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SUMMARY 

RNA polymerase activities of isolated nuclei and nucleoli and 
of the solubilized enzyme extracted from these organelles were ex- 
amined in the presence of divalent cations and a-amanitin. The 
ratio of enzyme activity in presence of Mg2+ to activity in pres- 
ence of Mn2+ and ammonium sulfate was higher for the enzyme prep- 
arations made from nucleoli than for the corresponding preparations 
made from whole nuclei. 
sulfate and Mn2+, 

When incubated in presence of ammonium 
the polymerase activities of the whole nuclei 

and of the soluble enzyme preparation made from whole nuclei were 
extensively inhibited by amanitin, whereas the polymerase activity 
of the nucleolar enzyme was only slightly affected by the toxin 
under the same conditions. From the differing degrees of response 
to amanitin and to Mg2+ and Mn2+, it has been concluded that the 
RNA polymerase of nucleoli differs structurally from the chromatin- 
associated polymerase extractable from whole nuclei. 

INTRODUCTION 

Isolated nuclei show two types of RNA polymerase activity. 
When incubated in the presence of Mg2+ ion, they appear to synthe- 
size mostly a ribosomal type of RNA; in the presence of Mn2+ and 
ammonium sulfate they make RNA with a base ratio resembling that 
of DNA (1). By means of autoradiography, it has been shown (2,3) 
that the RNA made by nuclei incubated with Mg2+ accumulates in the 
nucleoli, the accepted site of ribosomal RNA synthesis, whereas 
RNA formed during incubation in Mn2+ and a low concentration of 
ammonium sulfate is mainly extranucleolar. This distinction be- 

tween the divalent cation requirements for nucleolar and extra- 
nucleolar polymerase activity is not absolute; we have demonstrated 
that the capacity of isolated nucleoli to synthesize RNA can in 
fact be increased above the level achieved with Mg2+ if Mn2+ and 
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a sufficiently high concentration of ammonium sulfate is present 
in the incubation medium (4). Recently, Roeder and Rutter (5) 
have chromatographically separated two polymerase activities from 
rat liver nuclei; one of these showed greater activity in presence 
of Mg2+, and was thought to be associated with the nucleoli. 

Stirpe and his colleagues (6,7) have found that a-amanitin, 
a toxic peptide obtained from Amanita phattoides, causes extensive 
inhibition of the RNA polymerase activity of crude nuclear enzyme 
preparations incubated in the presence of Mn2+ and ammonium sul- 
fate, but little inhibition of activity assayed in presence of 
Mg2+. We have recently demonstrated that amanitin inhibits solu- 
ble RNA polymerase extracted from whole liver nuclei by a direct 
action on the enzyme protein and not on the DNA template (8). 
Since the soluble enzyme obtained from whole liver nuclei shows 
little activity except in the presence of Mn2+ and ammonium sul- 
fate and seems mainly representative of extranucleolar polymerase, 
we have now prepared a soluble polymerase from isolated nucleoli 
and have examined its activity in the presence of Mg2+ and of 
Mn2+, and its response to addition of amanitin. 

ISOLATION OF SOLUBLE POLYMERASES 

The soluble enzyme was obtained from whole nuclei by a pro- 
cedure described earlier (9); nuclei isolated from the liver of 
male albino rats (Charles River Breeding Laboratories, Wilmington, 
Massachusetts) were lyzed by gentle homogenization with 0.05 M 
Tris-HCl buffer, pH 8.9, containing 0.025 M KCl, 0.5 mM dithio- 
threitol and 2 mM Mg acetate, then incubated at 37' for 30 min. 
Glycerol was added to a final concentration of 30%, and the mix- 
ture was shaken vigorously at room temperature for 2 min. The 
enzyme-free residue was removed by centrifugation at 105,000 x g 
for 30 min. This procedure resulted in almost complete release 
of RNA polymerase from whole nuclei. To prepare nucleolar soluble 
enzyme, nucleoli were isolated from rat liver nuclei (4) and the 
procedure described above for obtaining soluble enzyme from whole 
nuclei was applied except that the nucleoli were sonicated for 

1 min in the buffer, and that incubation at 37' and shaking were 
eliminated. The DNA content of the preparations was measured as 
described previously (9). Protein was estimated by a modification 
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of Lowry's procedure (10). Both the whole nuclear and the nucle- 
olar soluble enzymes depended on exogenous DNA for activity. 
Unlike the soluble enzyme extracted from whole nuclei, the nucle- 
olar preparation was quite unstable and assays had to be carried 
out immediately after preparation. 

