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SUMMARY

Brape, WoLrcanG P., CHivu, JEN-Fu, ANp HNiLIcA, LuBoMIR S.: Phosphorylation of
rat liver nuclear acidic phosphoproteins after administration of a-1,2,3,4,5,6-hexa-
chlorocyclohexane in vivo. Mol. Pharmacol. 10, 398—405 (1974).

a-1,2,3,4,5,6-Hexachlorocyclohexane (a-HCH) is known to induce mixed-function oxidases
in rat liver endoplasmic reticulum and to stimulate liver cell proliferation. During the
12 hr after administration of a-HCH the phosphorylation of nuclear acidic proteins in vivo
increased to about twice the control level. Essentially all of the increased phosphorylation
after a-HCH in vivo involved preferential *P incorporation into fractions of phenol-soluble
acidic chromatin proteins, resolved by polyacrylamide gel electrophoresis into proteins with
estimated molecular weights of 15,000-25,000, 35,000-50,000, and 60,000-90,000. Although
no qualitative changes in the electrophoretograms of phenol-soluble acidic chromatin pro-
teins were observed, the incorporation of radioactive amino acids into the acidic protein
fraction of rat liver nuclei ¢n vivo increased 6 hr after a-HCH, suggesting a change in turnover
or an increased number of phosphate acceptor sites at the time of maximal phosphorylation
of acidic nuclear phosphoproteins.

to induce mixed-function oxidases in the
endoplasmic reticulum of liver cells (10—
12). Considerable cellular proliferation was
also seen in the livers of animals re-
ceiving «-HCH* (10, 13). Inhibitors of
mixed-function oxidases, such as CFT 1201
(B-diethylaminoethyl diphenylpropylacetate
HCl) and SKF 525 («,B8-diethylaminoethyl

INTRODUCTION

The administration in vivo of hormones,
cyclic 3’,5’-AMP analogues (1-4), and vari-
ous drugs (5-12) is known to alter normal
metabolic pathways and lead to the in-
duction of several enzymes. «-1,2,3,4,5,6-
Hexachlorocyclohexane has been reported
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diphenylpropylacetate HCl), as well as
other substrates (hexabarbital, cyclohexane,
aminopyrine, etc.), can prevent the liver
proliferation caused by «-HCH (14).

The mechanism of enzyme induction may
involve changes in the tissue-specific ex-

4 The abbreviation used is: «-HCH, «-1,2,3,
4,5,6-hexachlorocyclohexane.
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pression of genetic templates in the chroma-
tin of the affected cells (15-17). According
to recent reports, changes in the phosphoryl-
ation of nuclear phosphoproteins can be
correlated with experimentally induced al-
terations in the transcriptional activity of
chromatin (18-20). Furthermore, nuclear
non-histone phosphoproteins can change the
transcription of isolated chromatin in vitro
both quantitatively (19, 21) and qualita-
tively (18, 19). To relate the enzymatic in-
duction to the anticipated activation of chro-
matin templates, the phosphorylation of
acidic phosphoproteins in chromatin was
studied in rat livers following the adminis-
tration of a-HCH n vivo.

METHODS

Animals.® Male Sprague-Dawley rats (180—
250 g), fasted for 12 hr, received orally 250
mg/kg of a-HCH (K & K Laboratories) in 5
ml of USP peanut oil. Control rats were
given the same volume of peanut oil. (In
short-term experiments, in which the effect
of a-HCH was checked 1 and 2 hr after ad-
ministration, the drug was given orally to
one group and intraperitoneally to another
group of rats. No significant differences be-
tween the effects of these two methods were
observed.) o-HCH and oil were adminis-
tered between 8 and 11 a.m.

Preparation of rat liver nucler and chroma-
tin. Livers were removed under ether anes-
thesia and immediately homogenized in ice-
cold 0.32 M sucrose and 3 mm MgCl; in 0.02
M Tris-HCI buffer, pH 7.5 The homogenate
was centrifuged at 800 X ¢ for 10 min at 4°,
and the resulting pellet was used to isolate
nuclei according to Fleischer-Lambropoulos
and Reinsch (22). The isolation of chromatin
and criteria for its purity were given pre-
viously (23, 24). The ultraviolet absorption
ratios of chromatin preparations, 43204260
and Aagso:Aze0, were determined routinely
and yielded values less than 0.1 and between
0.6 and 0.7, respectively. Protein to DNA
ratios were between 2.0 and 2.2.

