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The properties of the ribonucleic acid (RNA) synthesized by the influenza (WSN)
virion polymerase have been investigated. Most of the product RNA is synthesized
in association with virion RNA species from which it can be released by heat treat-
ment as single-stranded, ribonuclease-sensitive polynucleotides (average molecular
weight, 2-hr sample, about 10° daltons). At least 95¢ of the product is comple-
mentary to the viral RNA species. On the basis of the molar ratio of the RNA spe-
cies isolated from a 3H-uridine-labeled virus preparation, it was calculated that the
WSN genome consists of seven pieces of RNA with a sum molecular weight of

about 5 X 10¢ daltons.

Animal ribonucleic acid (RNA) viruses which
possess virion-associated polymerase enzymes
represent virus groups whose members lack an
infectious virion RNA (1, 2, 7, 10, 13, 17, 18). If
the chief function of an RNA-dependent RNA
polymerase recently detected in several myxovirus
strains (7) is to make RNA species which can
initiate the process of infection (such as messenger
RNA), then one might expect some of the polym-
erase product RNA to be complementary to the
virion genome.

Having recently established optimal conditions
for demonstrating in vitro activity of the influenza
polymerase (5), we undertook the present study
to answer the following questions. (i) Is the
product RNA associated with the virion RNA?
(ii)) Do the product species represent comple-
mentary, identical, or irrelevant polynucleotide
sequences in relation to the virion RNA? (iii)
What is the time-course of product synthesis and
is the viral genome conserved during the polym-
erase activity?

To answer these questions, Kinetic experiments
were set up employing *H-uridine-labeled virus to
follow the fate of ‘the viral RNA and a-%P-
uridine triphosphate (UTP) to monitor product
synthesis. Suitable annealing tests were employed
to investigate the properties of the product RNA.
In addition, data will be presented showing that
the size of the influenza genome has been previ-
ously underestimated.
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MATERIALS AND METHODS

Viruses and cells. Preparation of *H-uridine-labeled
influenza WSN (A,) virus from primary chick embryo
fibroblasts has been described previously (5).

Enzyme reaction conditions. The conditions for
monitoring the synthesis of 32P-product RNA by
$H-uridine-labeled influenza WSN virus preparations
have been described in an accompanying paper (5).
Reaction mixtures contained «-3?P-UTP (8 mCi per
umole) to label the product species.

Purification of virion and product RNA from
reaction mixtures. The procedures employed for iso-
lating *H-labeled viral RNA and 3?P-labeled product
RNA from reaction mixtures have been described
(Bishop and Roy, J. Mol. Biol,, in press). The pro-
cedure involved termination of the reaction by
addition of sodium dodecyl sulfate (SDS), phenol
extraction, passage through Sephadex G-50 to remove
triphosphates, and two alcohol precipitations to
remove all traces of SDS. The RNA was finally sus-
pended in 200 uliters of 0.01 M sodium phosphate
buffer, 0.005 M ethylenediaminetetraacetic acid
(EDTA), (pH 7.0) at a concentration of approxi-
mately 12 ug per ml. This concentration was deter-
mined from the *H label assuming that the viral RNA
represents about 0.9%, of the viral particle weight (6).

Melting and annealing conditions. RNA samples
(10 pliter) were diluted 10-fold in the phosphate buffer
described above, melted by heating at 100 C in a
boiling water bath for 40 sec, and fast-cooled in a
dry ice-methanol mixture. In particular experiments,
the RNA was not diluted, prior to melting (see
below). For annealing, the salt concentration of an
RNA sample (20 pliter) was adjusted to 0.4 M LiCl,
and the mixture was incubated at 65 C for 4 hr.
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Test for ribonuclease resistance. RNA samples were
diluted into 1 ml of 0.4 MLiCl, 0.01 M tris(hydroxy-
methyl)amminomethane (Tris)-hydrochloride buffer
(pH 7.4) containing 10 ug of ribonuclease T and 10
ug of ribonuclease A and incubated for 30 min at
37 C prior to determining the acid-insoluble radio-
activity.

