNA-cellulose was from Wako Pure
Chem. Co. (Japan). Sephadex G25, DEAE-Sephacel
and Sephacryl S300 were obtained from Pharmacia.
DEAE-cellulose (DE 52) was obtained from What-
man, and hydroxylapatite ‘'was from Seikagaku
Kogyo (Japan). All other reagents were of analytical
grade.

Buffers

The following buffers were used: buffer A, 50 mM
TrissHCl, 1 mM EDTA, | mM DTT, 0.5mM leu-
peptin and 10% (v/v) glycerol, pH 7.5: buffer B,
buffer A containing 20 mM sodium molybdate; buffer
C, 10mM Tris—-HC], 0.5mM DTT, 10 mM sodium
molybdate, pH7.5; buffer D, 10mM Tris—-HC],
1 mM EDTA, 1.5 mM 2-mercaptoethanol and 10%
(v/v) glycerol, pH 7.5. The pH was adjusted at 20°C.
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Animals and preparation of cytosol

Intact female Wistar rats, 8-10-weeks-old were
used in the experiments because the Jevel of androgen
receptor in the cytosol from submandibular gland is
higher in females than in males and the characteristics
of the receptor are similar in both sexes [13]. The rats
were killed by decapitation and submandibular
glands were excised, rinsed in ice-cold 0.9% NaCl.
All procedures were performed at 0-4°C. Tissues
were homogenized in 4 vol of buffer A or B, and
cytosol was obtained as a clear supernatant following
150,000 g centrifugation for 30 min.

Isotope labeling and treatments with ATP

Cytosol obtained following centrifugation was im-
mediately incubated with S nM [PH]R 1881 for 1.5 hin
the presence or absence of a 100-fold excess of cold
R1881. Labeled cytosol was divided into two por-
tions and one portion was added to the ATP stock
solution (0.173 M) to make a final concentration 10
or 20 mM, while another was kept without ATP.
These cytosols were further incubated for 3h, and
then treated with a pellet of an equal volume of
dextran-coated charcoal (DCC; 0.5% activated char-
coal and 0.05% dextran T 70) suspension prepared in
buffer A in order to avoid the dilution of cytosol. For
the minicolumn binding assay, labeled cytosols were
treated with a same volume of DCC suspension to
diminish the concentration of ATP. Following 10 min
incubation, the sample was centrifuged for Smin at
3000 rpm, as described previously [13]. DCC-treated
cytosol was subjected to the following experiments.

Sephadex G25 gel chromatography

In some experiments, DCC-treated cytosols con-
taining ATP were passed through Sephadex G25
columns (1 x 11 cm) equilibrated with either buffer A
or B to eliminate ATP.

Minicolumn binding assay

The minicolumn binding assay was carried out
according to the method of Holbrook er al[14] with
a slight modification to determine the proportion
of the transformed, nontransformed and mero recep-
tors as described previously [S]. 0.25ml each of
DNA-cellulose (0.4 mg DNA), DEAE-cellulose and
hydroxylapatite was packed separately in a 1ml
Pipetman tip. Three tips were directly connected
(DNA-cellulose at the top, DEAE-cellulose in the
middle, and hydroxylapatite on the bottom) and were
equilibrated in buffer C. Aliquots (100 /) of DCC-
treated cytosols or (200 ul) of cytosols passed
through Sephadex G25 were applied onto the top
column and washed with 3ml buffer C. Bound
radioactivity in each column was extracted with 1 mi
ethanol and counted with 32% efficiency as described
previously [15]. The specifically bound was obtained
from subtracting the nonspecifically bound (with cold
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R1881) from the total bound (without cold R1881)
retained on the columns.

