RNA POLYMERASE AND PROTEIN KINASE

Effect of Protein Kinase on Ribonucleic Acid Polymerase®

Orlando J. Martelo, Savio L. C. Woo, Erwin M. Reimann, and Earl W. Davie

ABSTRACT: Protein kinase from rabbit skeletal muscle and
rabbit reticulocytes stimulates the DNA-dependent RNA
polymerase of Escherichia coli with T4 DNA as template.
Additional stimulation of RNA synthesis is observed in the
presence of adenosine 3’,5’-monophosphate, but this effect
varies from one preparation of protein kinase to another.
The increase in RNA synthesis by protein kinase is associated
with phosphorylation of the ¢ component or a o-like factor
present in RNA polymerase. This was indicated by experi-
ments in which the enzyme was labeled with [v-32P]JATP in the
presence of protein kinase and adenosine 3’,5'-monophos-
phate. Fractionation of the enzyme by chromatography on

Deoxyribonucleic acid dependent RNA polymerase puri-
fied from Escherichia coli by the method of Chamberlin and
Berg (1962) as modified by Richardson (1966a) has been
employed in many laboratories for enzyme studies. This
preparation has a high specific activity, but shows some
heterogeneity in chromatographic properties, specific activity,
aggregation, and template DNA and tRNA binding (Hayashi
et al., 1964; Richardson, 1966b; Bremer et al., 1966; Pettijohn
and Kamiya, 1967; Stead and Jones, 1967). With the discovery
of ¢ factor (Burgess ef al., 1969), M factor (Davison et al.,
1969), p factor (Roberts, 1969), and the stimulation of RNA
polymerase by DNase (Vogt, 1969), it is clear that many of
the differences in the properties of various RNA polymerase
preparations were due to variable amounts of these proteins
present in the enzyme preparation.

Heterogeneity also may be the result of minor proteolysis
of the enzyme (Hara and Mitsui, 1967; Mitsui and Hara, 1967)
or the presence of nuclei acid and other proteins such as the
w component (Burgess, 1969a). Structural modification of the
polymerase can give rise to heterogeneity as indicated by the
change in the polyacrylamide gel patterns and chromato-
graphic profiles of the enzyme before and after T4 phage
infection (Walter ez al., 1968 ; Crouch er al., 1969).

Heterogeneity of RNA polymerase also could be due to
phosphorylation of the enzyme by an adenosine 37,5'-mono-
phosphate dependent protein kinase in a manner analogous
to the glycogen phosphorylase system (Krebs and Fischer,
1962; Walsh et al., 1968), glycogen synthetase (Friedman
and Larner, 1963), and pyruvic dehydrogenase (Wieland and
Siess, 1970). Phosphorylation of RNA polymerase could
account for recent experiments linking adenosine 3,5’-mono-
phosphate with the synthesis of a number of enzymes such as
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phosphocellulose columns indicated that phosphorylation
occurs in the protein fraction containing the ¢ component. In
further studies with partially purified ¢ factor and core en-
zyme, the direct phosphorylation of the fraction containing ¢
factor by adenosine triphosphate and protein kinase was ob-
served. Under similar conditions, little or/no phosphorylation
of the core enzyme occurred. These results suggest that adeno-
sine 37,5'-monophosphate and protein kinase play an im-
portant role in the regulation of RNA synthesis through a
phosphorylation mechanism. Furthermore, phosphorylation
of the enzyme may account for some of the heterogeneity pre-
viously observed with this enzyme.

B-galactosidase which are sensitive to catabolite repression
(Perlman and Pastan, 1968; Ullmann and Monod, 1968;
Chambers and Zubay, 1969; Jacquet and Kepes, 1969). In
the present communication we wish to report the effects of
protein kinase isolated from rabbit tissue on E. coli RNA
polymerase. A preliminary report of this work has appeared
elsewhere (Martelo et al., 1970).