Gel electrophoresis. Gel electrophoresis was per-
formed in swollen 3.29, polyacrylamide gels by using
Tris-acetate buffer containing 0.19, SDS (4). Resolu-
tion of viral RNA species by gel electrophoresis was
accomplished by combining 50 pliters of a 3H-uridine-
labeled influenza WSN virus preparation (3.5 mg of
protein per ml) with 20 uliters of glycerol, 10 uliters of
109, SDS, and 2 pliters of 32P-labeled BHK-21 cellular
RNA (containing mostly 28 and 18S ribosomal
RNA). After loading the mixture directly onto the gel
surface, the RNA was subjected to electrophoresis for
3 hr at 50 v and 10 mamp. After electrophoresis, the
gel was frozen, sliced in 0.5-mm sections (for the first
3 cm) or 1-mm sections (for the next 3 cm), and the
slices were dissolved in 0.5 ml of 309, (v/v) H.0.
and counted in a liquid scintillation counter with
Aquasol (New England Nuclear Corp., Boston,
Mass.). The 32P-labeled BHK-21 RNA was isolated
by 1.5 M LiCl precipitation of the single-stranded
RNA present in the aqueous phase of a phenol-cresol
extract of BHK-21 cells grown in the presence of 100
uCi of 32P-phosphoric acid per ml of medium (15).

Gel electrophoresis of reaction product RNA
(*H- and P-labeled RNA species) was performed
similarly except that the 32P-BHK-21 cellular RNA
was omitted.

RESULTS

Kinetics of product synthesis by influenza WSN
viral polymerase. In examining the kinetics of in
vitro product synthesis by a viral polymerase, it is
informative to determine whether the viral (tem-
plate) RNA is conserved intact or broken down
into acid-soluble nucleotides during the course of
the incubation. To answer this question, *H-
uridine-labeled influenza WSN virus was used to
prime a reaction in which «-#P-UTP was em-
ployed to label the product synthesized. The
linear incorporation of 3?P-uridine monophos-
phate (UMP) into product RNA during a 2-hr
incubation period is shown in Fig. 1 where it can
also be observed that the *H label was fully con-
served in an acid-insoluble form. The preserva-
tion of acid-insoluble label justifies an earlier
procedure we have employed to compensate for
5 to 159 sampling errors (viz., normalizing
#P_product synthesis to a constant *H recovery;
reference 5).

Gel electrophoresis of the RNA isolated from
WSN virus. A *H-uridine-labeled preparation of
influenza WSN virus was treated with SDS,
mixed with 32P-labeled BHK-21 cellular RNA,
and subjected to electrophoresis in a swollen
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FiG. 1. Kinetics of product synthesis by influenza
(WSN) viral polymerase. A 100-fold standard in-
fluenza WSN polymerase reaction, 12.5 ml (5) con-
taining a-3*P-UTP to label the product species and
3H-uridine-labeled virus, was incubated at 31 C through
2 hr. Samples (50 pliter) were withdrawn at the indi-
cated intervals to determine the acid-soluble radio-
activity, expressed as the radioactivity per 12.5 ml
of reaction mixture.

3.29, polyacrylamide gel (see above). Five main
peaks of the *H label were resolved (Fig. 2).
Assuming that the ®P-ribosomal RNA markers
had molecular weights of 1.75 X 10% and 0.7 X
10¢ daltons (11), the molecular weights of the
five ®H peaks were determined: (from left to
right) 1.05 X 106, 8.2 X 105, 7.0 X 105, 5.8 X 109,
and 3.5 X 105 daltons, respectively. To determine
the molar ratio of these RNA species, the sum of
the *H label under each peak was computed and
divided by their respective molecular weights.
The ratio obtained was 2.0:0.9:1:2.2. Since the
RNA was labeled with 3H-uridine, one might
expect some variance between the base-ratios of
the various species; however, despite this, the
molar ratio analysis suggests that there are prob-
ably seven species of RNA in the virus particle
with a sum molecular weight of 4.9 X 108 daltons.

Gel electrophoresis of the RNA isolated from
WSN polymerase reactions. A 100-fold standard
polymerase reaction (12.5 ml), containing o-3P-
UTP to label the product species and 3H-uridine-
labeled virus to follow the fate of the viral
RNA, was incubated through 2 hr at 31 C
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FiG. 2. Gel electrophoresis of the RNA isolated
from influenza (WSN) virus. The RNA-liberated by
SDS treatment of complete influenza WSN virions,
was subjected directly to gel electrophoresis in swollen
3.29, polyacrylamide gels (4) as described in the
text. Cellular 3*P-labeled BHK-21 RNA was included
as marker species.

