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SUMMARY

Nuclear RNA polymerases of chicken myeloblastosis
cells were solubilized and fractionated by diethylamino
ethyl-Sephadex A-25 column chromatography. Both a-
amanitin-insensitive (polymerase I) and -sensitive (polymer
ase II) species were isolated. Polymerase II, representing
the majority of the total extractable polymerase activity,
contained two peaks of enzyme (ha and lib), which were
further purified by glycerol gradient centrifugation. The
partially purified enzymes were characterized by their
requirement of four nucleoside triphosphates and metal ions
and by their sensitivity to several inhibitors. The enzymes
were compared with RNA polymerases derived from nor
mal chicken bone marrow cells, and the total extractable
polymerase II activity was found to be 10 times greater in
myeloblastosis than in bone marrow cells. Polymerase II
from both cell types was shown to be sensitive to cytosine
arabinoside triphosphate inhibition.

INTRODUCTION

DNA-dependent RNA polymerase from most animal
tissues exists as an â€œaggregateenzymeâ€• (38). Efforts have
been made to release the enzyme in a soluble form
dependent upon exogenous DNA (7, 11, 28, 32); recent
study of the soluble enzyme reveals that eukaryotic cells
contain multiple forms of RNA polymerase (10, 13, 23, 28,
30, 37). It has been suggested that these multiple forms of
eukaryotic RNA polymerase function for specific transcrip
tion of different classes of RNA. RNA polymerase I, which
is insensitive to a-amanitin, is localized in the nucleolus
and synthesizes rRNA; RNA polymerase II, an a-amani
tin sensitive form, is found in nucleoplasm and synthesizes
DNA-like RNA (12, 18, 29, 39). In most animals studied
thus far, polymerase I uses native DNA as template and is
preferentially stimulated by Mg2@; polymerase II prefers
denatured DNA template and Mn2@ for maximal activity
(12, 28, 39). The existence ofpolymerase III (nucleoplasmic
in origin, but a-amanitin insensitive) in certain eukaryotic
systems has been reported and its function was recently
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suggested to be involved in the transcription of the 4 S and 5
S RNA genes (37).

In order to understand the possible role of RNA polymer
ase in regulation of gene transcription during leukemogene
sis, we began an analysis of DNA-dependent RNA polym
erases in chicken leukemic cells. In a preliminary study (6)
we isolated a protein factor from chicken myeloblastosis
nuclei that stimulates RNA polymerase II activity on
denatured DNA template. This paper reports some proper
ties of the enzyme and the effects on it of metal ions and
several inhibitors. Findings are also reported from compari
son of the enzyme with normal chicken bone marrow RNA
polymerase.

MATERIALS AND METHODS

DEAE-Sephadex A-25 was obtained from Pharmacia
Laboratories, Inc., Piscataway, N. J. Unlabeled nucleoside
triphosphates and Cleland's reagent (DTT)2 were purchased
from P-L Biochemicals, Milwaukee, Wis. [3HJUTP was
obtained from New England Nuclear, Boston, Mass., and
Schwarz/Mann, Orangeburg, N. Y. a-Amanitin, rifamy
cm, cycloheximide, calf thymus DNA, and chicken blood
DNA were from Calbiochem, Los Angeles, Calif.; arabi
nose CTP was from Terra-Marine Bioresearch, La Jolla,
Calif. Escherichia co/i RNA polymerase was purchased
from General Biochemicals, Inc., Chagrin Falls, Ohio.

Preparation of Myeloblastosis Cells and Bone Marrow
Cells. Chicken myeloblastosis cells (from peripheral blood)
were prepared and isolated by a procedure of Beard (3) and
frozen at â€”70Â°before grinding. The frozen cells were
ground with dry ice using a prechilled mortar and pestle
and stored at â€”70Â°until use. Bone marrow cells were
obtained from White Leghorn chickens (line 15) by the
procedureof Langlois et a!. (15). The cells wereground and
stored as above. Determination of cell number in blood
samples was done on an Improved Neubauer Counting
Chamber. Protein was determined by the method of Lowry
et a!. (19).