Phenol-soluble acidic proteins were ex-

5 Animals were maintained in animal care
facilities fully accredited by the American Asso-
ciation for Accreditation of Laboratory Animal
Care.
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tracted from chromatin freed of histone by
the method of Teng et al. (19).

Labeling of acidic nuclear phosphoproteins
in vivo. [#*P]Orthophosphoric acid (carrier-
free, Schwarz/Mann), neutralized in 0.5 ml
of 0.9 % NaCl, was injected intraperitoneally
at a dose of 2 mCi/100 g of body weight 60
min before removal of the livers.

Nuclear RN A synthesis in vitro. This was
assayed by a slight modification of the
method of Roeder and Rutter (25). Nuclei
(40-80 ug of DNA) were incubated in a final
volume of 250 ul containing 10 umoles of
Tris-HCI (pH 8.0), 0.2 umole of MnCl,, 1.0
umole of MgCl;, 0.4 umole of 2-mercapto-
ethanol, 0.75 umole of NaF, 0.2 umole each
of ATP, GTP, and CTP, 0.02 umole of
PHJUTP (specific activity 20 uCi/nmole),
and either 1.0 umole of KCl (low salt reac-
tion) or 60 umoles of (NH,)sSO, (high salt)
for 10 min. The reaction was stopped by
adding an excess of 10% (w/v) trichlor-
acetic acid. The acid insoluble material was
washed four times with 5% (w/v) trichlor-
acetic acid containing 1% Na,P,0;, then
dissolved in 2,5-diphenyloxazole and p-bis-
[2-(5-phenyloxazolyl)]benzene in toluenescin-
tillation fluid (“NCS”), and counted in a
Packard Tri-Carb liquid scintillation spec-
trometer.

Chromatin template activity. The reaction
mixture contained the following in a final
volume of 250 ul: 200 nmoles each of ATP,
GTP, and CTP, 50 nmoles of [BH]JUTP (spe-
cific activity, 125 uCi/nmole), 10 umoles of
Tris-HCI (pH 8.0), 30 umoles of KCl, 25
umoles of dithiothreitol, 25 umoles of EDTA,
625 nmoles of MgCl,, 10 ul of RNA po-
lymerase [approximately 5 units, prepared
from Escherichia coli according to Burgess
(26)], and DNA as rat liver chromatin in the
amounts shown in Table 1. The mixture was
incubated at 37° for 10 min, and the reaction
was stopped with ice-cold 10% (w/v) tri-
chloracetic acid-1% (w/v) pyrophosphate.
After five washes with 5% (w/v) TCA with
1% (w/v) pyrophosphate, the acid-insolu-
ble product was dissolved in the scintillation
fluid described above and its radioactivity
was determined.

Polyacrylamide gel electrophoresis was
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performed in the presence of 0.1% (w/v)
sodium dodecyl sulfate, according to Wilhelm
el al. (24).

Protein and DNA were determined ac-
cording to the methods of Lowry et al. (27)
and Burton (28), respectively.

[v-2P]JATP was prepared as described by
Glynn and Chappell (29) and Weiss et al.
(30), using [*P]phosphoric acid (carrier-free,
International Chemical and Nuclear Corpo-
ration). The radioactivity in the alkali-labile
phosphate fraction was determined accord-
ing to Kleinsmith et al. (31).