Materials and Methods

Protein kinase from rabbit skeletal muscle was prepared
by a modification of the method of Walsh er al. (1968).
Protein kinase from peak I of the DE-52 column chromatog-
raphy step was employed in the present studies unless stated
otherwise (E. M. Reimann, D. A. Walsh, and E. G. Krebs,
manuscript in preparation). Rabbit reticulocyte protein
kinase, purified approximately 100-fold, was kindly provided
by Dr. M. Tao, University of Illinois College of Medicine,
Chicago, Ill. Protein kinase concentrations were determined
by optical density measurements at 280 mgu assuming an
absorbancy coefficient (41%,) at 280 mu of 10.

RNA polymerase was prepared from E. coli B or MRE-600
by the method of Chamberlin and Berg (1962) as modified
by Richardson (1966a). The hydroxylapatite enzyme was
routinely employed in most experiments reported in this paper.
RNA polymerase which was not purified by the hydroxyl-
apatite step bound substantial amounts of *?P from [y-**P]-
ATP in the absence of protein kinase and was not employed
in the present studies. When hydroxylapatite enzyme was sub-
jected to electrophoresis in 5% polyacrylamide gels by the
general methods of Ornstein (1964) and Davis (1964), a major
protein band containing 85-909; of the total protein was ob-
served with the Amido-Schwarz stain. Polyacrylamide gel
electrophoresis was also carried out on the protein for enzyme
assay, and these gels were sliced into 16 fractions and tested
for polymerase activity. RNA polymerase activity was found
only in the gel fraction corresponding to the major protein
band.
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FIGURE 1: The effect of increasing concentrations of rabbit skeletal
muscle protein kinase on RNA synthesis by RNA polymerase. The
reaction mixture contained 0.1 M Tris-HCl buffer (pH 7.8); 1.25
X 1072 M MgCly; 1 X 1078 M GTP, UTP, and CTP; 1 X 1073 M
[:H]ATP (containing 10 uCi/umole); 5 X 10~¢ M glycerol; 0.2 M
KCIl; T4 DNA (50 ug/ml); RNA polymerase (25 ug/ml); and in-
creasing amounts of muscle protein kinase. (@——@) control,
(A——A) 12.5 ug/ml of protein kinase, (0——) 25 ug/ml of pro-
tein kinase, and (O——0) 50 ug/ml of protein kinase. Samples
were incubated at 37° for various time intervals and a 0.1-ml aliquot
removed for assay as described in Materials and Methods.

For some experiments, the hydroxylapatite enzyme was
further fractionated into core enzyme and ¢ factor by column
chromatography on phosphocellulose by a modification of
the method of Burgess (1969b). Polyacrylamide gel electro-
phoresis patterns of the native ¢ factor on 5% polyacrylamide
gels showed four protein bands. In the presence of 0.1
sodium dodecyl sulfate, two protein bands were obtained.

The various RNA polymerase preparations were stored in
0.2 M KCl, 0.05 M Tris-HCI buffer (pH 7.8), § X 1073 M
dithiothreitol, 1 X 10~* M ethylenediaminetetraacetate, and
509, glycerol at —80°. Polymerase concentration was deter-
mined by optical density measurements at 280 myu assuming
an absorbancy coefficient, 41%_, at 280 my of 16.9 (Richard-
son, 1966b).

[*HJATP and [*?P]P; were purchased from New England
Nuclear Corp., Boston, Mass., and unlabeled nucleoside
triphosphates from Pabst Laboratories, Milwaukee, Wis.
Adenosine 3’,5'-monophosphate was purchased from Schwarz
BioResearch, Orangeburg, N. Y. v-32P-labeled ATP was
prepared by a modification of the method of Glynn and
Chappell (1964). T4 DNA and E. coli DNA were isolated by a
modification of the procedure of Marmur (1961). Calf
thymus DNA was purchased from Calbiochem, Los Angeles,
Calif. E. coli B, grown to half-log phase on enriched media,
was purchased from Grain Processing Corp., Muscatine,
Iowa.