Glycerol gradient centrifugation

Linear glycerol gradient (5ml) was prepared in
buffer A either with or without 10 mM ATP, or in
buffer B to make a final glycerol concentration
12.5-27.5% (v/v). Aliquots (200 ul) of the samples
were layered on the gradients and centrifuged at
190,000 g in a Hitachi 55T2 rotor for 22 h. Eight-drop
fractions (190 pl) were collected from the top with a
Hitachi DGF-U fractionater. In the experiments in
Fig. 3, 8-drop fractions were directly applied onto
hydroxylapatite columns, corresponding to the total
bound or DNA-cellulose columns containing 0.25 ml
of each resin. Columns were separately prepared in
I ml Pipetman tips, equilibrated and washed with
buffer C. Bound radioactivity was extracted with 1 ml
ethanol and counted. Sedimentation coefficients of
the receptor complexes were determined by the
following markers: horse y-globulin (7.0 S), bovine
serum albumin (4.6 S), and sperm whale myoglobin
2.08).

Sephacryl §300 gel chromatography

An aliquot (0.5 ml) of a DCC-treated cytosol was
analyzed by gel chromatography with a column of
Sephacryl 8300 (1 x 55 cm) equilibrated in buffer D
containing 10 mM sodium molybdate or 10 mM
ATP. The following standards were used to cali-
brate the apparent molecular weight: blue dextran,
horse y-globulin (160 KDalton), bovine hemo-
globin (64.5 KDalton), sperm whale myoglobin
(17 KDalton), and vitamin B, (1.4 KDalton).

DEAE-Sephacel chromatography

An aliquot (0.5 ml) of DCC-treated cytosol or an
aliquot (1 ml) of the ATP-treated cytosol passed
through Sephadex G25 was applied on columns
(0.9 x 3 cm) of DEAE-Sephacel equilibrated in buffer
C. The column was washed with 25 mi of buffer C
and the adsorbed receptors were eluted with a 50 ml
linear gradient from 0 to 0.4 M KCl in buffer C,

Other methods

The ATP stock solution was adjusted at pH 7.5
with Tris and the concentration was determined with
ultraviolet absorption using £, == 1.54 x 10* Protein
concentration was measured by the method of Lowry
et al.[16] using bovine serum albumin as the reference
standard.

RESULTS

The cytosol prepared from female rat sub-
mandibular gland was labeled with ["H]R1881 and
analyzed by glycerol gradient centrifugation contain-
ing molybdate or ATP. As reported earlier on pro-
gesterone receptor [17], glucocorticoid receptor [18],
and androgen receptor |5], ["HJR1881-receptor com-
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Fig. 1. Glycerol gradient centrifugation of androgen recep-

tor in the absence or presence of ATP. Two hundred ul of

labeled cytosols were analyzed on 12.5-27.5% (v/v) glycerol

gradients in buffer A containing 10 mM ATP (@) or in

buffer B (Q). Centrifugation was performed at 190,000 g for

22 h at 2°C. Horse y-globulin (G), bovine serum albumin
(B), sperm whale myoglobin (M).

plexes sedimented at 8 S with 20 mM molybdate and
at 4S with 10mM ATP (Fig. 1). The efficiency of
transformation was measured by the minicolumn
binding assay [14]. Table 1 represents a proportion of
receptor complexes bound to DNA-cellulose, DEAE-
cellulose or hydroxylapatite, corresponding to the
transformed, nontransformed or mero receptor, re-
spectively. Both 10 and 20 mM of ATP enhanced the
DNA-cellulose binding from 6% to approx 40-50%
within 3h at 0°C. The similar degree of DNA-
cellulose binding (ca. 50%) remained up to 27 h (data
not shown). The complete transformation of the
androgen receptor from submandibular gland was
not obtained under these incubation conditions with
either 10 or 20 mM ATP at 0°C, although most of
[*H]R1881-receptor complexes sedimented at 4S5
even in 10mM ATP as in Fig. 1.
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When ATP was removed from the samples after
3 h incubation by Sephadex G25 gel chromatography
equilibrated in the buffer without molybdate (buffer
A), the DNA-cellulose binding markedly reduced to
the similar extent of the nontreated cytosol (Table 1).
On the contrary, the samples chromatographed with
the buffer containing molybdate (buffer B) retained
DNA-cellulose binding ability. In general, molybdate
prevents the transformation of steroid receptors in-
duced by gel chromatography as well as by exposure
with high salt or high temperature[19,20]. It is
interesting to note that molybdate appears to affect
in an opposite manner on the transformed 4 S an-
drogen receptor passed through Sephadex G25; the
transformed androgen receptor could bind to DNA-
cellulose even after being chromatographed with the
buffer containing molybdate, while the entity chro-
matographed without molybdate could not. These
findings suggested that the once transformed 48
androgen receptor converted to another form which
was induced by the removal of ATP by Sephadex
G25 gel chromatography. Then, ATP-treated cyto-
sols were further examined with an ATP-lacking
glycerol gradient following Sephadex G25 chro-
matography.