(see above). Portions were withdrawn at intervals
and purified for RNA. A sample of each RNA
was subjected to gel electrophoresis in swollen
3.29, polyacrylamide gels to monitor the distri-
bution of both the #P and *H labels (Fig. 3).

Comparison of the profiles obtained indicated
that the *H-viral RNA was not substantially de-
graded throughout the 2 hr of incubation, and all
five RNA peaks could be clearly distinguished.
The 0-min sample (not shown) which had been
extracted with phenol, gave a profile of 3H
label similar to that shown in Fig. 2. Only the
120-min sample showed any significant evidence
of °H label in small-molecular-weight RNA
species. Throughout the time-course, there was
no evidence of substantial involvement of 3H
label in slower moving complexes (see below) in
contrast to results obtained previously with
vesicular stomatitis virus (VSV) viral polymerase
(3; Bishop and Roy, J. Mol. Biol., in press).

Comparison of the distribution of #P-product
in the gels throughout the kinetic experiment indi-
cated that product RNA was in the same area of
the gels where most of the viral *H-RNA species
were present. Almost all of the 3P label was re-
covered in the 1- to 4-cm area of the gel for both
the 10- and 20-min samples. Slower moving
product species, by comparison to the main *H-
viral species, were evident in the 30- to 120-min
samples. Some fast moving (small-molecular-
weight) P-product species were evident in the
45- to 120-min samples (Fig. 3C).
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Melting the products of an influenza WSN
polymerase reaction. To determine whether the
product RNA was hydrogen-bonded to other
product strands, or hydrogen-bonded to viral
RNA, or covalently joined to the viral RNA, a
melting experiment was performed (Fig. 3D).
A sample of the 120-min reaction product
described in the previous section was diluted with
phosphate buffer, melted (see above), and then
immediately subjected to electrophoresis for 90
min (Fig. 3D). Comparison of the distribution of
3H and P labels shown in Fig. 3C with that of
Fig. 3D indicated that the electrophoretic mo-
bility of the #P-product RNA was increased after
the heat treatment. However, the 3H-labeled viral
RNA peaks were conserved apparently intact
despite the heating treatment, indicating that the
melting process did not destroy covalently joined
RNA. It was concluded by reference to the
mobility of the *H-species that the majority of
the product RNA recovered in the 2- to 4-cm
region had a spectrum of molecular weights of
between 5 X 10* and 3 X 10° daltons. Since the
gel was only run for 90 min, the *H peaks were
not fully resolved.

Ribonuclease resistance of the product and viral
RNA isolated from inflienza WSN polymerase
reactions. It has been shown above that *P-
product RNA from the polymerase reaction is
recovered in some hydrogen-bonded form,
possibly in association with the *H-viral RNA,
from which it could be released by heat treatment.
If the product RNA were hydrogen-bonded to
the viral RNA then both species should be re-
sistant to digestion by ribonuclease and the
amount of ribonuclease resistance should indicate
the degree of hydrogen bonding present. To
determine this, samples (20 uliter) of the purified
RNA isolated from the kinetic experiment de-
scribed in Fig. 3 were mixed with 2 uliters of 4 M
LiCl and a 5-uliter volume was precipitated with
109 trichloroacetic acid to determine the content
of radioactivity. A second S5-uliter sample was
diluted into a ribonuclease solution and incubated
for 30 min at 37 C. After incubation, the residual
acid-insoluble radioactivity was determined. The
remaining 12 uliters of each sample were sealed in
a capillary tube, and the RNA species were
annealed by incubating at 65 C for 4 hr. After
incubation, portions (5 uliter) were similarly
taken to determine the acid-insoluble radio-
activity with or without a ribonuclease treatment.
Additionally, other 20-uliter portions of the
original RNA samples were melted and then
mixed with LiCl; the 22-uliter volumes were
processed as described above. The results con-
cerning the fate of the *H and #P labels are given
in Fig. 4 and can be summarized as follows.
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FiG. 3. Gel electrophoresis of the RN A isolated from influenza (WSN) polymerase reactions. In the kinetic ex-