Enzyme Assay. The typical reaction mixture for an RNA
polymerase assay contained 0.1 M Tris-HCI buffer (pH 7.8);
1.25 X 10~2 M magnesium chloride; 1 X 10~* M GTP, UTP,
and CTP; 1 X 10-2 M [3H]ATP (nonuniform label, specific
activity 10 uCifumole); 1 X 10-2 M B-mercaptoethanol;
5 X 107* M glycerol; 0.2 M KCl; T4 DNA (50 ug/ml); and
RNA polymerase (1-5 ug/ml) in a final volume of 0.2 ml.
Reaction mixtures were incubated at 37° for 10 min. An
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aliquot (0.1 ml) of the reaction mixture was spotted on
Whatman No. 3MM filter paper and washed four times with
cold 5 %7 trichloroacetic acid and once with cold 95 % ethanol.
The filter was dried and counted in a TriCarb liquid scintilla-
tion counter using Omni-Fluor toluene scintillant (So et al.,
1967).

o factor was measured in the regular polymerase assay in
the presence of core enzyme and T4 DNA. This assay usually
contained about 5 ug/ml of ¢ factor and 10 ug/ml of core
enzyme. Maximal stimulation by saturating levels of ¢ factor
with T4 DNA as template was 50-60-fold.

Protein kinase activity with RNA polymerase as substrate
was measured by the incorporation of 3?P from [y-??P]ATP
into trichloroacetic acid precipitable material. The incubation
mixture contained 0.025 M Tris-HCI buffer (pH 7.1), 2.5 X
104 M [y-3?P]JATP (specific activity 0.1-0.7 mCi/umole),
5 X 10~% M magnesium chloride, 5 X 10~¢ M dithiothreitol,
5 X 1074 M glycerol, 300 wug/ml of RNA polymerase, and
protein kinase (10-50 ug/ml) in a final volume of 0.2 ml.
The reaction mixtures were incubated for various times at
37° and an aliquot (0.05 ml) was spotted on Whatman No.
3MM filter paper. The filters were then washed for 45 min
with gentle swirling in a small volume of 107 trichloroacetic
acid at 0° in the presence of 5 X 10=%* M ATP, and three
additional times at 0° for 30 min each in 5% trichloroacetic
acid in the presence of 0.01 M K;3;PO, and 0.01 M KP,O:.
Additional washings were made with an ethanol-acetone
solution (equal volumes of each) and with acetone alone. The
filters were dried and counted in a TriCarb liquid scintillation
counter as above. Blanks generally ranged from 200 to 300
cpm per sample.

Protein kinase activity with ¢ factor as a substrate was mea-
sured in a manner similar to that with RNA polymerase as
substrate. In this case, the reaction mixture generally con-
tained 0.1 M Tris-HCI buffer (pH 7.8); 0.2 M KCI; 1 X 1073
M GTP, CTP, and UTP; 1 X 10~% M [v-32P]ATP (specific
activity 0.1-0.7 mCi/umole); 1.25 X 102 M magnesium
chloride; 5 X 10~ M dithiothreitol; 5 X 10~ M glycerol;
20 ug/ml of ¢ factor; and skeletal muscle protein kinase
(20 ug/ml) in a final volume of 0.2 ml. In some experiments,
the phosphorylation of ¢ factor was carried out in the absence
of KCl, UTP, CTP, and GTP. Reaction mixtures were incu-
bated and assayed as described above for the complete
enzyme.

Results

Stimulation of RNA Synthesis. The stimulation of RNA
polymerase by increasing amounts of skeletal muscle protein
kinase is shown in Figure 1. In these experiments, T4 DNA
was employed as a template. The protein kinase, which con-
tained no polymerase activity itself, stimulated the incorpora-
tion of radioactive AMP into RNA about 8-fold at the highest
concentration employed. The same stimulation was observed
when the reaction was followed by labeling each of the four
nucleoside triphosphates. Stimulation by the skeletal muscle
protein kinase varied from one preparation of RNA poly-
merase to another and ranged from 2- to 13-fold. The stimula-
tion also varied with the stage of purification of the RNA
polymerase. For instance, in one preparation made by the
method of Chamberlin and Berg (1962), the stimulation was
0-, 5.8-, 11-, and 13-fold for the crude supernatant, the 30-
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TABLE 1: Effect of Protein Kinase on RNA Synthesis by RNA
Polymerase.®

AMP Incorp
(nmoles/10 min)