RESULTS AND DISCUSSION 

Table 1 shows the effect of Mg2+ and of Mn2+ with ammonium 
sulfate on RNA polymerase activity assayed in whole nuclei and in 
isolated nucleoli, and on the activity of soluble polymerase pre- 
pared from each of these organelles. Our results agree with 
those of other workers using soluble polymerase (5,12); maximal 
enzyme activity with Mn2+ required addition of 0.06 M (NHL,)~SO~ 
to the soluble enzymes, whereas 0.4 M salt is needed to activate 
maximally the crude polymerase in whole nuclei (1) or nucleoli 

(4). The ratio of Mg 2+-dependent activity to Mn2+-dependent ac- 
tivity is higher in the crude nucleolar preparation than in whole 
nuclei (Table 1). The different response to divalent cations is 
accentuated when the soluble enzymes prepared from whole nuclei 
and from nucleoli were compared, using rat liver DNA as the tem- 
plate. This is due to a much greater Mg2+ activity per mg protein 
in the case of the nucleolar soluble enzyme, a finding which cor- 
responds to the demonstration by Roeder and Rutter (5) of two 
soluble enzyme activities in liver nuclei that differ in their 
relative stimulation by Mg2+ and Mn2+. 

Since the nucleolar enzyme is much less stable (a phe- 
nomenon observed by Akamatsu et aZ. (11) in their preparation of 
soluble nucleolar polymerase), the whole nuclear soluble prepa- 

ration probably contains little of the nucleolar soluble enzyme 
because of its destruction during preparation and storage before 
use. 

The action of cr-amanitin on the crude and soluble polymerase 

preparations is shown in Table 2. In agreement with Stirpe (7), 
amanitin had little inhibitory effect on the Mg2+-dependent ac- 
tivity of the crude soluble preparations in the absence of 

(M+l2SO4. In the presence of (NHI+)~SO~ with Mn2+, the activ- 
ities of the crude whole nuclear enzyme and of the whole nuclear 
soluble preparation were depressed by 70-90%. However, the same 
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Table 1. Comparison of the RNA polymerase activities of whole 
nuclei, isolated nucleoli, soluble whole nuclear enzyme, and 
soluble nucleolar enzyme assayed with Mg2+ or with Mn2+ plus 
ammonium sulfate. 

Type of enzyme 
preparation 

Enzyme activity 
No. of Mg/Mn 
expts. Mg2+ Mn2+ + (NH4)2S0~ ratio 

Whole nuclei 3 1180 2865 0.41 
Isolated nucleoli 4 11840 18780 0.63 
Nuclear soluble 7 152 1302 0.12 
Nucleolar soluble 4 620 1280 0.48 

In the case of the whole nuclei, the assay conditions were 
based on those of Widnell and Tata (1). The assay mixture for 
the Mg 2+-dependent reaction contained in 0.5 ml (pmoles): Tris- 
HCl (pH 8.5), 50; MgCl,, 2.5; dithiothreitol, 5; NaF, 3; ATP, GTP 
and CTP, 0.3 each; UTP, 0.1; UTP-14C (366 me/m mole from Schwartz 
BioResearch, Orangeburg, N.Y.), 0.0002, along with nuclei con- 
taining 250 ug DNA. The Mn2f-(NH+)zS0t+-activated reaction con- 
tained the same ingredients except that Mg2+ was replaced by 
MnC12 (2 umoles); the mixture also contained (NHL,)~SOI+ (0.2 
mmoles) and fluoride was omitted. The Mg 2+-dependent reaction 
was carried out for 20 min and the Mn2+ reaction for 40 min at 
37" in order to reach plateau values (1). The reaction was ter- 
minated at the end of incubation and uptake of 14C was measured 
as described previously (9). The activities are expressed as 
ppmoles nucleotide incorporated/mg DNA. The data for the poly- 
merase activity of isolated nucleoli are taken from the paper of 
Jacob et aZ. (4). 

