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SUMMARY

Using techniques of in vitro incubation it was found that the Wistar rat adrenal has the capacity
to synthesise testosterone from added radioactive precursors and endogenous precursors.

With [*CJ-progesterone as added precursor the formation of labelled testosterone was demonstrated
by methods including chromatography in various systems, the formation of derivatives and isotope
dilution. In 2 h incubations of female glands the yield of labelled testosterone was 0.01-0.04%, of the
added precursor, i.e. about 19, of that of corticosterone.

From endogenous precursors. testosterone production was measured by RIA. Confirmation of the
values was obtained by cross checking with values obtained with the samples in another laboratory
(using RIA with a different antiserum), and by comparison with a gl.c. method based on the dihepto-
fluorobutyrate derivative with electron capture detection.

The capacity of the female gland to produce testosterone was approximately twice that of the male
{per mg tissue), and yields were approximately 1% of those of total corticosteroids as measured by
CPB. Addition of FSH or LH to the incubation media in varying concentrations up to 0.6 and 0.4 ug/ml
respectively had no sustained effect on testosterone output, whereas ACTH (0.2 pg/mi) tripled the output

from female glands. Corticosteroid output was stimulated by all three tropic hormones similarly.
The results offer an explanation for reports in the literature showing the partial dependence of
circulating testosterone levels on the presence of the adrenal and the variation of corticosteroid output

with the stage of the oestrous cycle in rats.

INTRODUCTION

It has long been accepted that the mammalian
adrenal cortex is a source of androgens as well as
corticosteroids. In the human adrenal for example.
dehydroepiandrosterone (DHA) is a prominent secre-
tory product especially as the sulphate{1], and in
the human female, androstenedione secretion by the
adrenal cortex may contribute significantly through
peripheral conversion to the total pool of circulating
testosterone [ 2] and oestrogens [3]. Other Cyy ster-
oids which may be secreted by the adrenal cortex
in man and other species include 11p-hydroxyandros-
tenedione and, in lower yields than the others, testos-
terone [4-7].

Secretion of androgens by the rat adrenal cortex
has received little direct study. This may have
occurred because most reports state that 1 7a-hydroxy-
lation was not detected when using rat adrenal prep-
arations [8,97 and this process is normally regarded
as essential in androgen biosynthesis [10]. However,
strong circumstantial evidence for androgen produc-
tion by the rat adrenal cortex stems from the studies
of Kniewald er al [11]. They found that circulating
plasma levels of testosterone were elevated in the
period immediately after castration and only later de-

creased to the very low values normally found. On
the other hand, circulating testosterone levels were
reduced rapidly after adrenalectomy. These findings
suggest either that the adrenal cortex secretes testos-
terone directly or possibly that there may be some
interaction between adrenals and testis in testosterone
formation.

Studies on the production of testosterone by rat
adrenal tissue from radioactive precursors have
yielded conflicting evidence. In some experiments, no
formation of C;, steroids was obtained from choles-
terol. pregnenolone or 17x-hydroxyprogesterone [12]
whereas in others, transformations of pregnenolone
into dehydroepiandrosterone. androsterone, testoster-
one and 11f-hydroxyandrostenedione was reported
[13,14]}.

This paper re-examines the capacity of the rat
adrenal gland to secrete testosterone in ritro, and the
effect of trophic hormones on testosterone and corti-
costeroid production.

MATERIALS AND METHODS

Incubations. White Wistar rats (200-250 g body wt)
were killed by cervical dislocation and the adrenals
quickly removed, cleaned and stored on ice until
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required for incubation. which invariably followed
within 1h. Three serics of incubations were per-
formed.

Experiment 1. Conrversion of ["*Cl-progesterone.
Ten pairs of femalc rat adrenals were minced and
incubated in 10 ml Krebs bicarbonate Ringer contain-
ing [4-1*CJ-progesterone (1 p#Ciz S.A. 193 1Cifmg) for
2h at 37 C. Incubation medium and tissue were then
exhaustively extracted with cthyl acetate and the
products were fractionated in the systems of chroma-
tography previously described [15]. Further pro-
cedures with this material arc given in Results.

Experiment 2. Production of stereids from endo-
genous precursors and the effects of trophic hormones.
Individual pairs of adrenals were incubated in Sml
Krebs bicarbonate Ringer (containing 0.33M Ca®')
for 30 min at 37 C. At the end of this period the incu-
bation medium was discarded and fresh medium
added, with trophic hormones when appropriate (see
below). Incubation then procceded for a further 2h.
Tissue and medium were then homogenised and in
some experiments samples were taken for the estima-
tion of protein[16]. Steroids were exhaustively
extracted with ethyl acetate and appropriate aliquots
taken for assay.

Experiment 2a. Adrenals from six male rats, six
control female rats and three groups of six female
rats with addition to cach 5ml incubation medium
of either 0.4 ug LH. 2 ug FSH. or 1 ug ACTH werc
incubated as described above.