Calf
T4 Thymus E. coli

Expt Additions DNA DNA DNA
1 Polymerase 8.2 2.3 2.6

2 Polymerase + muscle protein
kinase 16 2.7 2.6

3 Polymerase + muscle protein
kinase + adenosine 3/,5-

monophosphate 20 2.3 2.6
4 Polymerase 4.5
5 Polymerase + red cell protein

kinase 13

6 Polymerase + red cell protein
kinase + adenosine 3/,5'-
monophosphate 27

« The reaction mixture is essentially the same as that de-
scribed under Figure 1 except as follows: T4 DNA (50 ug/ml);
calf thymus DNA (400 ug/ml) or E. coli DNA (400 pg/ml) as
shown; muscle protein kinase (50 ug/ml) in expt 2 and 3, and
red cell protein kinase (45 ug/ml) in expt 5 and 6; adenosine
3’,5'-monophosphate at a concentration of 1 X 107¢ M in
expt 3, and 1 X 1075 M in expt 6. Samples were incubated for
10 min at 37°, and 0.1-ml aliquots were removed for assay as
described in Materials and Methods.

509 ammonium sulfate fraction, the DEAE-cellulose fraction,
and the hydroxylapatite fraction, respectively. Preincubation
of T4 DNA with rabbit muscle protein kinase did not result in
greater stimulation of RNA synthesis. Thus, the possibility of
a template modification as a mechanism for RNA synthesis
stimulation by protein kinase seems unlikely.

Stimulation of RNA polymerase was observed by protein
kinase throughout its purification from skeletal muscle.
Furthermore, a general correlation was observed between
RNA polymerase stimulation and phosphorylation of casein
by the crude muscle extract, the pH 5.5 supernatant, the
78,000¢ supernatant, and the purified fractions from DE-52
column chromatography (E. M. Reimann et al., manuscript in
preparation).

The effects of adenosine 3/,5’-monophosphate on RNA
polymerase in the presence of protein kinase are shown in
Table I. At low levels of skeletal muscle protein kinase, the
synthesis of RNA was increased about 2-fold with T4 DNA
as template. This was further increased in the presence of
10~% M adenosine 3’,5'-monophosphate. The effect of adeno-
sine 3’,5’-monophosphate, however, was variable, and with
some muscle protein kinase preparations, no additional
stimulation was observed with adenosine 3’,5’-monophos-
phate. With other muscle protein kinase preparations, how-
ever, complete dependency on adenosine 3’,5’-monophos-
phate was observed. Adenosine 3’,5’-monophosphate at a
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FIGURE 2: Effect of rabbit skeletal muscle protein kinase on #2P
incorporation into RNA polymerase. The reaction mixture con-
tained 0.05 M Tris-HCI buffer (pH 7.8), 2.5 X 10~¢ M [y-*2P]JATP
(specific activity 400 uCi/umole), 5 X 10~3 M MgCl,;, 5 X 10~¢m
dithiothreitol, 5 X 10~¢ M glycerol, 300 ug/ml of RNA polymerase,
and 30 ug/ml of muscle protein kinase. (@8——m) RNA polymerase
and adenosine 3’,5'-monophosphate; (A——A) protein kinase;
(6——e@) protein kinase and adenosine 3’,5’-monophosphate;
(A——A) RNA polymerase and protein kinase; (O——0) RNA
polymerase, protein kinase, and adenosine 3’,5’-monophosphate
(1 X 1078 m). Reaction mixtures were incubated at 37° and aliquots
(0.05 ml) were removed and assayed for acid-precipitable 3?P as
described in Materials and Methods. Samples with RNA polym-
erase alone were identical with those of RNA polymerase in the
presence of adenosine 3,5/-monophosphate.

concentration of 1 X 10~¢ M has no effect on the polymerase
by itself. With calf thymus or E. coli DNA as template, little
stimulation of RNA synthesis was observed at this concentra-
tion of protein kinase.

A similar stimulation of RNA synthesis by E. coli RNA
polymerase was observed with a protein kinase isolated from
rabbit reticulocytes (Table I). With this protein kinase prepara-
tion, the rate of RNA synthesis was increased about 2-fold
in the presence of adenosine 3,5’-monophosphate.

