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Soon after picornavirus infection of cells
in tissue culture, the rate of cellular RNA
synthesis begins to decline (1-4). In Mengo-
virus (murine poliovirus)-infected L cells, the
decline is very marked, cellular RNA syn-
thesis falling to less than 15% of uninfected
controls within 2 hr of infection (see below
and Ref. 5). It has been demonstrated that
this deficiency is paralleled by an impairment
in the function of the DN A-dependent RNA
synthetic system (6, 7). Holland and Peter-
son have shown that DNA or deoxyribonu-
cleoprotein extracted from poliovirus-infected
cells serves as template for the Escherichia
coli RNA polymerase as efficiently as the
same materials from uninfected control cells.
Franklin and Baltimore have shown in the
Mengovirus system (2) and Holland and
Peterson in the poliovirus system (7) that
the RNA polymerase activity associated with
a crude DNA-protein complex (‘“aggregate
enzyme’’) from infected cells is reduced, com-
pared to uninfected controls.

It is reported here that the marked depres-
sion of RNA synthesis in the nuclei of L
cells infected with Mengovirus is paralleled
by a rapid and preferential inhibition of nu-
clear RNA polymerase II, the enzyme which
is localized in the cellular nucleoplasm. This
nucleoplasmic enzyme is Mn2+/(NH,)2SO;-
activated, is inhibited by low concentrations
of a-amanitin, and synthesizes primarily
“DNA-like” (messenger) RNA (8-10).
There is also a postinfection decrease in the

1 Supported by National Cancer Institute Grant
No. CA10802.

2 Present Address: Department of Biochemistry,
University of California, Berkeley, Berkeley, Cali-
fornia 94720.

activity of RNA polymerase I (the nucleolar
enzyme, active primarily in the transcription
of the genes coding for ribosomal RNA
(10)), but it is much less rapid and not as
complete as for polymerase II until, perhaps,
very late into infection. Preliminary evidence
is cited which suggests that this slower loss
of polymerase I activity is a secondary effect
of viral inhibition of cellular protein synthe-
sis.

Materials and Methods. Virus and infec-
tion of cells. A single stock of Mengovirus
grown in monolayer cultures of L cells was
employed for all the experiments reported
here. Prior to infection, L cells were grown
to confluent monolayers at 37° in Eagle’s
Minimal Essential Medium (MEM) contain-
ing 109% fetal calf serum. The medium was
removed, the virus added in a small volume
at a multiplicity of infection 50-100 pfu/cell
and permitted to adsotb for 30 min at 37°.
Unadsorbed virus was removed and serum-
free MEM was added; this was designated
time of infection (#,). Unless otherwise indi-
cated, cultures were then immediately incu-
bated at 37°.

Fractionation of cells. This was performed
essentially as described by Costanzo et al.
(11), except that after swelling the cells in
a hypotonic medium, homogenizing, and pel-
leting nuclei by centrifugation, the nuclei
were resuspended in TGMEDA (50 mM
Tris—HCI, pH 7.7; 25% (v/v) glycerol; 5
mM MgCly; 0.1 mM EDTA; 0.5 mM di-
thiothreitol; 20 mM (NH,),SO4) prior to as-
say for enzymatic activity or radioactivity.

Assay for RNA polymerases. The assay
measured the incorporation of [*H]UTP into
an acid-insoluble product. The standard as-
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say mixture, incubated 5 min at 37°, con-
tained the following (in a volume of 0.065
ml): Tris-HCI, pH 7.6 (45 mM), 2-mercap-
toethanol (2 mM), MnCl, (1.5 mM),
(NH,4)2S0; (70 mM), calf thymus DNA
(0.25 mg/ml), ATP, GTP, CTP (each 0.5
mM), UTP (9 pM), [BH|UTP (2 pCi; sp
act 18.6 Ci/mmole), and enzyme. This assay
detected incorporation by both polymerases
I and II; inclusion in the assay of e-amanitin
(10 pg/ml), a potent inhibitor of polymerase
II, caused only the activity of polymerase I
to be manifest. Thus, the activity of polym-
erase II was deducible as: (enzymatic ac-
tivity without a-aminitin) — (enzymatic ac-
tivity in presence of s-amanitin). Reactions
were stopped by spotting 0.05 ml directly
onto DE 81 paper circles which were proc-
essed for counting according to Blatti et al.
(10).

Determination of RNA synthesis in infect-
ed cells, The rate of RNA synthesis was de-
termined by a method similar to that of Cos-
tanzo et al. (11). Infected cell monolayers
(and uninfected control cultures) were pulse-
labeled with [®*H]uridine at various times
after infection. The medium was removed and
replaced with serum-free MEM containing
20 pCi/ml [*H]uridine (sp act .026 mCi/
mmole) and a 15-20-fold excess of unlabeled
thymidine. After 15 min at 37°, incorpora-
tion was stopped by washing the cultures
with ice-cold 0.15 M NaCl. Cell monolayers
were then immediately processed as described
above to obtain a nuclear and a cytoplasmic
fraction. [*H]RNA in these fractions was
quantified by spotting aliquots on DES!
paper and processing according to Blatti ef
al. (10).

Protein and DNA determinations. Protein
was quantitated by the method of Lowry et
al. using BSA as a standard (12). Amounts
of DNA were determined by means of the
fluorimetric technique of LePecq and Paolet-
ti (13).