Experiment 2b. Adrenals from female rats were in-
cubated with varying doses of LH (0. 0.1, 0.2, 0.5 and
2ug/Smly and FSH (00 0.1 02, 050 20 and
3.0 pg/5 ml) (six incubations per dose).

Experiment 3. Interaction of adrenal and testis iis-
sue. Interstitial tissue was prepared from rat testes
by microdisscction [17]. Six 10 mg batches were sep-
arately incubated in Sml Krebs bicarbonate Ringer
for 2h at 37 C. In another series of incubations six
pairs of adrenal glands from the same animals were
incubated separately and in a third series the two
tissue types were incubated together. Steroids were
extracted at the end of the incubation period with
ethyl acetate.

Stervid assay. A competitive protein binding assay
based on dog plasma transcortin was used to give
an index of total corticosteroid output [18]. In one
set of experiments (Experiment 2a) a radioimmunoas-
say, based on an antiserum raised to the 3-carboxy-
methoxime derivative of corticosterone. was used to
test the validity of the competitive protein binding
assay. The antiserum was generously donated by Drs.
V. Martin and C. W. Edwards and is described by
Gross et al. [34]. Tt shows cross reactivity with deoxy-
corticosterone (24°;) but no significant reactivity with
other steroids likely to be produced by rat adrenals.
The antiserum was used at a concentration of 1:6000
and was equilibrated with the extracts and standards
overnight at 4 C. Separation of frce and bound ster-
oid was performed on Sephadex minicolumns [18].
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For testosterone a radioimmunoassay based on an
antiserum raised to the 3-carboxymethoxime deriva-
tive of ftestosterone was used us previously de-
scribed [18]. The antiserum was gencrously donated
by Dr. D. Exley. It has properties exactly similar to
other testosterone-3-carboxy-methoxime derived anti-
sera {357 and has negligible cross reactivity with a
wide variety of C,,. C;4 and Cy steroids, except for
a 20%, reaction with Sx-dihydrotestosterone. To pro-
vide verification of the results, duplicate samples of
the extracts from Experiment 3 were estimated in the
laboratory of Dr. W. P. Collins using an antiserum
raised to the carboxyethyl thiocther derivative of
lz-hydroxytestosteronc. which was characterised by
the usual methodology [36], and gives negligible cross
reactivity with a wide variety of other stereids. with
the exception of Sz-dihydrotestosterone {10 157
cross-reactivity). In addition, total extracts in Exper-
iment 1 were treated with heptafluorobutyric anhy-
dride in acetone [19] and samples were subjected to
glc. using a Packard chromatograph (model 7839).
The glass columns used were 2 ft long with a packing
of 0.3% XE-60 on Gas Chrom. Q. Chromatograms
were run at a temperature of 210 C. Peaks corre-
sponding to testosterone diheptafluorobutyrate were
measured and augmented without loss of symmetry
by the addition of authentic material.

RESULTS

Formation of radioactive steroids (Experiment 1). In
extracts of samples incubated with [4-!*C]-progester-
one. material corresponding to testosterone on paper
chromatography in the systems toluene: 70%, meth-
anol and light petroleum (B.P. 60-80 ): 75, methanol
was acetylated with acetic anhydride and pyridine,
and rechromatographed in the light petroleum: 757,
methanol system. It was then eluted, hydrolysed with
NaQH, oxidised with terr. butyl chromate, and rech-
romatographed in the same system. Authentic
[*Hl-androstenedione was added to the material cor-
responding to androstenedione. and the mixture rech-
romatographed in thin layer silica gel films (Eastman
chromagram) in the systems light petroleum-ben-
zene—~ethylacetate (1:1:4 by vol): chloroform-meth-
anol (97:3 v/v) and toluene-methanol (96:4 v/v). Suc-
cessive *H/'C values were 28.3. 30.1 and 26.0, which
{in view of the low yields obtained) were regarded
as being sufficiently close to indicate homogeneity of
the biosynthetic and authentic materials. Corticoster-
one was isolated as previously described [20] and
both products were estimated after chromatography
as the acetates.

Yields of testosterone were approximately
0.01-0.04%, of the added ['*C]-progesterone precur-
sor, compared with [-4%, yields for corticosterone.

Formation of testosterone from endogenous precur-
sors {Experiments 2a-b). Using samples of incuba-
tions of female adrenals {controls and stimulated by
ACTH and gonadotrophin). values obtained by the
competitive protein binding for corticosteroids show
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Fig. 1. Production of corticosteroid by rat adrenal tissue
incubated in vitro for 2h (1 pair glands/5 ml Ringer/flask).
Values expressed as ng corticosteroid produced/mg pro-
tein, are means of 6 incubations + S.E. Experiments with
additions of trophic hormones were performed with female
tissue only and the additions were either 1 ug ACTH,
0.5 ug LH or 2 pg FSH/flask. Comparison of ACTH addi-
tion with female controls, P < 0.02; comparison of FSH
addition with female controls, P < 0.001.

satisfactory correlation (r = 0.7) with the radioim-
munoassay for corticosterone although the CPB data
were systematically higher than the RIA data by a
factor of at least 1.5. This may be anticipated in view
of the affinity of transcortin for many types of corti-
costeroid.