82P Incorporation info RNA Polymerase. The stimulation
of RNA synthesis by protein kinase suggests that phosphoryla-
tion of the RNA polymerase may be occurring. This possibility
was tested employing [y-32P]JATP as a substrate. The forma-
tion of acid-precipitable 32P with time following the incuba-
tion of RNA polymerase with skeletal muscle or red cell
protein kinase is shown in Figures 2 and 3. Substantial
amounts of radioactive phosphorous became protein bound
in the presence of protein kinase and RNA polymerase, and
this was greatly increased in the presence of adenosine 3/,5'-
monophosphate. Phosphorylation of protein was indicated by
the fact that digestion of the trichloroacetic acid precipitate
with trypsin and chymotrypsin resulted in solubilization of #2P.
Some incorporation of radioactive phosphate into an acid-
insoluble form occurred in the controls, which contained pro-
tein kinase and adenosine 3’,5’-monophosphate, or polymer-
ase and adenosine 3’,5'-monophosphate. These levels, how-
ever, were always far below that found in the complete reac-
tion mixtures.

Further identification of the phosphorylation site was made
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FIGURE 3: Effect of red cell protein kinase on *2P incorporation into
RNA polymerase. The reaction mixture contained 0.125 M Tris-
HCI buffer (pH 7.5), 20 mM MgCl,, 1 X 107% M adenosine 3/,5'-
monophosphate, 2.5 X 107* M [y-32P]JATP (specific activity 400
uCi/umole), 60 ug of RNA polymerase, and 20 ug of red cell kinase
in a final volume of 0.2 ml, (®=——m) RNA polymerase and adeno-
sine 3/,5’-monophosphate; (8——=®) red cell kinase and adenosine
3’,5’-monophosphate; (A——A) RNA polymerase and red cell
kinase; (O——O) RNA polymerase, red cell kinase, and adenosine
3/,5’-monophosphate. Reaction mixtures were incubated at 37°
and aliquots (0.05 ml) were removed and assayed for acid-precipit-
able *2P as described in Materials and Methods.

by chromatography of the phosphorylated polymerase on
phosphocellulose. This procedure separates o factor from
the core enzyme (Burgess et al., 1969). In these experiments,
RNA polymerase was incubated with [y-32P]JATP, adenosine
3’,5'-monophosphate, and skeletal muscle protein kinase.
After a 45-min incubation at 30°, the sample was subjected
to gel filtration on a Sephadex G-~75 column (1.0 X 60 cm)
to remove the unreacted [y-*2P]JATP. The polymerase which
now contained radioactive phosphate was subjected to column
chromatography on phosphocellulose. After chromatography,
the major portion of the protein-bound *?P was present in the
fraction containing o factor, and little radioactivity was in
the core enzyme fraction. Therefore, the direct phosphoryla-
tion of o factor by protein kinase was attempted. In the ex-
periments shown in Figure 4, the reaction conditions were
similar to those in the RNA polymerase assay, while those in
Figure 5 represent conditions more optimal for the protein
kinase reaction. It can be seen that protein kinase from skeletal
muscle stimulates the incorporation of 2P from [y-?P]JATP
into a partially purified RNA polymerase o factor in the pres-
ence of adenosine 3/,5/-monophosphate. At the lower protein
kinase concentrations employed in these experiments, little
radioactive phosphate became protein bound in the controls.

In other experiments, protein kinase and [y-32PJATP were
incubated with core polymerase in the presence of adenosine
3’,5’-monophosphate. In these studies, little or no 2P becomes
protein bound. Thus, RNA polymerase is phosphorylated
by ATP in the presence of protein kinase and adenosine 3,5~
monophosphate, and this phosphorylation occurs with the
protein fraction containing the ¢ component.