In the case of the two soluble enzyme preparations, the re- 
action mixtures were based on those used by Jacob et at. (9) to 
study soluble nuclear enzymes. The Mg 2i-dependent reaction mix- 
ture for the soluble enzyme contained in 0.75 ml (pmoles): Tris- 
HCl (pH 8.0), 40; MgClz, 2.0; NaF, 2.0; spermine, 2.0; ATP, 0.35; 
CTP and GTP, 0.3 each; UTP, 0.07; UTP-14C, 0.0002, and in addi- 
tion 60 pg purified rat liver DNA and 0.3 mg enzyme protein for 
the whole nuclear extract and 0.06 mg enzyme protein for the nu- 
cleolar extract. The Mn2+-dependent reaction mixture for the 
soluble enzyme contained all the cofactors required for the Mg2+- 
dependent reaction, except that Mg2+ was replaced by MnC12 (1.5 
pmoles) and (NH4)2S04 was included at a final concentration of 
0.06 M. Concentrations of (NH4)zS04 higher than 0.06 M inhibit 
the activity of soluble enzyme. This salt was added after 4 min 
of preincubation of the reaction mixture, since higher activities 
were obtained by this delay, probably because of the known inhi- 
bitory action of salts on binding of enzyme to DNA if added at 
the start of incubation. 
30 min at 37', 

The soluble enzymes were incubated for 

activities. 
which gave plateau values for both Mg2+ and Mn2+ 

The reaction was terminated and the uptake of 14C 
was measured .as described previously (9). The activities are ex- 
pressed as upmoles nucleotide incorporatedlmg protein in the en- 
zyme preparation. 
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Table 2. Comparison of the inhibitory action of a-amanitin on 
RNA polymerase in whole liver nuclei, liver nucleoli, soluble 
whole nuclear polymerase, and soluble nucleolar polymerase incu- 
bated under various ionic conditions. 

Type of enzyme 
preparation 

Enzyme activity 
Mg2+ Mn2+ + (NH4)?S04 

Control Amanitin Control Amanitin 

Whole nuclei 1000 820 (-18%) 2215 620 (-72%) 
Isolated nucleoli 3930 2980 (-25%) 8050 7370 (-8%) 
Nuclear soluble 365 325 (-11%) 3185 220 (-93%) 
Nucleolar soluble 1590 1650 (+4%) 3360 2775 (-18%) 

The enzymes were prepared and incubated as described in 
Table 1. The final concentration of Mg2+ was 5 mM for the whole 
nuclei and 2.5 mM for the soluble enzymes; for Mn2+ it was 4 mM 
and 2 mM, respectively; and for ammonium sulfate it was 0.4 M and 
0.06 M respectively. a-Amanitin was added at the start of incu- 
bation at a concentration of 0.03 ug/ml. Activities are expressed 
as uumoles incorporated/mg DNA in the case of the whole nuclei 
and uumoles incorporated/mg protein in the case of the soluble 
enzyme preparations. The experiment was replicated 2 or 3 times, 

concentration of amanitin (0.03 ug/ml) inhibited the polymerase 
activity of the nucleolus and of the nucleolar extract only 
slightly and not in every experiment. The action of higher con- 
centrations of amanitin was examined in studies on isolated 
nucleoli. At levels of 0.3, 3, and 30 rig/ml, no further depres- 
sion of nucleolar RNA synthesis was achieved than is recorded in 
Table 2 for 0.03 ug/ml. The slight action of amanitin on poly- 
merase activity in the isolated nucleoli may be due to traces of 
extranucleolar polymerase contaminating the nucleoli. High doses 
of a-amanitin did not depress the whole nuclear polymerase activ- 
ity by more than 80%, thus indicating the presence of at least 
20% of resistant enzyme, presumably of nucleolar origin. 

These results substantiate the difference between polymerase 
activity in nucleoli and in the extranucleolar region of the liver 
cell nucleus. It was demonstrated earlier with soluble polymer- 
ase made from whole nuclei (8) that amanitin acts on polymerase 
protein and not on the DNA template. The present data suggest 
that it is selective for the protein of the extranucleolar enzyme. 
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