Values for testosterone obtained by use of the rou-
tine radioimmunoassay gave a good correlation with
values obtained by Dr. W. P. Collins (r = 0.93; slope
0.95). Simtlarly, values obtained from the peak heights
in the gl.c. procedures gave a correlation coefficient
of 0.7 with the RIA (the loss of correspondence here
when compared with the RTA is almost certainly due
to the lower accuracy of the gl.c. method in which
internal standards were not routinely used).

Both male and female adrenals produced testoster-
one from endogenous precursors (Fig. 2). In these ex-
periments it should however be noted that the female
glands had a greater capacity to produce testosterone
than the male. When expressed per mg protein, the
female capacity was approximately twice that of the
male (570 pg/mg vs 210 pg/mg). It should also be
borne in mind that the female gland is at least 259
larger than the male, hence the overall capacity of
the female adrenal to produce testosterone in vitro
was greater still.
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Fig. 2. Production of testosterone by rat adrenal tissue.

Conditions as for Fig. 1. Values, expressed as pg testoster-

one produced/mg protein, are means of 6 incuba-

tions + S.E. Comparison of male and female, P < 0.05;

comparison of ACTH addition with female controls,
P <002
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Fig. 3. Production of corticosteroid by female rat adrenal
tissue. Conditions as for Fig. 1. Additions were 0.1, 0.2
or 0.5 ug LH/flask. Values expressed as total corticosteroid
produced/incubation, are means of 6 incubations + S.E.
Comparison of maximum stimulation with controls,

P < 0.001.

Effects of stimulation. From Fig. 1 (Experiment 2a)
it can be seen that when expressed per mg protein
the production of corticosteroid (measured by CPB)
by male and female adrenals is similar. When
0.1 ug/ml LH or 0.4 ug/ml FSH or 0.2 ug/ml ACTH
was added to female tissue similar stimulation of cor-
ticosteroid production was observed. (Although the
mean values between control and LH stimulated in-
cubations appear different, these differences are in this
case not statistically significant, but see Fig. 3). In
contrast, no effect of the gonadotrophins was seen
on testosterone production (Fig. 2) which was greatly
stimulated by ACTH.

Maximal output of corticosteroid production was
obtained under gonadotrophin stimulation with addi-
tions of about 0.2 ug LH (Fig. 3) and 2 ug FSH (Fig.
4) (Experiment 2b). In contrast no sustained stimu-
lation of testosterone was found with either gonado-
trophin at any concentration (Figs. 5 and 6).
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Fig. 4. Production of corticosteroid by female rat adrenal

tissue. Conditions as for Fig. 1. Additions were 0.1, 0.2,

0.5, 2.0 or 3.0 pug FSH/flask. Values, expressed as total cor-

ticosteroid produced/incubation, are means of 6 incuba-

tions + S.E. Comparison of maximum stimulation with
controls, P < 0.01.
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Fig. 5. Production of testosterone by female rat adrenal
tissue, Conditions as for Figure 1. Additions were 0.1, 0.2,
0.5 or 2 ug LH/flask, Values. expressed as total testosterone
produced/incubation, are means of 6 incubations + S.E.

Mixed tissue incubations. (Experiment 3). In Fig. 7
it can be seen that the incubation of adrenal tissue
and interstitial testis tissue together gave no increases
in testosterone production beyond that expected by
the addition of the products of the two tissues incu-
bated separately.

DISCUSSION

It now seems clear that the rat adrenal cortex, like
those of other mammalian species, has the capacity
to synthesise and secrete testosteronc in vitro. The
results reported here not only show the formation
of testosterone from radioactive progestcrone but also
its secretion under different conditions of stimulation
from endogenous precursors. This confirms and
extends the results of other workers [13, 14,21} who
have demonstrated the production of androgens from
radioactive pregnenolone by rat and also mouse
adrenal tissue, The pathway for formation of testos-
terone has not been studied and requires investigation
but the yields of testosterone relative to other steroids
are so small as to make this difficult. However the
formation of androgens presumably proceeds via
1 72-hydroxylation and it has been suggested this pro-
cess may be increased when the [1f-hydroxylase sys-
tem is inhibited [22]. which may prove a useful exper-
imental approach.
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Fig. 6. Production of testosterone by female rat adrenal

tissue. Conditions as for Fig. {. Additions were 0.1. 0.2,

0.5, 2.0 and 3.0 xg FSH/fHask. Values, expressed as total

testosterone  produced/incubation. are means of 6
incubations + S.E,
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Fig. 7. Production of testosterone by rat testis interstitium

(10 mg tissue/flask) and rat adrenal tissue (1 pair glands,

flask) incubated in diro for 2h both separately and

together. Values, expressed as total testosterone produced!

incubation. are means of 6 incubations + S.E. Arrow indi-

cates the sum of the amounts of testosterone produced
by the individual tissues incubated separately.