Activation of Partially Purified o Factor by Muscle Protein
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FIGURE 4: Effect of rabbit skeletal muscle protein kinase on 32P
incorporation into partially purified o factor. The reaction
mixture contained 0.1 M Tris-HCl buffer (pH 7.8); 0.2 M KCl, 1 X
1073 M [v-3?PJATP (specific activity SO0 uCijumole); 1T X 1073 M
GTP, CTP, and UTP; 1.25 X 10~ M MgCly; 5 X 107* M dithio-
threitol; 5 X 10~ M glycerol; 20 ug/ml of partially purified & factor;
and 20 ug/ml of skeletal muscle protein kinase in a final volume of
0.2 ml. (3——0) Protein kinase and adenosine 3’,5’-monophos-
phate; (8——@) partially purified ¢ factor and adenosine 3’,5'-
monophosphate; (A——A) partially purified ¢ factor and protein
kinase; (O——0) ¢ factor, protein kinase, and adenosine 3',5'-
monophosphate (1 X 1076 m). Reaction mixtures were incubated
at 37° and aliquots (0.02 ml) were removed and assayed for acid-
precipitable 32P as described in Materials and Methods.

Kinase. The phosphorylation of the partially purified o
factor preparation suggests that preincubation of this fraction
with ATP and protein kinase may lead to activation when it is
assayed in a second incubation reaction mixture with core
enzyme and T4 DNA as template, The results of these ex-
periments are shown in Table II.

In tube 1, the buffer control containing nucleoside triphos-
phates and adenosine 3’,5'-monophosphate was preincubated
for 5 min. An aliquot (0.02 ml) was then added to an RNA
assay mixture containing core enzyme and T4 DNA. This
diluted the original sample 10-fold in the assay reaction mix-
ture. The second tube containing ¢ factor was also preincu-
bated for 5 min, and an aliquot added to a second polymerase
assay. In this case, nearly a 6-fold stimulation of RNA syn-
thesis occurred when an aliquot of the preincubated o factor
preparation was added to the final RNA assay containing core
polymerase (0.73 vs. 4.1). In tube 3, the preincubation mixture
contained protein kinase in addition to ¢ factor, and, in this
case, a 10-fold stimulation of RNA synthesis was found. This
activity is nearly 2-fold greater than the o factor preparation
preincubated in the absence of protein kinase (4.1 vs. 7.5). In
these experiments, protein kinase was diluted 10-fold in the
polymerase assay and at this concentration had no effect on the
synthesis of RNA in the final assay. A similar effect is shown
in tubes 4, 5, and 6 where protein kinase also stimulated the o
factor activity following preincubation with protein kinase.

Discussion

The results reported in this communication show that RNA
polymerase of E. coli is stimulated by protein kinase from
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either rabbit skeletal muscle or rabbit reticulocytes. The
stimulation of RNA synthesis is associated with a phosphoryl-
ation of a o or g-like component of RNA polymerase by ATP
and protein kinase.

Phosphorylation of a ¢ or o-like factor by a bacterial protein
kinase similar to that reported by Kuo and Greengard (1969)
provides a simple mechanism for the control of the amount
and type of RNA synthesized in bacteria. In E. coli, o factor
participates in RNA chain initiation (Travers and Burgess,
1969; Dunn and Bautz, 1969) and is released from the polym-
erase-DNA complex once RNA initiation occurs. Thus, a
phosphorylation-dephosphorylation series of reactions could
shift chain initiation from one site to another on the DNA
template and thus influence the type and amount of various
RNAs which are synthesized. It is also possible that more than
one ¢ factor exists in RNA polymerase, only one of which is
phosphorylated. This may also affect the synthesis of numer-
ous classes of RNAs by changing the initiation site for the
RNA polymerase.

Phosphorylation of a ¢ or o-like factor could provide a
simple explanation for the synthesis of a number of enzymes
which are sensitive to catabolite repression. This type of cellu-
lar regulation occurring in microorganisms was originally
called the glucose effect (Epps and Gale, 1942) since carbon
sources such as glucose repress the synthesis of various induci-
ble enzymes such as B-galactosidase. When the supply of glu-
cose is exhausted in these cells, there is a rapid appearance of
adenosine 3’,5'-monophosphate (Makman and Sutherland,
1965). From the studies of Perlman and Pastan (1968),
Ullman and Monod (1968), and Chambers and Zubay (1969),
it is clear that the synthesis of mRNA for 3-galactosidase
is associated with the appearance of adenosine 3’,5/-mono-
phosphate. These studies are summarized in an excellent
review recently published by Pastan and Perlman (1970). The
experiments of Jacquet and Kepes (1969) with rifampicin
suggest that the adenosine 3’,5’-monophosphate control is
at the level of transcription. Thus, the presence of a protein
kinase in E. coli which is activated by adenosine 3/,5’-mono-
phosphate (Kuo and Greengard, 1969) could lead to the
phosphorylation of RNA polymerase and the transcription
of the lac operon. Recently, Zubay er a/. (1970) and Emmer
et al. (1970) have partially purified an adenosine 3’,5’-mono-
phosphate binding protein from E. coli which stimulates 3-
galactosidase synthesis. Whether this adenosine 3‘,5’-mono-
phosphate binding protein is related to a protein kinase such
as that described by Kuo and Greengard (1969) has not been
established.