RESULTS

Time course of phosphorylation in vive. The
time course of phosphorylation of rat liver
nuclear acidic phosphoproteins after applica-
tion of a-HCH (Fig. 1) was studied by de-
termining the specific activities 60 min after
the intraperitoneal injection of #P;. The
incorporation of #P; into nuclear acidic
phosphoproteins of control rats showed only
minor variations. In a-HCH-treated animals
#P; incorporation rose gradually beginning
at 2 hr, reached twice the control level at 6
hr, then declined to the control level at 24 hr,
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with a second, smaller increase at 40 hr. The
incorporation of #P; into liver nuclear acidic
phosphoproteins of control rats as well as
rats treated with a-HCH 6 hr before death
increased linearly with pulse time up to 2 hr,
reached a peak at 4 hr, and thereafter de-
clined gradually. There was no difference in
decay of radioactivity between liver nuclear
acidic phosphoproteins from control rats
and rats treated with «-HCH 6 hr previously,
if the nuclear acidic phosphoproteins had
been labeled in vivo with #P; for 3 hr before
treatment. In a series of experiments the
radioactivity in the 0.2 N perchloric acid
supernatant after centrifugation of liver ho-
mogenates from control rats and rats
treated with o-HCH 6 hr before was de-
termined 0.5, 1, 2, 4, 6, and 9 hr after the in-
jection of 2P; and showed no difference be-
tween the treated and control groups. This
result eliminated the possibility that the
increase in %P; incorporation after «-HCH
treatment was due to an increased accumula-
tion of #P in the liver, caused, for example,
by changes in blood circulation.

In order to compare the time course of the
phosphorylation of nuclear acidic phospho-
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F1a. 1. 3*P; incorporation into acidic proteins of rat liver nuclei at different times after o-HCH (@——@)

Controls (O---0) received the same volume of peanut oil at the specified time. Labeling in vivo
with 666 uCi of **P; per 100 g of rat body weight and the isolation of nuclei are described under METHODS.
Nuclei were washed twice with ice-cold 0.14 M NaCl, extracted twice with ice-cold 0.25 N HCl, and
washed once with ice-cold chloroform- methanol (1:1 v/v) containing 0.2 N HCl and once with chloro-
form-methanol (2:1 v/v) containing 0.2 N HCI. The washed material was heated in 159, (w/v) trichlor-
acetic acid at 90° for 15 min and washed four times with §%, (w/v) trichloracetic acid. The radioactivity
of the alkali-labile phosphate fraction was determined and correlated with the amount of protein in the
acid-insoluble pellet. Each point represents at least three assays of two to four pooled rat livers.
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F1G. 2. Nuclear RNA synthesis in vitro

a-HCH or peanut oil was given to two or three
rats at each time point. Liver nuclei were isolated
from control rats (O----- O) and rats already
treated with «-HCH (@- - -@) and incubated
under low salt conditions (a) and high salt condi-
tions (b) as described under METHODS. Points and
vertical bars are arithmetic means =+ one standard
deviation for three experiments. [*H]JUMP in-
corporation with enzyme inactivated by ice-cold
109% (w/v) trichloracetic acid was subtracted.
The acid-insoluble radioactivity has been shown
to be labile to treatment with 159, (w/v)trichlor-
acetic acid at 90° for 15 min.

proteins after «-HCH with the anticipated
changes in the restriction of genetic tem-
plates, nuclear RNA synthesis in vitro (Fig.
2) and the capacity of isolated rat liver
chromatin to act as a template for RNA
synthesis ¢n vitro (Table 1) were determined.

There were variations in nuclear RNA
synthesis in vitro from the livers of control
rats as well as in the capacity of chromatin
to act as a template for RNA synthesis in
vitro (Fig. 2 and Table 1). Since the control
values derived 1, 24, and 48 hr after ad-
ministration of oil showed little variance, the
fluctuations observed at 3, 6, and 12 hr
probably reflect a circadian rhythm, as has
been reported for rat liver nuclear RNA
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TaABLE 1

Template capacity of rat liver chromatin for RNA
synthestis in vitro (V max) after a-HCH

Template activity was determined as described
under METHODS. Each calculated V.. value is
based on the amount of [PH]JUMP incorporated at
three chromatin DNA concentrations (4, 8, and 20
ug) and represents the average of three experi-
ments, each including two pooled rat livers for
every time point. Blanks, i.e., [FHJUMP incorpo-
ration without RNA polymerase and without
chromatin, were subtracted to obtain these values.
Figures are arithmetic means + one standard de-
viation.