Effects of ACTH. The fuct that testosterone pro-
duction is stimulated by the addition of ACTH 1o
the incubation medium is in agreement with the
studies of other authors on the production of adrenal
androgens in other species. In man for example,
ACTH increased DHA and DHAS secretion [23-25]
in vivo and in ritro [26]. Higher concentrations of
androstenedione and testosteronc {and oestrogen)
were found in human adrenal vein blood than in cir-
culating plasma [6] and these too were increased by
ACTH administration. On the other hand, decreused
levels of circulating testosterone after ACTH treat-
ment has been shown in man [27. 287 and the guinca-
pig [29]. 1t is possible that peripheral conversions of
the androgens may complicate the issue here. How-
ever, in one marsupial species. Trichosurus rulpecula,
ACTH administration caused a decline in circulating
androgen which in this case was consistent with
changes in vitro [18]. In another, Didelphis virginiana,
ACTH was without effect either on circulating
androgens or on androgen production in virro [307.

It is thereforc possible that species variation may
account for some of these anomalies {see below).

The relative lack of effect of ACTH on corticoster-
oid production in thesc cxperiments is somewhat un-
expected in view of the literature on ACTH effects
in vitro. Studies in progress suggest this arises from
the naturc of the methodology (currently many
authors use either superfusion or cell suspension
techniques which can modify the response) and the
precise source of the tissue (Vinson. unpublished
ohservations).

Effects of gonadotrophins. The stimulation of corti-
costeroid output by both LH and FSH in these exper-
iments is unexpected. While evidence based on mor-
phological and histological studies has in the past
suggested the possibility of such an effect [31,32]. di-
rect evidence has been lacking. The phenomenon
offers an explanation for the increases in corticoster-
oid secretion seen in prooestrous rats [33]. In exper-
iments with Didelphis rirginiana. stimulation of corti-
costeroid production by the addition of LH in vitro
has already been reported [30]. The lack of effect of
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the gonadotrophins on testosterone production by rat
adrenals is consistent with the general body of litera-
ture which cites ACTH as the main controlling agent
for adrenal androgen secretion {see above). However,
other authors report that gonadotrophins stimulate
androgen formation in human adrenal tissue [26] and
in two marsupial species PMS or HCG treatment
stimulated testosterone production [18,30]. In view
of the differences between these species and the rat
with regard to stimulation of testosterone formation
by both ACTH (see above) and gonadotrophins, it
appears that there may be wide species variation in
the control mechanisms.

Finally it appears that there is no indication that
the adrenal and testis interact in any way in the pro-
duction of testosterone in vitro (see Fig. 7). An inter-
pretation of the findings of Kniewald et al. [11] could
therefore be that after castration, testosterone is pro-
duced by the adrenal during the period of post-surgi-
cal trauma.
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SUMMARY

A method has been developed for a rapid determination of estradiol receptor binding to nuclei and
chromatin based on precipitation with CaCl, and sedimentation through concentrated sucrose. The
method is applied to hen oviduct nuclei and chromatin. Both types of material show optimal binding
at 0.15M NaCl at 25°C. The extent of binding increases linearly with increasing concentration of
radioactive cytosol indicating the absence of detectable high affinity binding sites. A linear concentration
curve is observed also with chromatin from chicks with very low levels of endogenous estradiol.

Receptor binding sites on chromatin are characterized using DNA binding substances. Intercalating
and minor groove reagents inhibit binding 10-309; respectively. The mode of action of these compounds
suggests that both hydrophilic and hydrophobic bonds are involved in the binding of estradiol receptor
to chromatin. Non-ionic detergents are potent inhibitors of receptor binding. Some 60% of bound
receptors may be removed with Triton X-100, further implicating hydrophobic binding.

INTRODUCTION

The nuclear binding sites of steroid hormones have
been an object of studies attempting to establish the
mechanism of action of steroid hormones (for review,
see [1,2]). Yet the intranuclear sites of steroid hor-
mone action remain unestablished. The recent reports
on the non-saturable binding of steroid receptors into
nuclei[3] and on the massive low affinity binding of
estradiol receptors into any kind of double stranded
DNAT4, 5] are particularly puzziing and certainly
obscure efforts to find high affinity binding sites. This
is further complicated by the high aggregation tend-
ency of the receptors(4, 6].

In the present study a method is worked out to
investigate the binding of estradiol receptors to nuclei
and chromatin. Artifacts caused by receptor aggrega-
tion are minimized in this procedure without sacrific-
ing simplicity. The method is applied to show that
hen oviduct nuclei and chromatin differ only slightly
in their receptor binding and display no high affinity
binding. The binding reaction is further characterized
using detergents and chemicals reacting with DNA.
Evidence 1s presented implicating the presence of mul-
tiple acceptor sites on chromatin.

