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ABSTRACT The replication of influenza virus in chick
embryo fibroblast cells is inhibited by a-amanitin added
during the first 2 hr of infection at concentrations similar
to those required to inhibit cellular DNA-dependent RNA
polymerase form II in vivo. Of two periods of increased
RNA synthesis observed in cells infected with influenza
virus, only the first, occurring from 0 to 2 hr after infection,
is sensitive to a-amanitin. During this early period, there
is a stimulation of the activity of DNA-dependent RNA
polymerase II of nuclei isolated from infected cells. The
data suggest that DNA transcription mediated by poly-
merase II is essential for influenza virus replication.

The replication of influenza virus is sensitive in its early stages
to treatment of the host cells with actinomycin D, mitomycin
C, ultraviolet light, and other inhibitors of DNA function
(1-5). The only other RNA viruses showing such dependence
on functional DNA are the RNA tumour viruses which,
unlike influenza (5-7), also require DNA synthesis after
infection (8). These observations led to the hypothesis that
the participation of host cellular DNA is essential for replica-
tion of influenza virus (9). Alternatively, it was proposed that
actinomycin D and other drugs that bind to DNA inhibit
replication of influenza virus in a nonspecific way, by degrad-
ing the infecting viral RNA molecules in the cell nucleus
(3, 10), or by disorganization of the nucleolus (11). Support
for the hypothesis that host cellular DNA is involved in
influenza virus replication was provided by experiments
showing that the virus stimulates cellular DNA-dependent
RNA polymerase (EC 2.7.7.6) activity early in the in-
fectious cycle (12, 13). Recently, it has been demonstrated
in a number of eukaryotic cells that there are two major forms
of DNA-dependent RNA polymerase, one (form I) situated in
the nucleolus and involved in ribosomal RNA production, the
other (form II) in the nucleoplasm and involved in synthesis
of messenger RNA (14, 15). These two enzyme activities can
be distinguished in whole nuclei by an in vitro assay with the
drug a-amanitin (16), which inhibits DNA transcription by
binding to form II polymerase without affecting form I poly-
merase activity (17-20). Using this drug, we have measured
the relative activities of the two polymerases in cells infected
with influenza virus; our data suggest that DNA-dependent
RNA polymerase form II activity is essential during the early
stages of virus replication.

MATERIALS AND METHODS

a-Amanitin was obtained from Boehringer Ingelheim Ltd.,
Isleworth, Middlesex, England, unlabeled nucleoside triphos-
phates from C. F. Boehringer and Sohne, Mannheim, Ger-
many, and 3H-labeled compounds from The Radiochemical
Centre, Amersham, England.
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Influenza A virus (fowl plague, Rostock strain) was grown
in chick embryo fibroblast cultures as described (12). The
cells were maintained either in 15-cm glass petri dishes, for
enzyme studies, or in plastic "repli" dishes on 16 X 18-mm
pieces of Melinex film for virus growth studies. Nuclei were
purified by a modification of the Chauveau method (21) as
described by Lawson et al. (22).

Enzyme Assays. The assay system used forRNA polymerase
I and II activity was essentially as described by Novello
and Stirpe (18). The reaction mixture for polymerase I con-
tained in 0.6 ml: 50 Mmol Tris - HCl(pH 8.0), 2 j&mol MgCl2,
7 ,umol 2-mercaptoethanol, 3 Mumol NaF, 0.06 Mumol of each of
ATP, CTP, and GTP, 2.5,gCi [3H]UTP (3.0 or 10.5 Ci/mmol),
100 ,ug of calf thymus DNA, and about 200 ,ug of nuclear pro-
tein. The reaction mixture for polymerase II was identical
except that MgC12 was replaced with MnCl2, and 140 Mumol
of (NH4)2SO4 were present in addition. Where indicated, 10 Mg
of actinomycin D or 2.5 Ag of a-amanitin was added to the
reaction mixture in a volume of 20 Ml. Reaction mixtures were
incubated for 15 min at 370 before incorporation of [3H]UMP
into acid-insoluble material was determined as described (23).
RNA polymerase I activity was calculated as total in-

corporation (cpm/mg of protein) minus incorporation in the
presence of 10 jig of actinomycin D. This was necessary since
actinomycin D-resistant RNA-dependent RNA polymerase
activity, which is induced in nuclei of infected cells at about
2 hr after infection, interferes with assays for cellular poly-
merase performed in low salt, Mg++ conditions (13). RNA
polymerase II activity was calculated as total incorporation
(cpm/mg of protein) minus incorporation in the presence of
2.5 Ag of a-amanitin (18).

