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SUMMARY

The role of cAMP in the regulation of nuclear protein kinase activity
was investigated. Acidic nuclear proteins prepared from rat liver nuclei
were separated by phosphocellulose chromatography into four peaks of
protein kinase activity and two peaks of cAMP-binding activity. A fraction
which bound cAMP also inhibited the most active nuclear protein kinase,

K IV, and the inhibition was diminished in the presence of 5 uM cAMP.
Further support for the regulation of nuclear kinases by cAMP was obtained
using a regulatory subunit prepared from rabbit muscle protein kinase.

The muscle regulatory subunit markedly inhibited liver nuclear kinase
activities. The addition of cAMP partially restored the activities,

Nuclear phosphoproteins have been implicated in the specific
control of gene transcription in mammalian cells. Both histone and
nonhistone nuclear proteins are phosphorylated, and the degree of
phosphorylation seems to determine their ability to interact with DNA
and influence transcription (1-6). Thus, to understand the control of
gene readout in mammalian systems it is important to understand the
nature of the protein kinases involved in the phosphorylation of nuclear
proteins.

Multiple protein kinase activities have recently been demonstrated
in rat liver nuclei (7-10). These investigations all failed to demonstrate
an activation of the nuclear protein kinases by cyclic adenosine-3', 5!
monophosphate (cAMP). Yet the in vivo phosphorylation of rat liver

1
nonhistone proteins was stimulated about 2-fold by NG, 02 -dibutyryl
cyclic AMP (11). Evidence from several laboratories supports a common

mechanism of activation of protein kinases from several different tissues
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by cAMP (12-16). The mechanism proposes that inactive protein kinase
holoenzyme can be dissociated into an active catalytic subunit and a cAMP-
binding regulatory subunit in the presence of cAMP. This study was under-
taken to investigate the possibility that nuclear kinases may be dissociated
catalytic subunits which have become separated from their regulatory
subunits during preparation. Its purpose was to determine whether or

not CAMP plays a role in the control of nuclear protein kinase activity.

METHODS

The methods used for the preparation of acidic nuclear proteins
(ANP) from purified rat liver nuclei, and the separation of nuclear kinase
activities by phosphocellulose chromatography were described in an earlier
report (8). ANP (15-20 mg) was placed on a phosphocellulose (Whatman
P-11) column, and elution was begun with 125 ml of the equilibrating buffer
(0. 05 M Tris-HCI1, pH 7, 5-0. 4 M NaCl) followed by 175 ml of 0, 05 M Tris-~
HCI1, pH 8.1-0. 6 M NaCl. The column fractions were assayed for protein
kinase activity by measuring the incorporation of 32P from ATP- 'y—SZP
into acid-precipitable material as described earlier (8).

The cAMP-binding activity of the column fractions was measured
by a modification of the membrane filtration technique of Tao (17). The
binding mixture contained (mM), in a final volume of 0. 5 ml: Tris-HCl
(pH 8. 0), 100; B-mercaptoethanol, 5; MgC12, 4; 3H—CAMP, 0. 0005
(5, 000 cpm/pmole); and column eluate, The mixture was incubated at
37o for 3 min, transferred to an ice bath, and diluted with 5 ml of cold
buffer (buffer B) containing (mM): Tris-HCl (pH 8. 0), 100; 3-mercapto-
ethanol, 5; and MgClz, 4. The binding mixture was then filtered through
a nitrocellulose filter (0. 45 ;4 pore size). After washing 3 times with cold
buffer B, the filter was dried, suspended in toluene scintillator, and
counted in a Packard Tri-Carb liquid scintillation spectrometer.

A preparation containing the regulatory subunit of rabbit muscle

protein kinase was made by dissociating the kinase into its catalytic and

regulatory subunits and selectively inactivating the catalytic subunit. Rabbit
muscle protein kinase was generously provided by Dr. John Voorhees,
Department of Dermatology, The University of Michigan Medical School.