MATERIALS AND METHODS

Preparation of cytosol and chromatin. Laying hens
were killed by decapitation. The oviduct was removed
and washed in ice-cold saline. The ligaments were
removed and the tissue cut in small pieces with scis-
sors. It was suspended in about 1.5vol. of buffer
TEGN containing 10mM Tris-sHCI, | mM Na,
EDTA, 10%, glycerol, 0.15M NaCl and 1 mM 2-mer-
captoethanol, pH 8.1[4] and homogenized with 20

strokes of a loosely fitting Teflon—glass homogenizer.
The suspension was centrifuged at 700 ¢ for 10 min.
The supernatant was the source of cytosol which was
prepared by centrifugation at 140,000 ¢ for 45 min.
The 700 g pellet was the source of chromatin.

Oviduct cytosol was charged with 1.2 x 107 8M
[2,4,6,7-3H]-estradiol-178 (45 or 82 Ci/mmol, Amer-
sham) at 4°C for at least 90 min. Dextran-coated char-
coal (0.1 vol,, 3%, charcoal and 0.1%, dextran) were
added and incubation was continued for 10 min. The
mixture was centrifuged at 8000 ¢ for 15 min and the
supernatant was always used freshly.

Oviduct nuclei were purified from the 700 g pellet.
It was homogenized with 20 strokes in 0.1 M NaCl
containing | mM MgCl, (medium NM) and passed
through four layers of a cheese cloth. The filtrate was
centrifuged at 700 g for 10 min. The pellet was homo-
genized with 10 strokes in medium NM and 1.75M
sucrose in medium NM (1:1 v/v), passed through four
layers of a cheese cloth and centrifuged at 700 ¢ for
10 min. The pellet was homogenized with 10 strokes
in 1.75M sucrose in medium NM; the homogenate
was layered over 1/2 vol. of the same medium in 40 ml
plastic tubes and the gradients were centrifuged in
a Sorvall HS 4 swing-out rotor at 5000 g for 15 min.
The pellet was washed twice with 0.15M NaCl and
then used as the nuclear preparation.

Chromatin was purified by homogenizing the
5000 ¢ pellet in 70mM NaCl containing 20 mM
EDTA, pH 7.0, using 15 strokes followed by sedimen-
tation at 8000¢ for 10min. This procedure was
repeated and the resulting pellet was homogenized
in 0.15M NaCl and layered over an equal vol. of
1.6 M sucrose. The gradients were centrifuged in a
Spinco SW-25 rotor at 63,000 ¢ for 30 min. The pellet
was used as chromatin.
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Assay for estradiol receptor binding 1o chromatin.
The binding assays normally contained 3 to 10 A,
units (absorbance at 260nm) of the nuclear or
chromatin preparations and 10 to 1000 ul of charged.
charcoal treated estradiol cvtosol in a total vol. of
L5ml of 0.15M NaCl In some assays a constant
volume of cytosol was added from mixtures of
radioactive and nonradiocactive cytosol[5]. The incu-
bation was carried out in tubes coated with bovine
serum albumin at 25 C for 90 min with constant
shaking.

At the end of the incubation the samples were made
10 mM in CaCl, and they were kept on ice for 5 min.
They were layered on 2 ml of 1.6 M sucrose contain-
ing 2mM CaCl, in plastic tubes coated with bovine
serum albumin to reduce adsorption of material onto
the walls. The tubes were immediately centrifuged at
4500 ¢ for 20 min in a HS 4 Sorvall swing-out rotor.
The tubes were inverted and allowed to stand upside-
down at room temperature. Any remaining drops of
sucrose were wiped dry with paper tissue: the
chromatin pellet was taken up in 0.5ml of ethanol
and mixed with Smi of Bray's scintillation fluid for
the determination of radioactivity,

Other procedures. Protein was determined accord-
ing to Lowry et ¢l[7] and DNA according to Giles
and Myers[§].

Total histones were prepared from oviduct chroma-
tin according to Bolund and Johns[9] by extracting
with 0.25 M HCL Histone F | was prepared by using
0.5M NaCl[9].

RESULTS

Optimation of the binding assuy. Lability and aggre-
gation[4. 6] of the oviduct estradiol receptor may ser-
iously bias cell-free binding studies with nuclear com-
ponents and particularly with fractionated chromatin
which is not readily sedimentable. Such sources of
artifact are inadequately attended in some published
binding assays[4]. For this reason a procedure was
developed which would enable a rapid and reliable
assessment of the binding of estradiol receptor 1o nu-
clei and chromatin. This included centrifugation of
the bound receptor through concentrated sucrose.
However, as estradiol receptor is relatively unstable
in sucrose, only a short-term exposure 10 sucrose
could be allowed.

To obtain a prompt sedimentation of chromatin.
precipitation with ions including Na®, Mg?*, and
Ca** was tested. All of these ions are known to
change the sedimentation properties of chroma-
tin[ 10, 117, In the case of oviduct chromatin CaCl,
was shown to be the most effective precipitant (Fig.
). At a concentration range between | and 10mM
this ion almost quantitatively precipitated oviduct
chromatin. MgCl, and NaCl were not as effective as
CaCl, and. moreover, they had a fairly narrow range
for optimal precipitation. For this reason CaCl, was
used in the binding assays. in which oviduct chroma-
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tin was sedimented through 1.6 M sucrose containing
2mM CaCl,.