Preparation of Nuclei. Nuclei were isolated from myelo
blastosisor bonemarrow cellsby suspending6 g ofcells in 8
ml ofextraction buffer [0.05MTris-HC1 (pH 7.9):10%(v/v)
glycerol: 15 mM magnesium acetate:0.25 m@ispermine:0. 1
mM EDTA:0.5 mM DTT:0. 1% Triton X- 100]. The cells were

aThe abbreviationsused are: DTT, dithiothreitol;ara-CTP, cytosine

arabinoside triphosphate.
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disrupted by 10 passes of the above suspension through a
syringe with each of 3 needles (Nos. 18, 20, and 25).
Breakage of cells was estimated to be around 90%. After
centrifugation for I 5 mm at 2000 x g, the resulting pellets
were suspended in 28 ml extraction buffer and mixed with
an equal volume of 2.3 M sucrose. Aliquots were overlaid in
centrifuge tubes containing 10 ml of 2.3 M sucrose. After
centrifugation at 27,000 rpm (SW 27 rotor, 95, 100 x g) for
I hr, the supernatant fraction was discarded, and the nu
clear pellets were washed once with 0.88 M sucrose contain
ing I mM magnesium acetate. Nuclei prepared in this way
appeared intact by light microscopy.

Solubilization of RNA Polymerase. The method used for
the initial solubilization of RNA polymerase activity was
similar to that described by Roeder and Rutter (29). The
washed nuclear pellets were resuspended in 10 ml of0.01 M
Tris-HC1 (pH 7.9), 1.0 Msucrose, 0.005 MMgCl2, and 0.005
M DTT. Ammonium sulfate (4 M, pH adjusted to 7.0) was

added to bring the concentration to 0.3 M. The viscous
solution was sonically dispersed for 10-sec periods with a
Branson W185 sonifier (microtip attachment, Setting 3)
until the solution was no longer viscous (about 2 mm total
sonication time). The suspension was then rapidly mixed
with 2 volumesof0.05 MTris-HC1 (pH 7.9), 30%glycerol, 5
mM MgC12, 0. 1 mM EDTA, and 0.5 mM DTT buffer. The

precipitate was removed by centrifugation for I hr at 95,000
x g in an SW 27 rotor.

Assay for RNA Polymerase Activity. The standard assay
system contained 50 mM Tris-HC1 (pH 7.9); 2 mr@iMnC12; 5
mM MgCl3; 10 mM KCI; 2 @tg pyruvate kinase; 4 mM

phosphoenol pyruvate; I mM DTT; 0.2 m@ieach of ATP,
GTP, and CTP; 0.04 mM UTP and [3H]UTP (600 to 700
cpm/pmole): and 40 @gdenatured calf thymus DNA and
enzyme, in a 0.1-mI reaction mixture. After incubation for
30 mm at 37Â°,the reactions were stopped by adding 0. 1 ml
of cold 0. 1 M sodium pyrophosphate (pH adjusted to 7.0)
containing RNA 2 mg/mi, bovine serum albumin, 2 mg/mi,
5 mM UTP, and 30% trichloroacetic acid, 0.5 ml. Acid
precipitable radioactivity was collected on Whatman GF/C
filters and washed more than 10 times with 5% trichloroace
tic acid. Filters were then dried and counted.

If
0
0
a
0

0

RESULTS

Initial Solubilization and DEAE-Sephadex Fractiona
tion of the nRNA Polymerase. The procedure used for initial
solubilization of RNA polymerase activity released more
than 80% of the total detectable RNA polymerase activity
(activity in soluble fraction plus the nuclear residue). As an
alternative we solubilized the enzyme by incubating the
nuclear suspension in a slightly alkali condition, using the
method of Jacob el a!. (1 1). With this procedure less than
30% activity was recovered in the soluble fraction.

As we reported previously (6), purification of the solubi
lized enzyme after 0.3 M salt sonication through a DEAE
Sephadex A-25 column resolved a minor peak and 2 major
peaks of enzyme activity (Chart 1). The total enzyme
activity recovered after chromatography was about 180% of
that originally detected in the soluble fraction. This mdi
cates that calculation of the yields of activity based upon the
activity present in the original soluble fraction (designated
100%) is misleading, since the original value is influenced by
materials such as inhibitors, proteases, or nucleases present
in the crude preparation. Therefore, quantitative compari
son of enzyme activity is generally made after the enzyme is
chromatographed (2, 29).