Time after | [*H]JUMP incorporated

a-HCH or oi

administration Control o«-HCH
hr dpm/10 min
1 58.5 42.3
3 50.7 £ 5.5 40.6 + 4.4
6 70.2 £ 4.7 79.5 £ 5.9
12 45.2 £ 3.0 53.3 = 2.9
24 54.1 + 3.3 69.8 + 4.3
48 38.1 £ 5.3 64.9 + 3.7

polymerase activities (32), mouse liver
chromatin template activity (33) and DNA
synthesis (34), rat liver histone phosphoryla-
tion (35), chromatin-bound protein kinase
activity of rat kidney (36), and rat liver pro-
tein synthesis (37).

The increase in nuclear RNA synthesis in
vitro under low salt conditions (Fig. 2) be-
gan 12 hr after -HCH administration and
was maximal at 24 and 48 hr. The increase in
nuclear *H]JUMP incorporation under high
salt conditions between 12 and 48 hr after
a-HCH administration was insignificant.
At 24 hr after a-HCH treatment a 29 % in-
crease over the control values was found in
the capacity of chromatin to act as a tem-
plate for RNA synthesis n vitro (Table 1).
This is in agreement with the findings of
Oberdisse et al. (9, 38), who reported that
maximal nuclear RNA polymerase activity
occurred between 24 and 48 hr after o-HCH.

Increased phosphorylation of acidic nu-
clear phosphoproteins, as observed during
the first 12 hr after a-HCH administration,
could be partially caused by an increased
amount of these proteins in the chromatin.
In order to examine this possibility the
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TABLE 2

Incorporation of [“Clamino acids into acidic nuclear (non-histone) proteins of rat liver
at different times after a-HCH
[4C]Protein hydrolysate, 30 xCi (Schwarz/Mann), was injected 30 min before removal of livers.
Values are arithmetic means =+ one standard deviation for three experiments that included two pooled
rat livers at each time point. Preparation of nuclear acidic proteins was the same as described in the
legend to Fig. 1. The nuclear acidic proteins were dissolved in a tolune-based scintillation mixture as
described in the text, and the radioactivity was determined at the times shown, with an efficiency for

HC of 65%.

Treatment 4C radioactivity incorporated
2 hr 4 hr 6 hr 12 hr
dpm/ug protein
Control 3.61 + 0.24 95 0.38 3.82 + 0.28 3.67 = 0.39
a-HCH 3.74 + 0.36 + 0.26 5.72 £ 0.27 4.22 + 0.26
amino acid incorporation into rat liver acidic DISCUSSION

nuclear (non-histone) proteins at different
times after a-HCH treatment was deter-
mined (Table 2) and found to be increased 4
and 6 hr after «-HCH. Preliminary experi-
ments indicated an increase in the ratio of
non-histone protein to DNA ratio at those
times.

To determine whether preferential phos-
phorylation of certain acidic nuclear proteins
could result from the administration of a-
HCH, the time of maximal phosphorylation
(6 hr) was selected for electrophoretic
analysis of the #P-labeled, phenol-soluble
acidic chromatin proteins, which were iso-
lated according to Teng et al. (19). The
densitometric tracings of this class of chroma-
tin proteins from a-HCH-treated (6 hr) and
control rats showed no major qualitative
differences (Fig. 3a). However, the distribu-
tion of 3P radioactivity associated with the
electrophoretically resolved fractions (Fig.
3b) showed greater phosphorylation of cer-
tain protein fractions after a-HCH treatment
as compared with the controls. These frac-
tions have estimated molecular weights of
15,000-25,000, 35,000-50,000, and 60,000
90,000 (Fig. 3b) and account for essentially
all the increase in phosphorylation after
a-HCH. The highly phosphorylated frac-
tions in the molecular weight range of
15,000-25,000 represent proteins with the
lowest molecular weights of the phenol-
soluble acidic chromatin proteins.