Oviduct nuclet and chromatin used in the present
study were characterized by protein/DNA ratios of
4.6 and 2.4, respectively.

The effect of temperature and incubation time on
the binding of (*H) estradiol receptor to nuclei and
chromatin was studied in an incubation medium con-
taining 0.15 M NaC('l {Fig. 2). The most rapid binding
was observed at 37°C but in this case the receptor-
chromatin complex was not very stable as the extent
of binding started to decline at longer incubation
times. By contrast, no such instability was noted at
25 € recommending this temperature and an incuba-
tion time of 90 min for the assay conditions of choice.
Chromatin bound initially more estradiol receptor as
compared to nuclei but the level attained at 90 min
was somewhat higher in nuclei than in chromatin.

The ionic requirements of the binding reaction were
tested (Table 1). The most active binding occurred
at 20mM or 0.15M NaCl. KCT at 4 0.15 M concen-
tration promoted binding somewhat less than Na(l.

CaCt, {a}
—
o
g 'r s
G
o R v 4
C ()
mM
o
N [ e
N
<<
0
8 1k
N
<
*
.w‘/
o i ]
¢ 100 200
mM

Fig. 1. Precipitation of chromatin with CaCl, {a), MgCl,
(b) and NaCl (¢). Hen oviduct chromatin was sonicated
in H,O and centrifuged at 10,000 g for 10 min. The super-
natant was collected. and salts were added to a constant
concentration of chromatin (14 A,q, units/mb) at ¢ C. The
samples were centrifuged at 4500 ¢ for 20 min and absor-
bance of the supernatant (—@—) and the pellet {(—O—)
was measured. Mean of two experiments.
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Fig. 2. Effect of incubation time and temperature on the binding of estradiol receptor to oviduct

nuclei and chromatin. Fach assay contained about 5 A,¢, units of nuclei or chromatin and 0.2 ml

of oviduct cytosol in a total vol. of 1.5 ml, (—e@—) nuclei at 25°C; (—O—) chromatin at 37°C, (— x —)
25°C, (—e—) 0°C; (—0O—) cytosol alone. Mean of 2 experiments.

The addition of CaCl, or MgCl, decreased the extent
of binding at 2 mM concentrations. The major differ-
ence between nuclei and chromatin was observed in
the presence of ATP. ATP slightly increased binding
to nuclei (difference statistically insignificant at
P < 0.05) whereas no change was noted with chroma-
tin. The ionic requirements of the oviduct system have
similarities to those of the uterine system from
calff12].

A number of control experiments were performed
to demonstrate the reliability of the assay developed.
These included (not shown) demonstration that the
receptor—chromatin complex remained stable during
the sucrose gradient centrifugation, that the bound
receptor was not readily exchangeable for an excess
of soluble calf thymus DNA or E. coli tRNA, that
radioactivity extracted from chromatin at 0.5 M Na(l
behaved as a macromolecular complex in sucrose and

Table 1. Effect of ions and ATP on the binding of estradiol
receptor to oviduct nuclei and chromatin

Bound receptor

fmol/mg DNA

Additions Nuclei  Chromatin
NaCl, 20 mM 278 + 18 270 + 38
NaCl, 150 mM 280 + 41 268 + 33
NacCl, 300 mM 168 + 58 142 + 36
KCl, 150 mM 218 + 11 241 + 16
NaCl, 150 mM, CaCl, 2mM 247 + 51 216 + 53
NaCl, 150 mM, MgCl,; 2 mM 246 +45 2154+ 20
NaCl, 150 mM, ATP 2 mM 315 + 46 256 + 43

About 5 A,,, units of oviduct nuclei or chromatin was
incubated in the presence of 0.2 ml of labelled cytosol pre-
pared in 0.15M NaCl at 25°C for 90 min.

Means + SEM of at least 4 determinations.

glyserol gradient centrifugations and in ammonium
sulfate precipitation, and that negligible radioactivity
was registered in assays where chromatin was omit-
ted. Furthermore, identical results were obtained with
cytosols treated with charcoal, ammonium sulfate or
charcoal + ammonium sulfate. These data confirm
that the radioactivity registered was bound to recep-
tor.

Concentration dependence of receptor binding. Bind-
ing of estradiol receptor to oviduct nuclei and
chromatin was studied using increasing concen-
trations of radioactive receptor but a constant
amount of cytosol. The cytosols were prepared by
mixing [*H]-estradiol labelled and non-radioactive
cytosol. Oviduct nuclei bound slightly more estradiol
receptor than chromatin and the extent of binding
was directly proportional to the amount of radioac-
tive receptor added (Fig. 3a). Thus no saturable com-
ponent could be detected in agreement with reports
on nuclei[3] and DNA[5]. Moreover, the identity of
the nuclear and chromatin binding curves suggest
that no major binding component was lost during
purification of chromatin.