RNA Synthesis in Chick Embryo Fibroblasts. The growth
medium [Eagles minimal essential medium (MEM) contain-
ing 10% calf serum] of confluent monolayer cultures of chick
embryo fibroblast cells grown on 16 X 18-mm Melinex pieces
(2 X 106 cells per piece) was replaced with 1 ml of maintenance
medium containing 3% calf serum. At intervals, 10 MCi of
[3H]uridine (27.6 Ci/mmol) was added to the medium for
15 min after which cultures were washed successively with
phosphate-buffered saline (pH 7.4), ice-cold 0.5 N trichloro-
acetic acid (twice), and acetone (twice). The preparations were
dried, then immersed in a toluene-based scintillation fluid
for determination of radioactivity.

Virus Growth Studies. Replicate chick embryo fibroblast
cultures were washed and exposed to influenza virus (input
multiplicity of 15-20 plaque forming units per cell) for 30 min
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FIG. 1. (A) Effect of a-amanitin during growth on RNA poly-
merase II activity in normal chick embryo fibroblast cells. The
growth medium of confluent monolayer cultures of chick embryo
fibroblast cells grown in 15-cm glass petri dishes was replaced
with medium containing 3% calf serum and various concentra-
tions of a-amanitin up to 20,ug/ml. After incubation for 1 hr at
370, the cells were washed extensively in 0.9% saline, after
which the nuclei were purified and assayed for RNA polymerase
II activity in the presence or absence of 2.5,g of a-amanitin as
described in Methods. The results are plotted as a percentage of
RNA polymerase II activity (total incorporation minus incorpora-
tion in the presence of 2.5 ug of a-amanitin) of untreated control
cultures (85,380 cpm/mg of protein per 15 min at 37°).

(B) Effect of a-amanitin on influenza virus growth. Replicate
chick embryo fibroblast cultures were washed and exposed to in-
fluenza virus (input multiplicity of 15-20 plaque forming units
per cell) for 30 min at 37°. Unadsorbed viruswas removed, and the
cells were washed twice before addition of fresh medium at 370
containing various a-amanitin concentrations. After 24-hr incuba-
tion at 370, the amount of viral hemagglutinin released into the
medium was determined. Each point is the mean of duplicate
determinations on separate cultures.

at 37°. Unadsorbed virus was removed and the cells were
washed twice before addition of fresh maintenance medium
at 37°. After 24-hr incubation at 370, the amount of viral
hemagglutinin released into the medium was determined.

RESULTS

The effect of various doses of a-amanitin on the yield of
influenza virus from infected chick embryo fibroblast cultures
is shown in Fig. 1. More than 90% inhibition of virus growth
occurred at a drug concentration of 20,g/ml of medium.
Plaque assays showed that virus yields obtained in the pres-
ence of a-amanitin had normal infectivity to hemagglutinin
ratios; this agrees with a previous report that cell-associated
viral hemagglutinin and infectivity were inhibited equally
by a-amanitin (26). In a parallel experiment, uninfected cells
were treated with the same concentrations of a-amanitin, and
after 1 hr incubation at 370, the cells were washed extensively
in 0.9% saline, after which the nuclei were purified and
assayed for RNA polymerase II activity. Increasing doses of
a-amanitin caused a progressive inhibition of RNA poly-
merase II activity (Fig. 1). These results indicate that a close
correlation exists between inhibition of virus yield and of
RNA polymerase II activity in the a-amanitin-treated cells.
The replication of influenza virus was previously shown to

be sensitive to actinomycin D only if the drug was present
during the first 2 hr after infection (1, 4). Since actinomycin