The 3 peaks of enzyme thus resolved were designated
Peaks I, Ila and lIb with regard to their sensitivity to
a-amanitin inhibition. The ratios ofthese 3 peaks of enzyme
were nearly constant in repeated experiments. The a-
amanitin-sensitive activities (Ila and IIb) represented over
97% of the total polymerase activity (Table 1); the a-
amanitin-insensitive enzyme (Peak I) was not further inves
tigated in this study.

We tried precipitation of the enzymes by ammonium
sulfate prior to DEAE-Sephadex fractionation as suggested
by Roeder and Rutter (29) and obtained a similar chro
matographic profile but less total recoverable enzyme
activity.

Glycerol Gradient Centrifugation. The 2 RNA polymer
ase II peaks of chicken myeioblastosis nuclei obtained from
DEAE-Sephadex fractionation were pooled separately and
further purified by centrifugation through a 10 to 40%
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Chart I. DEAE-Sephadex chromatography of nRNA polymerase from chicken myeloblastosis cells. Soluble RNA polymerase of nuclei derived
from 6 g ofcells (3.98 x I0@cells/g) was chromatographed on a 1.5- x 16-cm DEAE-Sephadex column as described previously (6). The elution was from
0.1 to 0.45 M ammonium sulfate. Fractions were collected in I-mI aliquots at a flow rate ofO.5 mI/mm. A 0.025 ml part ofeach fraction was assayed for
polymerase activity as described in â€œMaterials and Methods.â€• The UMP incorporation represents total pmoles UMP incorporation in 30 mm per frac
tion. (â€¢),activity in the absence ofa-amanitin: (0). activity in the presence ofa-amanitin. 2 pg/mI.

688 CANCER RESEARCH VOL. 35

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2394308/cr0350030687.pdf by guest on 19 M

ay 2023



TotalactivityExperi

ment(102

xpmole UMP incorporated)Ratioofl toIla
to Ilbon DEAE

SephadexIIlalIbI3.2822359.60.06:3.7:125.4422664.30.08:3.5:135.2824965.70.08:3.8:144.2024272.80.06:3.3:1

5 10 15 20

FRACTION NUMBER

ExperimentalEnzyme

IlaEnzymeIlbActivityÂ°%Activityâ€•%conditions(pmoles)activity(pmoles)activityCompletesystemsb35.11003.08100â€”ATP0.942.70.031â€”CTP1.363.900â€”GTP1.163.30.0070.22â€”Mn2@0.090.280.0080.27+2OpgRNase0.872.50.155.0+

IOpgDNase0.0010.0030.0120.38-DNA0000+2.5

x 102MN-0.160.470.062.04ethylmaleimide,-

DDTâ€”Enzyme0000

25 30

RNA Po!ymerase of Leukemic Cells

Table I

Relative concentrations oInRNA polvmerase i, ha, and iibfrom chicken
mveloblastosis cells

Experiments were started with nuclei from 6 g of myeloblastosis cells
(3.98 x 10@cells/g) as described in â€œMaterials and Methods.â€• The total
activities of I, Ila, and llb and their ratios were calculated from thedata in
each experiment after summation of the activities in each peak. Enzyme
activity was determined by assaying 25 p1 of each peak fraction in 0. 1 ml
reaction mixture for 30 mm incubation.

L@@

@0
ai
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0
a

0
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glycerol gradient in 0.2 M phosphate buffer (Chart 2). At
this stage of purification the 2 enzymes sedimented at the
same position, with an apparent molecular weight in the
range of E. co/i RNA polymerase, as revealed by the
cosedimentation of E. co/i RNA polymerase in a parallel
gradient.

The resulting peak fractions of the enzymes from glycerol
gradients were again pooled and stored in 50% glycerol at
â€”20Â°for further characterization, and there was no signifi
cant loss of activity after 3 months of storage. Assayed at
high enzyme concentrations, the kinetics of UMP incorpo
ration of both polymerases remained linear for at least 60
mm, indicating that the purified enzymes contain little, if
any, nuclease activity.