Materials. [*H|UTP and [*H]uridine were
obtained from Schwarz BioResearch. DNA
(calf thymus) was purchased from Calbio-
chem. Whatman DE81 paper was obtained
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Fic. 1. Kinetics of RNA polymerases I and II
and rate of RNA synthesis in the nuclei of L cells
infected with Mengovirus. Nuclear fractions were
prepared and assays performed as described in
Methods. Counts per minute representing RNA
polymerase activities and RNA synthesis were nor-
malized to weight of DNA contained in each
nuclei preparation prior to comparison of extracts
from infected cells to those from uninfected con-
trols. (In nuclear extracts from control cultures,
RNA polymerase activities were in the range 100-
200 pmoles [PH]JUMP/mg DNA.) Each time point
represents the average value from two separate ex-
periments. @ —@, Polymerase I activity; O—O,
Polymerase II activity; A---A, RNA synthesis.
Insert: Polymerase II activity plotted as logw (%
activity in uninfected controls) ws. time after infec-
tion.

from H. Reeve Angel and Co.

Results. The kinetics of RNA synthesis
and the activities of RNA polymerases I and
II were measured in nuclei isolated from L
cells after their infection by Mengovirus. It
was found that while there is a loss of activi-
ty by both of these enzymes beginning very
early during the course of infection, the kinet-
ics of these inhibitions are quite different.

Figure 1 indicates that the precipitous de-
cline in nuclear RNA synthesis during the 2
hr postinfection is closely followed by a de-
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FiG. 2. Kinetics of RNA polymerases I and II in
the nuclei of L cells after addition of puromycin.
Medium was removed from all cultures at time
= 0, and serum-free MEM was added to the con-
trol cultures and serum-free MEM containing 23
#g/ml puromycin to the experimental cultures. De-
tails are as described in the legend to Fig. 1.
®—@, Polymerase I activity; O—O, Polymerase
II activity.

crease of similar magnitude in the activity of
polymerase II. Plotting log;o (inhibition of
polymerase II) vs. time after infection illus-
trates that activity decreases as a true expo-
nential function (Fig. 1, insert).

Figure 1 demonstrates that the enzymatic
activity of polymerase I decreases linearly
to about 10% of the control values at 5 hr
postinfection. It is possible that this decline
in activity of the nucleolar enzyme is caused
by degeneration of nucleoli, reflecting the
pathogenic condition of the cell. However,
several observations argue against this pos-
sibility. First, no morphological alteration is
observed in nucleoli until late in infection
and, even then, they become only denser and
smaller with no apparent signs of disintegra-
tion (2). Second, if the disappearance of
polymerase I is due simply to damage to its
normal site of localization, one might expect
that the activity could be recovered else-
where, perhaps in the cytoplasm. However, in
no case was significant polymerase I activity
detected in cytoplasmic fractions; cytoplas-
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mic polymerase I activity never exceeded 5%
of that present in the nuclei (the same level
of activity found in the cytoplasm of unin-
fected cells).

Figure 2 describes the kinetics of decay of
RNA polymerase activities in L cells (unin-
fected) whose protein synthesis has been ar-
rested by treatment with puromycin. While
polymerase II activity is only slightly af-
fected by puromycin treatment for up to 4.5
hr, polymerase I activity decreases linearly
for several hours, then plateaus at approxi-
mately 30% of control values.

Discussion. The concomitance of loss of
cellular RNA synthesis and polymerase II
activity suggests that inhibition of this en-
zyme may be a primary mechanism mediat-
ing the impairment of the cell’s RNA-syn-
thesizing ability. The loss of polymerase II
activity with first-order kinetics is apparent-
ly due to selective inactivation or degradation
of this enzyme and not a secondary result of
viral inhibition of protein synthesis since it
occurs very rapidly after infection and in
light of the experiments described in Fig. 2;
these indicate that inhibition of protein syn-
thesis results in the selective decay of polym-
erase I activity, while that of polymerase
II is relatively unaffected. These findings are
consistent with earlier work from this labo-
ratory showing that puromycin preferentially
inhibits the transcription of ribosomal RNA
(14). Furthermore, the recent work of
Franze-Fernandez and Pogo (15) corrobo-
rates the above observation and these authors
conclude that puromycin does affect prefer-
entially the function or synthesis of RNA
polymerase I.

The results (Fig. 1) also indicate a slow,
linear decrease in the activity of polymerase
I, the nucleolar enzyme, after infection. The
absence of obvious trauma to the nucleoli and
the inability to recover polymerase I activity
in the cytoplasm argue against nucleolar dam-
age causing the loss of activity. Alternative-
ly, the observed decrease in polymerase I ac-
tivity may result from early viral inhibition
of cellular mRNA and protein synthesis, if
the enzyme itself or a related protein factor
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required for activity turns over at a high
rate. The experiments cited above with cells
whose protein synthesis has been arrested by
puromycin support this latter hypothesis,

Summary. The rate of nuclear RNA syn-
thesis in L cells infected with Mengovirus,
as measured by [*H]uridine incorporation,
falls precipitously within several hours after
infection. This decline in RNA synthesis is
paralleled by the preferential, exponential in-
hibition of one of the two major species of
nuclear RNA vpolymerase, polymerase II.
While there is some decline after infection of
the other major polymerase, the decay of its
activity is less marked and less rapid and
evidence is presented which suggests that it
is a secondary result of viral inhibition of cel-
lular protein synthesis.
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