D inhibits RNA synthesis by binding directly to DNA (9),
whereas a-amanitin binds not to the DNA template but
to the polymerase itself (17-20) it was of interest to determine
when influenza replication was most sensitive to a-amanitin.
As shown in Fig. 2, inhibition of influenza virus yield oc-
curred when a-amanitin (20 ,ug/ml) was added to the medium
1 hr before, or up to 2 hr after, infection; if added 3 hr or
later after infection the virus yield was normal. Thus, both
actinomycin D and a-amanitin inhibit an event occurring
within the first 2 hr after infection with influenza virus.
RNA synthesis in chick fibroblast cells infected with the

fowl plague strain of influenza virus is characterized by two
periods of increased incorporation of [3H]uridine into RNA,
the first occurring at 0.5-1 hr, the second at 2-4 hr after
infection (12). To determine the effect of a-amanitin on
this virus-induced RNA synthesis, we added the drug at
various times from 1 hr before to 3 hr after infection. 1 hr
after addition of a-amanitin, infected and uninfected cells
were pulse-labeled for 15 min with [fH]uridine before deter-
mination of the amount of incorporation of radioactivity into
acid-insoluble material. At the same time, another set of in-
fected and uninfected cells were pulse-labeled with [8H]uridine
without prior treatment with a-amanitin. The results are ex-
pressed as the percentage incorporation of label into infected
compared to uninfected cells in each case (Fig. 3). The pres-
ence of a-amanitin completely inhibited the early phase of
increased virus-induced RNA synthesis occurring between 0
and 1.5 hr after infection, but did not alter the relative rate of
RNA synthesis in infected cells between 2 and 4 hr after
infection. This result was obtained reproducibly in several
separate experiments.
RNA polymerase I and II activities were measured in nuclei

of cells infected with influenza virus for various periods up to
6 hr after infection, and compared with the activities in un-
infected cell nuclei taken at each point (Fig. 4). RNA poly-
merase I activity decreased between 1 and 2 hr after infection
and was less than 20% of the activity in uninfected cells by
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FIG. 2. Effect of time of addition of a-amanitin on influenza
virus growth. Cells were infected as described in the legend to
Fig. 1, and at various times from 1 hr before to 6 hr after infection
the medium was supplemented with 20 Mug of a-amanitin per ml.
After 24 hr, the amount of viral hemagglutinin released into the
medium was determined, and the results were expressed as per-
centage of virus yield in untreated cultures. Each point is the
mean of triplicate determinations on separate cultures.
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3-4 hr. However, polymerase II activity in infected cells
increased to a maximum, at 1.5 hr after infection, of 70%
above the activity in uninfected cells.
A similar experiment was performed in which RNA poly-

merase II activities were measured in cells infected with
Sendai virus. This was of interest since the replication of this
parainfluenza virus is insensitive to a-amanitin at doses that
completely inhibit the replication of influenza virus. As shown
in Fig. 4, no stimulation of nuclear RNA polymerase II
activity was observed in infected cells during the latent period
of Sendai virus replication.

DISCUSSION

a-Amanitin, a bicyclic octapeptide from the toadstool,
Amanita phalloides (16), inhibits DNA transcription by
binding specifically to RNA polymerase form II of eukaryotic
organisms (17-20). Of a number of RNA viruses that have
been tested (24), only Rous sarcoma (25) and influenza (26)
viruses are inhibited by this drug. We have found that replica-
tion of influenza virus is inhibited only if a-amanitin is present
during the first 2 hr after infection, at concentrations
similar to those required to inhibit RNA polymerase form II
in the host cells. During this early period, there is a stimula-
tion of RNA synthesis in infected cells that is abolished by
a-amanitin, and DNA-dependent RNA polymerase form II
activity of nuclei isolated from infected cells is enhanced.
These results complement previous evidence, based on studies
with actinomycin D (9), that host-cell DNA-directed RNA
synthesis is essential during the early stages of influenza
virus replication.
From 2 to 4 hr after infection, a second period of increased