Characterization of the Enzymes. Following glycerol
gradient centrifugation the activities of RNA polymerases
Ila and lIb require the presence of all 4 nucleoside
triphosphates, depend entirely upon an exogenous source of
DNA, are sensitive to DNase, are inhibited by N-ethylmale
imide, and yield an RNase-sensitive product (Table 2).
Therefore, we conclude that both enzyme activities are true
RNA polymerase and that sulfhydryl groups are essential
for activity. Furthermore, the enzymes require Mn2@ for
activity: although Mg2@can partially replace Mn2@, Mg2@
is inhibitory when optimal concentrations of Mn2@ are
present (Chart 3). This suggests that the 2 divalent cations
may be competing for the same site on the enzyme
molecule. Enzyme lIb is slightly more sensitive to Mg2@
inhibition than enzyme lIa (Chart 3C).

Effect of Inhibitors. Several inhibitors were tested for
their effects on nuclear RNA polymerases II of chicken
myeloblastosis cells. Low concentrations (0.05 zg/ml) of
a-amanitin were found to inhibit these 2 peaks of polymer
ase (Chart 4B). Arabinose CTP completely inhibits these
RNA polymerases at a concentration of 2 mM (Chart 4A),
although the less purified enzymes are more resistant (Chart
4A, Ila' and lib'). However, rifamycin SV affects these

enzymes only slightly at an extremely high concentration
(Chart 4C); cycloheximide has essentially no effect on the
enzymes (Chart 4D).

DEAE-Sephadex Fractionation and Characterization of
nRNA Polymerase from National Chicken Bone Marrow

Chart 2. Glycerol gradient centrifugation of the nuclear myeloblastosis
RNA polymerases. The peak fractions of RNA polymerases Ila and lIb
from Chart 1 were pooled separately and each enzyme was brought to 85%
saturation with ammonium sulfate by adding solid ammonium sulfate. The
precipitate was collected by centrifugation for 1 hr at 114,000 x g (SW 50.1
rotor) and resuspended in 0.2 ml of 0.02 M phosphate buffer, pH 8.0,
containing 2 mM DTT:l mM EDTA. The suspension was then sedimented
in 5 ml of 0.2 M phosphate buffer, pH 8.0:2 mM DTT:1 mM EDTA
containing a linear 10 to 40% glycerol gradient by centrifugation at 234,000
x g for 15 hr in an SW 50.1 rotor at 4Â°.E. coli RNA polymerase was run
on a parallel gradient to serve as marker. Fractions were collected from the
bottom of gradients, and S-pI aliquots were assayed for activity as
described in â€œMaterials and Methods.â€• The UMP incorporation repre
sents total pmoles UMP incorporation in 45 mm per fraction.

Table 2

Requirementsof nRNA polymerase iia and iib of chicken
myeloblastosis cells

a Activity reported here was based on pmoles UMP incorporation per 5

p1 of glycerol gradient enzyme (Ila, 2.9 pg: llb, 2.5 pg) or 0. 1 ml reaction
mixture.

b The complete system was as described in â€œMaterials and Methods,â€•

except that Mg2@ was omitted and Mn2@ used was I m@.i, and the
incubation time was 45 mm.

Cells. By a similar solubilization and chromatography
procedure 3 major peaks of the enzyme activity (Peaks 1, 2,
and 3) were resolved from normal chicken bone marrow
nuclei (Chart 5). The same profile was obtained and the 3
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Chart 3. The effect of metal ion concen
tration on the rate of UMP incorporation.
A, effect of Mn2@; B, effect of Mg2@; C,
the influence of Mg2@ in the presence of
Mn2@, I m@i. The assay condition was as
described in â€œMaterials and Methodsâ€•
except: A, Mg2' ion omitted and Mn2@ ion
concentration varied as shown; B, Mn2@
ion omitted and Mg2@ ion concentration
varied as shown; C, Mg2@ ion concentra
tion varied as shown at a constant concen
tration of Mn2@ (1 mM). UMP incorpora
tion represents pmoles U M P incorpora
tion in 45 mm per 2.9 pg enzyme Ila or
5 pg enzyme lIb of glycerol gradient
prepared enzyme assayed in a 0. I-mI
reaction mixture.