The administration of a-HCH ¢n vivo pro-
duces biochemical and morphological changes
characteristic of liver cell proliferation (10,
13). These are preceded by changes in the
expression of genetic templates in chromatin,
which may be associated either with induc-
tion of several enzymes (9, 11-13, 38) or
with the induction of liver growth.

More specifically, the ability of liver
chromatin to support RNA synthesis in
vitro is increased 24 hr after administration
of a-HCH (Table 1). This is accompanied
by increased nuclear RNA synthesis n
vilro, with maximal values between 24 and
48 hr (Fig. 2). Similarly, nuclear rat liver
RNA polymerase activity is maximal be-
tween 24 and 48 hr after «-HCH, as reported
by Oberdisse et al. (9, 38). The increased
transcriptional and proliferative activities
are preceded by increased phosphorylatxon
of acidic nuclear phosphoprotems n vivo.

The increased amino acid incorporation
into acidic nucleoproteins after o-HCH
treatment suggests that changes in the
number of phosphate acceptor sites, con-
trolled by the turnover rates of phospho-
proteins, also contribute to the phosphate
content of phosphoproteins. The phosphate
content of chromatin phosphoproteins was
shown in witro to be proportional to the
transcription rate (18, 20). Additionally,
phosphoprotein phosphorylation in vivo is
almost certainly influenced by protein
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F1a. 3. Densitometric tracings (a) and distribution of radioactivity of **P-labeled phenol-soluble acidic
proteins (b) fractionated by polyacrylamide gel electrophoresis in the presence of 0.1%, sodium dodecyl sulfate.

Averages of pooled livers of three rats treated with «-HCH 6 hr before death (- --) and of three
control rats (——) are shown. Equal amounts of protein (160 ug/gel) were subjected in triplicate to
electrophoresis for 10 hr at 8 mamp. For labeling in vivo, the rats received 2 mCi of 3*P; per 100 g of
body weight as described under METHODS. The upper part of Fig. 3b shows the position of marker proteins
in a reference gel and the correlation between their molecular weights and mobilities. Mobilities were
calculated according to Weber and Osborne (39). Bovine serum alumin (mol wt 68,000), pepsin (frog
stomach, mol wt 35,000), trypsin (bovine pancreas, mol wt 13,700), and cytochrome ¢ (horse heart, mol
wt 12,500), all from Sigma Chemical Company, served as markers.
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kinase and phosphatase activities, phosphate
and nucleotide pools, cellular permeability
to essential precursors, etc. It seems unlikely,
however, that these factors would change in
concert with a preferential increase in the
amount of ®P; incorporated into certain
acidic phosphoproteins of chromatin. The
incorporation of #P; into acidic (non-his-
tone) phosphoproteins was measured 60 min
after its injection when the phosphorylation
of such phosphoproteins from control rats
as well as from rats treated with «-HCH is
expected to increase linearly. This result, to-
gether with the finding that there is no differ-
ence in decay of P radioactivity in pre-
viously labeled liver acidic nuclear phospho-
proteins from control rats and from rats
treated with «-HCH for 6 hr, indicates that
the observed increase in #P; incorporation
after a-HCH administration is due to in-
creased phosphorylation rather than to de-
creased dephosphorylation.

From the distribution of incorporated P
radioactivity in the electrophoretically re-
solved phenol-soluble chromatin phospho-
proteins, it appears that protein fractions
with estimated molecular weights of 15,000—
25,000, 35,000-50,000, and 60,000-90,000
account primarily for the increased phos-
phorylation of total acidic chromatin phos-
phoproteins following «-HCH treatment.
Similar results were obtained recently by
Johnson and Allfrey (40) after administra-
tion of cyclic AMP in vivo, which, by anal-
ogy with a-HCH, is known to induce several
enzymes (1, 2) and to increase nuclear RNA
synthesis (41). The fraction of phenol-soluble
phosphoproteins with the lowest molecular
weight exhibited the highest 32P; incorpora-
tion after cyclic AMP and after o-HCH. The
turnover of acidic chromatin proteins and
the possible correlation between activation
of certain protein kinases and phosphoryla-
tion of distinct fractions of the acidic chro-
matin proteins needs to be studied.
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