The protein kinase preparation was dialyzed 3 hrs against a solution of
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10 mM Tris-HCI (pH 8. 0) - 5 mM B -mercaptoethancl, and then made

5 x 10—5 M with respect to 3', 5'-cyclic GMP prior to incubating at 53° ¢
for 5 min to inactivate the kinase activity (14). After transferring to an
ice bath, the preparation was dialyzed overnight against a buffer containing
{mM): Tris-HC1 (pH 8.0), 10; B-mercaptoethanol, 5; and MgClZ, 4. This
treatment resulted in a regulatory subunit preparation (RS) which actively
bound cAMP (46 ug retained 1600 cpm in the cAMP binding assay) but had

negligible protein kinase activity.

RESULTS AND DISCUSSION
The elution profile of protein kinase and cAMP-binding activities

is illustrated in Figure 1. The cAMP-binding peaks, A and B, were
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Fig. 1. Separation of Protein Kinase and cAMP-RBinding Activities by
Phosphocellulose Chromatography.
Fifteen mg of ANP was applied to a phosphocellulose column
(0.9 x 26 cm) equilibrated with 0, 05 M Tris-HCl (pH 7.5) - 0. 4
M NaCl. After 25 five-ml fractions were collected, the buffer
was changed to 0, 05 M Tris-HC1 (pH 8.1) - 0. 6 M NaCl. The
samples were assayed for kinase activity ( ) and cAMP-
binding (----) as described in the Methods,

eluted well after the four kinase activity peaks. The elution of the cAMP-
binding peaks was variable. In 4 out of 7 experiments the peaks appeared
in the positions shown in Figure 1. In some experiments, however, the

cAMP-binding activity appeared as several smaller peaks. The variability

389



Vol. 54, No. 1,1973 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

was attributed to the lability of these fractions since cAMP-binding activity
was observed to be significantly decreased in some fractions which were
allowed to stand at 4° overnight. As reported in a previous publication
from this laboratory (8), the majority of the protein found in the effluent
appeared as a large peak coinciding with kinase I (K I). Kinases II and III
were unstable and were not studied extensively. The major activity peaks,
kinase IV (K IV) and K I were capable of phosphorylating ANP, but casein
was a more active substrate. Unlike the soluble rat liver protein kinases
(15,18), the nuclear kinases studied in our experiments do not actively
phosphorylate histone (19). Furthermore, several reports have

indicated that nuclear kinases are not stimulated by cAMP (7-10). The

observation that phosphocellulose chromatography of ANP separated cAMP-
binding fractions from the protein kinase activities provides an explanation
for the lack of activation of these nuclear kinases by cAMP.

Experiments were conducted to see if the cAMP-binding fractions
from the column could inhibit the activity of nuclear protein kinases, K I
and K IV. Neither peak A nor B inhibited the activity of K I (phosphorylation
of ANP which co-chromatographed with K I). The activity of K [V, however,
was inhibited by the addition of peak B (Table 1). The inhibition was
partially reversed by the addition of 5 yM cAMP to the incubation mixture.
These findings are consistent with the hypothesis that nuclear kinases may
be catalytic subunits separated during preparation from their inhibitory,
or regulatory, subunits. The small degree of inhibition observed after
the addition of the binding peaks may be due to the fact that the protein
concentration (less than 10 pg/ml) as well as the cAMP-binding activity of
peaks A and B was low (500 cpm represents 0.1 pmole cAMP bound). In
addition, the cAMP-binding material was labile, More concentrated
preparations of the cAMP-binding materials are necessary to adequately
determine whether or not they are the proposed regulatory proteins.