In the present studies, little or no stimulation of RNA syn-
thesis by protein kinase was observed with either E. coli or calf
thymus DNA as template. This is not surprising since protein
kinase does not exert its effect directly on the core enzyme.
Since o factor has little effect on net RNA synthesis with core
enzyme and calf thymus DNA as template (Burgess er al.,
1969) or with E. co/i DNA as template (S. L. C. Woo, unpub-
lished results), its modification by protein kinase would not in-
fluence the total amount of RNA synthesis with these DNAs
employed as template. It is possible, however, that a different
RNA product was synthesized in the presence of protein
kinase with these DNAs, and this difference was not detected
by changes in the total synthesis of RNA. Other procedures
such as hybridization techniques will be required to show
whether any difference exists in the products synthesized with

TABLE 1! Activation of Partially Purified ¢ Factor by Muscle
Protein Kinase.o

AMP Incorp in
the Presence of
Core Polymerase

Tube Additions (nmoles/10 min)
1 Control 0.73
2 o factor 4.1
3 o factor + protein kinase 7.5
4 Control 0.7
5 o factor 1.2
6 o factor + protein kinase 2.6

e The preincubation reaction mixture contained: 0.1 M
Tris-HCI buffer (pH 7.8); 0.2 M KCl; 1 X 10-3 M ATP, GTP,
UTP, and CTP; 1.25 X 10~2 M magnesium chloride; 1 X
10-¢ M adenosine 3',5’-monophosphate; 10 ug/ml of rabbit
skeletal muscle protein kinase; and partially purified o factor
in a volume of 0.3 ml. Tubes 2 and 3 contained 20 ug o
factor/ml, and tubes 5 and 6 contained 10 pg of & factor/ml.
After preincubation at 37° for 5 min, a 0.02-ml sample was
removed and added to an RNA polymerase assay reaction
mixture containing T4 DNA and core polymerase (see Ma-
terials and Methods). The control preincubation reaction
mixtures contained buffer alone or ¢ factor in the absence of
protein kinase.

these DNA templates. Studies of this type are necessary in
order to show whether any relationship exists between protein
kinase and catabolite repression.

Phosphorylation of RNA polymerase provides another
explanation for the heterogeneity of this enzyme influencing
both its biological activity and its physical-chemical proper-
ties. Thus, some of the changes in the specific activity and
chromatographic behavior of this enzyme may be due to
variations in the growth conditions of the cells employed for
isolating the enzyme. For instance, E. coli cells, which have
utilized all of their glucose and are rapidly synthesizing
adenosine 3’,5’-monophosphate (Makman and Sutherland,
1965), may contain polymerase in a highly phosphorylated
stage. This enzyme could differ substantially from polymerase
isolated from cells grown on enriched media.

In 1969, Davison and coworkers described an RNA poly-
merase stimulatory factor, designated M factor, from an
E. coli subcellular fraction rich in ribosomes. This factor
stimulates 30-50-fold the in wvitro transcription of DNA
exerting the largest effect with T4 DNA as template. Whether
the M factor is a bacterial protein kinase and exerts its
influence in a manner similar to the rabbit skeletal muscle
protein kinase is not known. It appears to be different from
o factor since the stimulatory effect of M factor is not restricted
to the use of core enzyme prepared by phosphocellulose chro-
matography.