The binding assays described in Fig. 3a were car-
ried out with nuclei and chromatin form laying hens,
which produce endogenous estrogens. The endo-
genous receptors could be so tightly bound to
chromatin that they would not be replaced with exo-
genous receptors used in the binding assays. This
would then result in the apparent absence of high
affinity binding. Such a possibility was investigated
with newborn chicks treated with estradiol for 10
days and withdrawn for at least 2 weeks[13]. The
production of hormone-inducible oviduct proteins is
known to be \negligible in such animals[14]. The
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Fig. 3. Binding of estradiol receptor to hen (a} or chick

{b) nuclei and chromatin as a function of radioactive recep-

tor concentration. (a} nuclei (—O-—) and chromatin

{---@—1), (b} nuclei from estradiol primed chicks after 2

weeks withdrawal (—@—) or 2 h after a secondary stimu-

lation with 2mg of estradiol {(—0O—) Mean of 4
experiments.

binding assay was carried out with chromatin from
primed chicks before and after a secondary stimu-
lation with estradiol (Fig. 3b). No difference was
observed in the extent of binding nor in the shape
of the concentration curve between the two chroma-
tins, suggesting absence of high affinity binding in
chick oviduct for estradiol receptors.

Characteristics of the binding reaction. DNA is a
possible acceptor molecule for estradiol receptors in
nuclei and chromatin. There are a number of chemi-
cals that interact with DNA and bind more or less
specifically to some chemical or topographic struc-
tures on DNA. Some of these substances were used
to characterize the acceptor structures of estradiol
receptors on chromatin. Two types of assays were
performed (Table 2), One involved a pretreatment of
chromatin with the substances and removal of un-
bound material by sedimentation. In the other type
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of assay the substances were present in the estradiol
binding assay. In this case appropriate controls were
necessary because some of the compounds used preci-
pitated the estradiol receptor.

In Table 2 the compounds are classitied according
to their postulated major mode of action with DNA,
Compounds which are belicved to bind to the minor
groove of DNA. including polylvsine and histone F
t[15.16], reduced the binding of the receptor by 12
to 30°,. An equally large inhibition was caused by
intercalating drugs ethidium bromide. chloroguine
and actinomycin D[ 17, 18], By contrast. an excess of
total histones. beliecved to bind to the major
groove[ 197 failed to change cstradiol receptor bind-
ing. Although all combinations of the substances were
not tested, at least some of the effects of minor groove
and intercalating reagents were additive, suggesting
that 25 to 60%, of the estradiol receptor binding may
be ascribed to DNA. Furthermore. the acceptor sites
may be heterogeneous. The results have to be viewed
with some caution since chromatin contains, in addi-
tion to DNA. protcin and RNA, which may influence
the specificity of the probes applied. This may explain
why cthidium bromide is less effective with chromatin
than with DNA[20].

Another group of compounds. which were tested
in the reccptor binding assay, included detergents.
When chromatin was pretreated with non-ionic deter-
gents such as Triton X-100, only a small reduction
was observed in receptor binding (not shown). How-
ever. when the detergents were included in the bind-
ing assay, the extent of binding decreased drastically
(Table 3). At 0.3%, concentration non-ionic detergents
including Triton X-100. Non-idet P-40 and Lubrol
W reduced binding to 14-24°, of the control. The
total concentration of protein in the binding assays
was 5-10 mg/ml. At 0.3", concentration sodium deox-
ycholate was not as effective as the non-ionic deter-
gents. lonic detergents were not tested further,

Table 2. Effects of DNA active compounds on the binding of cstradiol receptor to
chromatin

Bound receptor
v, of control (n: 3-6)

Chromatin pretreated Compounds present in

Compounds added

with compounds’

the binding assay”

Control

Minor groove reagents®
Polylysine, | mM
Histone F 1, 0.5 mg/ml

Major groove reagents®
Total histones. 0.5 mg/ml

Intercalating reagents®- -~
Ethidium bromide, 1 mM
Chloroquine, | mM
Actinomycin D, | mM

100 100
75 + 8 70 + 2
88 + 3

101 + 4

85 + 6 81 + 2
88 + | -
7+ 7

' Chromatin (0.5-1 mM in DNA bases) was incubated with added compounds for
15 min at room temperature. About 200 ug of bovine serum albumin was added and
the chromatin was collected by centrifugation followed by the binding assay.

2 Blank values (compounds added, chromatin omitted) were subtracted.

¥ Proposed mode of action with DNA not excluding combined modes of action.
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Table 3. Effects of detergents on the binding of estradiol
receptor to chromatin

Bound receptor

Detergent % of control
Triton X-100 0.03/"/(, 16
Nonidet P 40 (1):"};; 14
Lubrol W (1)"%.0/“ 2?1
Sodium deoxycholate 0./;"/‘, 6?

The detergents were present in the binding assay at the
indicated final concentration.
Means of 2 experiments.

because they change the sedimentation properties of
chromatin, complicating the binding assay.