The regulatory subunits of cAMP-dependent protein kinases are
able to interact with and inhibit the catalytic subunits from different tissues
and different species (20, 21). Therefore, the possibility that a regulatory
subunit may modify the activity of nuclear kinases was further tested by
using rabbit muscle regulatory subunit (RS). The RS, prepared from rabbit

muscle protein kinase as described in the Methods, consistently inhibited
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TABLE 1

Effect of cAMP-Binding Fractions on
the Activity of Nuclear Protein Kinase, K IV

Additions to Complete Systema cpm 32P Incorporated
Exp. 1 Exp. 2
None 32,199 27,151
cAMP 27, 469 27,176
Peak A 30,573 28,718
Peak A + cAMP 29, 475 27,046
Peak B 24, 832 22,291
Peak B + cAMP 27, 682 24,298
10 pg Albumin 31, 200

®The complete system was incubated for 10 min at 30° in a total volume
of 1. 0 ml, containing (mM): Tris-HCl (pH 8. 0), 50; B-mercaptoethanol,
5 Mg(CH3COO), 8; NaCl, 100; 5*P-ATP, 0.01 (0. 4 uGi)s 100 g of
casein; and 25 pg of dialyzed K IV. The incorporation of °“P was linear
for 10 min under these conditions. After stopping the reaction with 10%
trichloroacetic acid containing 0. 04 M NayP,0q and 1.0 mM ATP, the
samples were filtered, washed and counted as previously described (8)._ 5
Samples were run in triplicate. The concentration of cAMP was 5x 10
M. Column fractions containing Peak A or Peak B were dialyzed over-
night against 0. 05 M Tris-HC1 (pH 8. 0), and 0. 2 to 0. 4 ml were added

to the reaction. Bovine serum albumin (10 ug) was added as an additional
control in Exp. 1.

the activities of both K I and K IV (Table 2), The inhibition was reversed
in the presence of 5 uM cAMP. The most dramatic inhibition was obtained
with freshly prepared RS (Exp. 1, Table 2). Freezing the RS for two weeks
resulted in a 50% decrease in cAMP-binding activity and a large decrease
in ability to inhibit kinase activity, Other investigators have also reported
that cAMP-binding regulatory subunits are labile and that they are readily
degraded in vitro (21-23).

The inhibition of kinase activity by the addition of cAMP alone was
an unexpected result. High concentrations of cAMP (50-500 M) have been
reported to inhibit the activity of protein kinases from a variety of tissues,
probably by competing with ATP at the catalytic site of the enzyme (24). It

is possible that the partially purified nuclear kinases used in these experi-

391



Vol. 54, No. 1, 1973 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

TABLE 2

Effect of Rabbit Muscle Regulatory Subunit
on the Activity of Nuclear Protein Kinases

Kinase Additions® cpm 32P Incorporated

Exp. 1 Exp. 2 Exp. 3

K IV None 11, 0565 10,132
cAMP 3,068 3,773

RS 4, 003 8, 065

RS + cAMP 7,973 8,709

KI None 414 869
cAMP 342 74

RS 276 692

RS + cAMP 533 766

aLThe incubation mixture (1.0 ml) contained (mM): Tris-HCI1 (pH 8. 0},
100; Mg(CHSCOO)z, 8; NaCl, 80-120; and 3 P-ATP, 0.01 (0. 4 uCi).
Casein (100 pg) was the substrate for K IV (25 ug), and the endogenous
ANP in the K I fraction (100 ug) was the substrate for K I. Assay con-
ditions were as described in Table 1. The amount of rabbit muscle
regulatory subunit (RS) added was 9-10 ug; the concentration of cAMP
was 5x 1076 M.

ments are more sensitive to the inhibitory effects of cAMP. In this respect,
Johnson and Allfrey (11) reported maximum stimulation of phosphorylation

of ANP in rat liver nuclei at 5 yM cAMP, while higher concentrations of
cAMP inhibited the stimulatory effect. In our experiments inhibition by
cAMP was less pronounced in the presence of §-mercaptoethanol, in
solutions of lower ionic strength, or when the kinase was dialyzed extensively,
as indicated by the results in Table 1 versus those in Table 2.

These studies provide evidence that 1) rat liver ANP contains
cAMP-binding material as well as protein kinase activity, 2) that nuclear
protein kinase activity can be reversibly inhibited by the cAMP-binding
fraction, and 3) that nuclear kinase activity can be reversibly inhibited
by the regulatory subunit from rabbit muscle cAMP-dependent protein
kinase. The evidence is consistent with a model in which the activity of

nuclear kinases is controlled by a cAMP-binding subunit,
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