Chart 4. Effect of inhibitors on chicken
myeloblastosis nRNA polymerases. A, ef
feet of arabinose CTP; B, effect of a-
amanitin; C, effect of rifamycin SV; D,
effect of cycloheximide. Enzymes purified
from the glycerol gradient (lIa and lIb) or
DEAE-Sephadex (Ila' and llb') were as
sayed for activity in the presence of van
ous concentrations of inhibitors. Assay
conditions were as described in â€œMate
nials and Methodsâ€• except that Mg2@ ion
was omitted and the Mn2@ ion used was I
mM.
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Chart 5. DEAE-Sephadex chromatog
raphy of nRNA polymerase from chicken
bone marrow cells. Identical conditions as
in Chart 1 except that 6 g of chicken bone
marrow cells (3.07 x 1Q cells/g) were
used. The total activity recovered (Peak I
+ 2 + 3), 2196 pmoles.

120 140 160

peaks maintained their distinctive elution position after the
enzyme was rechromatographed on a 2nd DEAE-Sepha
dex column. The polymerase Peak 1 to Peak 2 to Peak 3
ratio was roughly estimated to be 0.58: 1.35: 1. However, the
total RNA polymerase activities per cell were estimated to
be around 10 times less in bone marrow cells (1 + 2 + 3)
than in myeloblastosis preparations (Table I, ha and IIb).

One minor peak of RNA polymerase was also detected
from the early portion ofthe gradient (Chart 5); this was not
further studied.

The 3 peaks of nRNA polymerase eluted from DEAE
Sephadex column (the enzymes were not further purified
due to low activity) use denatured DNA templates much
more efficiently than native templates (data not shown). The
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effects of a-amanitin, arabinose CTP, and rifamycin SV on
these enzymes are similar to the effects of these inhibitors
on myeloblastosis polymerases (Chart 6).

DISCUSSION

Infection by tumor viruses results in both virus prolifera
tion and host cell alterations. It has been suggested that
adenovirus DNA is transcribed principally by host cell
RNA polymerase II (24). Early studies of RNA tumor
viruses indicate that virus infection is followed by a marked
increase of RNA synthesis (22, 33), and it has been
suggested that this may involve an alteration of the activity
of cellular DNA-dependent RNA polymerase (17, 34).
Experiments with chick embryo fibroblast cells infected
with Rous sarcoma virus indicate that viral RNA is
synthesized, with a specificity resembling that of mRNA
and differing from that of rRNA (4). However, a search for
an increased polymerase II activity correlating with the
observed increase of nucleoplasmic RNA synthesis in RNA
virus-induced murine leukemic spleen was unsuccessful (2).
We chose to study chicken myeloblastosis cells because of
their defined viral etiology, cellular homogeneity, and
availability in large quantity. This paper reports on the
solubilization, fractionation, and characterization of nRNA
polymerase of chicken myeloblastosis cells.

The salt sonication procedure of Roeder and Rutter (29)
was adapted to solubilize the enzyme from its DNA matrix.
This solubilization procedure has been quantitatively used
in releasing optimum activities of both polymerase I and
polymerase II from rat liver (29), mouse liver (36), KB cells
(I), murine leukemic spleen cells (2), and many other
eukaryotic systems. Fractionation on a DEAE-Sephadex
column of the solubilized enzyme from chicken myeloblas
tosis nuclei revealed mostly polymerase II, as determined by
its sensitivity to a-amanitin inhibition. There was only a
small percentage of enzymatic activity with the character
istics of RNA polymerase I. RNA polymerase III activity
was not detected. At present we cannot rule out the possi
bility of differential loss of RNA polymerase I or III by

leakage from nuclei. However, the total RNA polymerase I
activity obtained in this study is of the same order of mag
nitude as that reported for rat liver (29). Our system of en
zyme isolation, which yields predominantly I species of
RNA polymerase, resembles that observed in mouse
myeloma tissue (16) and ascites tumor (8).