In contrast to the result in Fig. 1, androgen—
receptor complexes sedimented at 7.6 S on the low-
salt gradient in the absence of ATP (Fig. 2). The
peak completely disappeared on a glycerol gradient
after DNA-cellulose adsorption and a small peak
was occasionally observed at 8.0 S, which might be
the nontransformed receptor. [*H]R1881-receptor
complexes also sedimented at approx 7.6S when
ATP-treated cytosol was simply loaded on low-salt
gradients without Sephadex G25 gel chromatography
(Fig. 3). In these experiments ATP should be separ-
ated from androgen receptor during the centri-
fugation. Therefore, it was considered that a 4 S form
of androgen receptor converted to a 7.6 S form in
low-salt conditions, caused by the elimination of
ATP.

The sedimentation coefficient of the converted
receptor was similar in the absence and presence of

Table 1. Minicolumn binding assay of ATP-treated androgen receptor from rat submandibular gland

Per cent of the total specifically bound

Treatments Experiment DNA DEAE HAP
None 1-3 6.3* 89.0* 4.7%
ATP (20 mM) 4 52.3 40.8 6.9
(20 mM) 5 40.7 57.0 2.3
(10 mM) 6 53.4 41.4 5.2
ATP (20 mM) + G25( — MoO;} ") 4 34 87.5 9.1
ATP (20 mM) + G25( + MoO3% ™) 1-3 43.5* 51.5* 5.1*
5 50.3 47.1 2.6

Labeled cytosol was incubated with 10 or 20 mM ATP or without ATP. After 3 h incubation, a part of
the sample was treated with a same volume of DCC suspension and an aliquot (100 ul) was applied
onto a minicolumn. A residual part (1 ml) of labeled cytosol incubated with 20 mM ATP was treated
with a pellet of a same volume of DCC suspension, and an aliquot (0.6 ml) was passed through a
Sephadex G25 column equilibrated in the absence (Experiment 4, using buffer A) or presence of
molybdate (Experiments 1-3 and 5, using buffer B). An aliquot (200 u) of the eluent in void volume
was immediately applied onto a minicolumn. Results were expressed as per cent of the total specifically
bound which was a summation of the specifically bound by DNA-cellulose, DEAE-cellulose and
hydroxylapatite (HAP). Protein concentration of the cytosol and eluent from Sephadex G25 was
12-14 mg/ml and 3-4 mg/ml, respectively. *The results are the mean of three different experiments.
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Fig. 2. Glycerol gradient centrifugation of the transformed
androgen receptor after DNA-cellulose adsorption. La-
belled cytosol in buffer A incubated with 10 mM ATP for
3h was treated with a DCC pellet and passed through a
Sephadex G25 column equilibrated in buffer B. A half of the
eluent was kept alone (O) and another was incubated with
DNA-cellulose resin (0.25 ml) for 20 min, then the super-
natant was obtained by brief centrifugation (@). Aliquots
(200 u1) of these samples were layered on the gradient in
buffer B.