Recently, Stein and Hausen (1970) isolated a stimulatory
factor from calf thymus which increased the activity of calf
thymus RNA polymerase about 10-fold. This stimulatory
factor did not, however, influence the rate of RNA synthesis
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FIGURE 5: Effect of rabbit skeletal muscle protein kinase on 32P
incorporation into partially purified ¢ factor. The reaction
mixture contained 0.05 M Tris-HCI buffer (pH 7.8); 2.5 X 104 M
[v-22P]JATP (specific activity 400 pxCi/umole); 5 X 10=3 m MgCl;;
5 X 10~* m dithiothreitol; 5 X 10~* M glycerol; 100 ug/ml of par-
tially purified o factor; and 40 pg/ml of muscle protein kinase.
(0——0) ¢ factor and adenosine 3’,5’-monophosphate; (6——@)
protein kinase and adenosine 3’,5’-monophosphate; (A——A)
¢ factor and muscle protein kinase; (O——O) ¢ factor, muscle
protein kinase, and adenosine 3’,5’-monophosphate (1 X 107% m).
Reaction mixtures were incubated at 37° and aliquots (0.05 ml)
were removed and assayed for acid-precipitable *?P as described in
Materials and Methods.

catalyzed by the E. coli RNA polymerase. Therefore, it
appears likely that either this stimulatory factor is not a pro-
tein kinase or its substrate specificity is not as broad as the
protein kinase from skeletal muscle.

The present studies add another substrate to the list of
proteins which can be phosphorylated by skeletal muscle
protein kinase. In previous studies, phosphorylation of
phosphorylase b kinase, casein, and protamine (Walsh er al.,
1968), and histone and glycogen synthetase (Soderling er a/.,
1970) has been demonstrated. Thus, it is clear that this
mammalian enzyme has a broad substrate specificity. In the
case of polymerase, however, higher concentrations of protein
kinase are required for maximal activity as compared to
substrates such as phosphorylase 5 kinase.

The extent of the phosphorylation of o factor by protein
kinase has not been established since a careful analysis of
phosphate binding will require pure o factor in sizable
amounts. Phosphorylation of ¢ factor under conditions used
for RNA synthesis but not optimal for protein kinase phos-
phorylation is shown in Figure 4. Under these conditions
and using only 20 ug/ml of ¢ factor as substrate, little but
significant phosphorylation occurred. In experiments with
incubation conditions optimal for protein kinase phosphoryl-
ation, o factor was phosphorylated to the same extent as RNA
polymerase (Figure 5). Also, the degree of phosphorylation
of the o factor when isolated from E. co/i must be established.
Whether the phosphorylation reaction directly parallels the
activation of o factor as measured by net RNA synthesis is
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also of interest. In the case of phosphorylase & kinase from
rabbit skeletal muscle, phosphorylation continues after
maximal activation of the enzyme by protein kinase, ATP,
and adenosine 3,5’-monophosphate (Riley et al., 1968).

Covalent modification of the sigma component of RNA
polymerase via phosphorylation differs from that occurring
in the core enzyme following T4 phage infection. In this case,
there is a structural modification of the « subunit (Walter
et al., 1968) and the host ¢ factor disappears (Seifert, 1969).
However, a new bacteriophage o factor can be isolated from
infected cells, and this component is responsible for the
synthesis of early messenger (Travers, 1969, 1970). Whether
the phage T4 o factor is related to host ¢ factor has not been
established. It is possible that following phage infection
phosphorylation of the host o factor gives rise to the phage
T4 o factor.

The possibility that RNA polymerase in mammalian cells
may be under the control of adenosine 3’,5’-monophosphate
and protein kinase is interesting since many hormones, such as
estrogens and ACTH, elevate the adenosine 3’,5’-monophos-
phate levels in various organs (Handler et al., 1965; Savard
et al., 1965, Bitensky and Burstein, 1965; Garren et al., 1966;
Taunton et al., 1967 ; Hechter et a/., 1967 ; Chase and Aurbach,
1970). Subsequently, there is the appearance of new protein
synthesized de novo presumably involving the synthesis of
new mRNA. In these cells, such a mechanism may involve
a direct influence of adenosine 3’,5’-monophosphate and
protein kinase on a nuclear RN A polymerase.
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