The dependence of receptor binding on the concen-
tration of Triton X-100 was tested in Fig. 4. Binding
was reduced to 50% at Triton X concentration of
0.05%,. If Triton X was added at the end of the bind-
ing assay, about 40% of receptor remained bound
(Fig. 4). Triton X appeared to interfere with the bind-
ing of estradiol receptor to chromatin by making the
receptor unable to attach to chromatin as well as by
removing a fraction of the bound receptor.

One possible explanation for the effects of deter-
gents would be that the detergents cause dissociation
of estradiol from its receptor. An absolute exclusion
of such a possibility is difficult because the bound
detergent changes the molecular weights of estradiol
and its receptor. However, two experiments were car-
ried out suggesting that the estradiol~receptor com-
plex remains intact in the presence of Triton X-100.
One of them included precipitation with activated
charcoal. Triton X did not remove radioactivity from
the supernatant (not shown). Another test involved
Sephadex G 25 chromatography (Fig. 5). Independent
of Triton X, the bulk of estradiol radioactivity was
eluted in the void volume. These experiments lend

100}
»®
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©
e sof- Triton after incubation
o
g L] L]
(=]
m
1 A L
%% ai 0% o
Triton X, %

Fig. 4. Effect of Triton X-100 on the binding of estradiol
receptor to hen oviduct chromatin. The two separate
points indicate the extent of binding when Triton was
added after the binding assay. The total protein concen-
tration was 5 to 10 mg/ml. Mean of 2 experiments.
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Fig. 5. Sephadex G 25 chromatography of labelled cytosol

with (—O—) or without (-—--) 1%, Triton X-100. The

columns were equilibrated with 0.15M NaCl. 1 ml frac-
tions were collected.

no support on the detergent induced dissociation of
the estradiol receptor complex.

DISCUSSION

The procedures previously described for studying
the binding of steroid receptors to chromatin, includ-
ing repeated sedimentations, co-sedimentations in
gradients, trapping on membrane filters and gel chro-
matography, may not be suitable in case of labile and
aggregating receptors such as the hen oviduct estra-
diol receptor[4]. More elaborate methods such as
sedimentation partition chromatography[{4] may not
be applicable because of insolubility and variable par-
ticle size of chromatin. By contrast, the procedure de-
scribed in this paper should not be obscured by labi-
lity or aggregation of the receptor. CaCl, precipitated
chromatin is sedimented through 1.6 M sucrose so
rapidly that even large aggregates of protein have no
time to pellet. Furthermore, CaCl, is so effective in
precipitating chromatin that the method can be
applied even to sonicated fractions of chromatin.

The binding assay developed was used in the pres-
ent study to optimize the conditions for hen oviduct
nuclei and chromatin. No appreciable differences
were observed between nuclei and chromatin, both
displaying optimal binding at 0.15 M NaCl. Any addi-
tions appeared to decrease the extent of binding.
However, ATP was shown to stimulate binding
slightly to nuclei only.

A number of contradictory reports have been pub-
lished on the chemical nature and affinity of nuclear
acceptor sites for estradiol receptors. Such discrepan-
cies have been suggested to be due to the ready aggre-
gation and lability of the estradiol receptor[3,4]. The
present study demonstrated, in agreement with some
previous reports[5], that no apparent high affinity
binding was observed if constant amounts of cytosol
were used in the binding assay. This was true of nuclei
and chromatin from laying hens and of chromatin
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from chicks with apparently very low levels of endo-
genous estradiol. These results suggest that the inabi-
lity to demonstrate a high affinity acceptor com-
ponent is not due to losses during preparation of
material or to masking of acceptor sites by endo-
genous hormone. However, high affinity acceptor sites
may have so low a capacity as to remain undetected
in the present kind of assay calling for fractionation
of chromatin components.

It was shown in the present study that receptor
binding to chromatin was reduced by 10- 30", with
compounds known to bind to the minor groove of
DNA or to intercalate with DNA. The effects of some
of these compounds were shown not to overlap. sug-
gesting that at least two different binding sites are
involved. A minor groove probe, polyvivsine is known
to interact mainly with phosphate groups of DNA.
It may cover ionic groups which may bind estradiol
receptor. These bonds could be broken by salt. which
is commonly applied to extract steroid receptors from
nucleif217]. By contrast, intercalating drugs are likely
to probe non-ionic bonds. which may be susceptible
to hydrophobic reagents such as detergents. Triton
X was shown to remove a fraction ol cstradiol recep-
tor from chromatin. Although this may imply unspe-
cific binding[22], it can also demonstrate breakage
of hydrophobic bonds. The interference of low con-
centration of non-ionic detergents with the receptor
binding assay, demonstrated in this study, provides
evidence on the existence of hvdrophobic sites on the
estradiol receptor possibly involved in its binding to
chromatin. This may implicate that both hydrophilic
and hydrophobic bonds are involved in the binding
of estradiol receptor to chromatin. Their further char-
acterization and biological significance remain 1o be
established.
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