20mM molybdate; 7.8+ 0.5S (n =10) without
molybdate, and 7.6 +0.3S (#n = 6) with molybdate.
However, the dramatic difference in the ability of
DNA-cellulose binding was observed on the con-
verted receptors. The receptor converting in the
absence of molybdate could not bind to DNA-
cellulose (Fig. 3a), while an entity with molybdate
could bind to DNA-cellulose (Fig. 3b), consistent
with the results in Table 1. These findings seemed not
to be specific for transformation induced with ATP,
because [*H]JR1881-receptor complexes in the cyto-
sol, briefly heated (25°C for 20 min) or treated with
04M KCl, also sedimented around 7.6S on the
low-salt gradient prepared in buffer A or B at 2°C,
although they sedimented at 4-4.3S in the gradient
containing 0.4 M KCl (data not shown).

As shown in Fig. 4, the apparent molecular weight
of the nontransformed and transformed receptor was
220 KDalton and 80-85 KDalton, respectively. When
ATP-treated cytosol was filtrated into a Sephacryl
S300 column equilibrated in buffer B, the peak eluted
between the nontransformed and transformed recep-
tor with an apparent mol. wt of 140 KDalton. The
converted receptor in the presence of molybdate
appears to be slightly smaller than the non-
transformed receptor as observed by both sedimen-
tation analysis and gel chromatography.

The elution profiles on DEAE-Sephacel chro-
matography are illustrated in Fig. 5. ATP treated
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Fig. 3. DNA-cellulose binding ability of the androgen
receptor converting on low-salt gradients in the absence or
presence of molybdate. Labeled cytosol in buffer A was
incubated with 20 mM ATP for 3 h and treated with a DCC
pellet. Aliquots (200 1) of ATP-treated cytosols, which had
been omitted gel chromatography on Sephadex G253, were
simply layered on glycerol gradients prepared in buffer A (a:
lacking molybdate) or buffer B (b: containing molybdate).
Eight-drop fractions were directly applied onto hydroxy-
lapatite columns, corresponding to the total bound (O) or
DNA-cellulose columns (@). The columns were washed
with 3 mi buffer C and bound radioactivity was eluted with
1 mi ethanol and counted.

cytosol was directly applied to a DEAE-Sephacel
column or applied to the column following Sephadex
G25 column chromatography. The peaks of the
specific binding eluted at 0.06-0.08 M KCl in both
experiments. On the other hand, the nontransformed
receptor eluted at 0.25-0.26 M KCl. Therefore, it was
considered that the binding affinity between com-
ponents in the converted recepter was relatively so
weak that it caused dissociation from a 7.6 S form to
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Fig. 4. Sephacry! S300 gel chromatography of the androgen
receptor. Following DCC treatment, labeled cytosol pre-
pared in buffer B (0.5 ml) was chromatographed on Sep-
hacryl S300 equilibrated in buffer D containing 10 mM
molybdate (Q). Labeled cytosol prepared in buffer A was
incubated with 10 mM ATP for 3 h and treated with a DCC
pellet. Then aliquots (0.5 ml) were loaded on a column in
buffer D containing 10 mM molybdate (A) or buffer D
containing 10 mM ATP (@). Twenty-drop fractions (1.1 ml)
were collected and the radioactivity was counted. Blue
dextran (D), horse y-globulin (G), sperm whale myoglobin
(M), vitamin B, (V).

a 48 form during DEAE-Sephacel chromatography
even in the presence of molybdate. It is less likely that
the converted receptor has similar electrostatic prop-
erties with the transformed receptor.

DISCUSSION

Exposure of the cytosol from rat submandibular
gland to ATP induced transformation of androgen
receptor at 0°C. When the efficiency of trans-
formation was measured by the minicolumn binding
assay, the DNA-cellulose binding was approx 50% of
the total androgen receptor within 3h and further
increase in the DNA-binding did not occur even in
the prolonged incubation up to 27 h. On the other
hand, most of androgen receptor appeared to be
transformed on the glycerol gradient containing
10mM ATP. We do not know the reason for these
differences. However, the separation of the 4 S recep-
tor from some associating factors might occur during
glycerol gradient centrifugation, and then, most of
the androgen receptors in the cytosol might become
transformed under centrifugation conditions.