On the basis of such enzyme properties as requirements,
effects of metal ions, and inhibitors, and with our previous
study of template specificities (6), we conclude that the
major activities of RNA polymerase from chicken myelo
blastosis cells are similar to other reports of nuclear
polymerase II from eukaryotic cells. The observation that
enzymes Ila and lIb from chicken myeloblastosis nuclei are
not affected by either rifamycin SV or cycloheximide
further suggests that they are of nucleoplasmic origin rather
than being cytoplasmic contaminants as is enzyme Ila from
Xenopus /aevis (26, 27) or being a nucleolar polymerase.
This conclusion is based on earlier reports that rifamycin
inhibits eukaryotic cytoplasmic RNA polymerase (25) and
that cycloheximide inhibits the activity of a nucleolar RNA
polymerase (10). The existence of 2 peaks of nRNA
polymerase II has also been reported in calf thymus (14)
and rat liver (5).

For purposesofcomparison, chicken bonemarrow nRNA
polymerase was isolated and partially purified using a
DEAE-Sephadex column. These rapidly proliferating nor
mal chicken bone marrow cells were used for comparative
purposes knowing that, as with all such studies, there is no
readily available source of pure normal chicken myelo
blasts. We found 3 polymerase II peaks (judged from such
properties as DNA template specificity and a-amanitin
sensitivity) on DEAE-Sephadex. They were rechromato
graphed as distinct entities and had ratios constant to each
other. Total RNA polymerase II activity in normal bone
marrow cells was considerably lower (around 10 times less)
than myeloblastosis polymerase II activity.

The â€œextraâ€•peak of RNA polymerase activity detected
in bone marrow nuclei and the difference in total recovera
ble polymerase activity between bone marrow and myelo
blastosis cells partially resemble the findings of Roeder (26,
27), who reported that the RNA polymerase activity and

A C

Rilomycin SV

l@- , , ,
01505 15 25 100

Arobinose CIP a Aman,t,n

Chart 6. Effect of inhibitors on chicken bone
marrow nRNA polymerases. A, effect of arabinose
CTP; B, effect of a-amanitin; C, effect of nifamycin
SV. The 3 peaks ofthe nRNA polymenase of chicken
bone marrow cells separated from DEAE-Sephadex
(Peaks 1, 2, and 3) were assayed for activity in the
presence of various concentrations of inhibitors. The
assay conditions were as described in â€œMaterials and
Methods.â€•
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chromatographic profile changes during amphibian devel
opment. Quantitatively, the increase of RNA polymerase II
activity in myeloblastosis cells may correlate with the earlier
observation that there is an increased level of nucleoplasmic
RNA synthesis in cells infected by leukemic virus. Further
study is needed to determine the biological significance of
the observed qualitative difference in RNA polymerases II
between the 2 cell types.

Cytosine arabinoside (Cytosar) is currently one of the
most successful drugs used to induce remissions in acute
granulocytic leukemia (9). The most interesting feature of
our inhibitor studies is the finding of the inhibitory effect of
ara-CTP, the presumed biologically active form of Cytosar,
on RNA polymerases. ara-CTP has been reported to be a
potent inhibitor of DNA-dependent DNA polymerase and
RNA-dependent DNA polymerase (20, 35). The degree of
inhibition varies greatly (100 to 200 times) with the template
primer, divalent cations, and the source of enzymes used
(2 1, 31). Our results with chicken myeloblastosis and bone
marrow enzymes show that ara-CTP also inhibits the
activity of RNA polymerase. Less purified enzymes were
found to be less sensitive to this inhibition, suggesting that
previous reports on the lack of inhibition of RNA polymer
ase by ara-CTP might be due to the use of crude cell
preparations. Although the concentration of ara-CTP that
causes 50% inhibition is approximately 50 times higher than
that reported to inhibit partially purified human DNA
polymerases (3 1), it falls in the same range of concentration
required to affect purified avian myeloblastosis viral RNA
dependent DNA polymerase (R. Chuang and L. Chuang,
unpublished data). It is likely that the sensitivity of the en
zyme to ara-CTP inhibition will be increased when the
polymerases are further purified. Therefore, although in
hibition of DNA polymerases is presumed to be the mecha
nism of action of cytosine arabinoside, it is possible that its
effects on RNA polymerase may also contribute to inhibi
tion of cell growth.
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