RNA synthesis is observed in infected cells, and this is in-
sensitive to a-amanitin. It probably results from RNA-
dependent RNA polymerase activity, since both the RNA-
dependent RNA transcriptase found in influenza virions (27)
and the RNA-dependent RNA polymerase induced in in-
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FIG. 3. Effect of a-amanitin on RNA synthesis in influenza
virus-infected cells. Triplicate cultures, either uninfected or in-
fected as described in the legend to Fig. 1, were pulse-labeled with
['H]uridine for 15 min at various times as described in Methods.
Another set of cultures was treated in the same way, except that
a-amanitin (20,g/ml) was added for 1 hr before each uridine
pulse. For both sets of cultures, acid-insoluble radioactivity in-
corporated into uninfected cells during the 15-min pulse was

about 5000 cpm. The results are expressed as percentage in-
corporation of [3Hjuridine into acid-insoluble material of infected
compared to uninfected cultures. 0, untreated; 0--- O0
a-amanitin-treated.
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FIG. 4. DNA-dependent RNA polymerase activities of cells
infected with influenza or Sendai virus for various periods of time.
Replicate cultures of chick embryo fibroblast cells, either un-
infected or infected with influenza or Sendai viruses (input multi-
plicity of 15-20 plaque forming units per cell) as described (12, 33)
were harvested at different times postinfection, and nuclei were
purified and assayed for RNA polymerase I and II activity as
described in Methods. Results are plotted as the ratio of activity in
infected compared to uninfected cells at each time point. Influ-
enza and Sendai viral growth was followed by determination of the
amount of hemagglutinin released into the culture medium (12),
and the results were expressed as a percentage of the final yield in
parallel cultures incubated for 24 hr. Each point is the mean of
duplicate determinations.

Influenza virus-infected cells: A A, RNA polymerase I;
* 0, RNA polymerase II; 0--- *, released hemagglutinin.
Sendai virus-infected cells: O-O, RNA polymerase II;
0--- 0, released hemagglutinin.

fluenza-infected cells (26) have been shown to be unaffected
by a-amanitin. It is interesting to note that at this time there
was a sharp decline in DNA-dependent RNA polymerase
form I activity in influenza virus-infected cells (Fig. 4),
since a cut-off in host-cell RNA polymerase activity is a
feature of many viral infections (28).
Rott and Scholtissek (26) reported inhibition of influenza

virus replication by a-amanitin under conditions in which
there was little inhibition of total cellular RNA synthesis.
We have also found that cellular RNA synthesis as measured
by 3[H]uridine incorporation into acid-insoluble material is
not significantly inhibited for 2-3 hr after addition of a-
amanitin (Armstrong, Hastie, and Mahy, manuscript in
preparation), but, as shown in Fig. 1, the drug, when added to
cells, causes a rapid inhibition of nuclear RNA polymerase
II activity. This suggests that polymerase II activity con-
tributes little to the overall rate of cellular RNA synthesis as
measured by [3H ]uridine incorporation.
The relative activities of RNA polymerases I and II ob-

served in vitro may not be simply related to their relative rates
of RNA synthesis in vivo. For example, assays performed at
high ionic strength may unmask not only DNA template
but also endogenous RNA polymerase activity normally
bound within chromatin (29). Experiments are in progress to
determine whether the increased transcriptional activity in
influenza virus-infected cells is due to alteration in template
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availability, or to an increase in the amount or catalytic
ability of RNA polymerase, or both.
Recent evidence suggests that the RNA polymerase ac-

tivity that is sensitive to a-amanitin is located within the
nucleoplasm and is reponsible for the bulk of messenger RNA
synthesis, (14, 15, 29, 30). Thus, our results would suggest
that a species of host cell-coded messenger RNA is necessary

for replication of influenza virus. Previous studies have in-
dicated that the influenza genome may not contain sufficient
information to code for all the structural and nonstructural
polypeptides associated with viral growth (31, 32). At least
a part of this information may be provided by the host cell.
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