The conversion from the transformed 4 S androgen
receptor from rat submandibular gland to a 7.6-7.8 S
form was observed in low-salt conditions caused by
elimination of ATP. The molecular size of the con-
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Fig. 5. DEAE-Sephacel chromatography of the androgen
receptor. Following DCC treatment, an aliquot (0.5 ml) of
labeled cytosol prepared in buffer B (O) was applied on a
DEAE-Sephacel column equilibrated in buffer C. Labeled
cytosol in buffer A incubated with 10 mM ATP for 3 h was
treated with a DCC pellet. An aliquot (0.5 ml) of ATP-
treated samples was directly applied (@) or an aliquot (1 ml)
of the eluent from a Sephadex G25 column equilibrated in
buffer B was applied (A) on a DEAE-Sephacel column
equilibrated in buffer C. Twenty-drop fractions (1.1 ml)
were collected and 0.5 ml of each fraction was counted.

verted receptor was slightly smaller than the non-
transformed receptor, and the elution profile on the
DEAE-Sephacel chromatography was clearly dis-
tinguished from the nontransformed receptor. The
failure of complete reassociation from a 4 S form to
the nontransformed state may be due to the loss of
some factors associating with the nontransformed
receptor or the irregular reassociation of the com-
ponents. Colvard and Wilson [6] reported that rat
submandibular glands as well as other target tissues
contained the 8 S promoting factor, which recon-
stituted the 8 S androgen receptor from the 4 S form.
The conversion of androgen receptor from rat sub-
mandibular gland after removal of ATP may be
caused by the binding of 8 S promoting factor to the
4 S receptor. Recently, Rowley et al.[21] reported that
a 448 androgen receptor from Dunning prostatic
tumor reaggregated to a 7-8 S form which bound to
DNA-cellulose when KCl was removed. Our findings
also indicated that the conversion from a 4 S form to
a 7.6-7.8 S form required the withdrawal of trans-
formation inducing materials (KC! or ATP) or condi-
tions (high temperature).

We also examined the reversibility of the trans-
formation in low-salt conditions with androgen
receptors from rat prostate and thymus and gluco-
corticoid receptor from rat liver and thymus. The
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conversion from a 4S form to a 6S form was
observed with androgen receptors from both tissues,
although the sedimentation coefficient of the con-
verted form was smaller than that of androgen recep-
tor from submandibular gland (data not shown).
However, we have not succeeded in clearly demon-
strating the conversion of the glucocorticoid receptor.
The sedimentation coefficient of glucocorticoid recep-
tor from rat liver and rat thymus was slightly changed
from 4.5S in the presence of ATP to 5.1S in the
absence of ATP (data not shown). Recently, Reker et
al.[22] reported the existence of 5.2 S, oligomeric
glucocorticoid receptor as the second transformed
species from mouse AtT-20 cells.

The transition metals which include Mo, V and W
are known to form weak covalent coordination com-
plexes with a radical such as SH, NH, or OH [23],
and they stabilize the 8 S receptors and inhibit trans-
formation caused by high salt, temperature or dilu-
tion [19, 20]. Moreover, Weisz e? al.[24] reported that
molybdate directly interacted with the glucocorticoid
receptor from rat liver and induced an apparent
dimerization. In this study, we examined the effect of
molybdate on the conversion of the 4S androgen
receptor. When ATP was eliminated from cytosol
samples in the absence of molybdate, the converted
receptor did not bind to DNA-cellulose. Contrarily,
the converted receptor could bind to DNA-cellulose
following withdrawal of ATP in the presence of
molybdate, despite the sedimentation coefficients of
the converted receptors were similar in both condi-
tions (Table 1 and Fig. 3). These findings suggest that
molybdate may interact with the 4 S androgen recep-
tor, probably with the DNA-binding domain, then
prevent this domain from being concealed during the
conversion in low-salt conditions. There is evidence
that lysine [25], arginine [26] and sulfhydryl groups
[27] associate with DNA-binding domain. These reac-
tive groups might play an important role in the
interaction with molybdate.
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