periment described in Fig. 1, samples (I ml at 0 min, 2 ml at 10, 20, 30, 45, and 60 min, and the remaining volume
at 120 min) were extracted and purified for RNA as described by Bishop and Roy (J. Mol. Biol., in press). Each
RN A sample was suspended in 200 uliters of 0.01 3r sodium phosphate buffer, 0.005 »x EDTA (pH 7.0), and a
portion (10 to 20 uliters) was subjected to electrophoresis in swollen 3.29, polyacrylamide gels (4) to determine
the distribution of *H and ®P labels. A portion of the 120-min sample was diluted with phosphate buffer and then
melted (see text), and the products were resolved by gel electrophoresis for 90 min. Figure 34, 10 min; 3B, 20

min; 3C, 120 min; 3D, 120 min, melted.

(i) *H-template RNA. It was found that through
the time-course of the experiment the ribonuclease
resistance of the unmelted, unannealed 3H-
samples (viral RNA) increased to 79, (Fig. 4A).
The melted, unannealed samples had a ribo-
nuclease resistance of only 0.6¢, of the total *H
label. For either the unmelted/annealed, or the
melted /annealed samples, the ribonuclease re-
sistance of the 3H label increased to 149, in the
120-min samples (Fig. 4A).

(ii) *?P-product RNA. It was found that native,
unmelted, unannealed 3%P-RNA (polymerase
product) had ribonuclease resistances of 809, for
the 10-min sample and around 609, for samples
collected at 30 min through 120 min. After
melting and without annealing, the #P-product
RNA had a ribonuclease resistance of around 87,.
When either the unmelted or melted samples

were subsequently annealed, the ribonuclease
resistance increased to 95 to 1009, (Fig. 4B).
These findings support the conclusion that at
least 609, of the product RNA isolated by phenol
extraction from a WSN polymerase reaction
mixture is in a hydrogen-bonded form possibly
involving some of the viral RNA, since both the
native 3?P-product as well as the 3H-viral RNA
show significant amounts of ribonuclease re-
sistance. Moreover, the product RNA which, in
the extract, is not hydrogen-bonded to viral
RNA, can be almost totally annealed into a
ribonuclease-resistant form. Since the ribonu-
clease resistance of the viral RNA alone (0-min
sample) did not substantially increase with the
annealing procedure, this indicates that the viral
RNA preparation does not have complementary
sequences. This suggests that the increase in
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FiG. 4. Ribonuclease resistance of the 3 P-product and 3H-viral RN A isolated from influenza (WSN) polymerase
reactioris. Samples (20 pliter) of the RN A isolated from the kinetic experiment described in Fig. 1 and 3 and text
were mixed with 4 » LiCl (2 pliters). A 5-uliter sample was precipitated with trichloroacetic acid to determine the
content of radioactivity. A second 5-pliter sample was digested with ribonuclease (see text) to determine the native
ribonuclease resistance of either the 3H-viral RN A (A: continuous line, unmelted) or the 32P-product RNA (B: con-
tinuous line, unmelted). The ribonuclease resistance is expressed as the per cent of acid-insoluble undigested ma-
terial by reference .o the initial acid-insoluble radioactivity. The remaining mixture was sealed in a capillary and
incubated at 65 C for 4 hr. A 5-pliter portion of this annealed material was precipitated with trichloroacetic acid
to determine the acid-insoluble radioactivity. A final 5-uliter sample was digested with ribonuclease to determine
the per cent ribonuclease resistance of either the annealed *H-viral RNA (A: continuous line, unmelted, unan-
nealed) or the annealed 2 P-product RN A (B: continuous line, unmelted, annealed). Alternatively, the initial reaction
product was melted prior to addition of LiCl then similarly processed (broken lines, melted or melted, annealed).
The 32P :3H counts/minute ratios of ribonuclease-resistant RN A for the native/unmelted samples were 23, 23, 19,
and 26 for the 30-min, 45-min, 60-min and 120-min samples, respectively. The ratios for the native/annealed
samples were 16, 25, 24, and 23, respectively (see text). The counts/minute at other times were insufficient to

obtain accurate ratios.

ribonuclease resistance of viral RNA after
annealing the 120-min sample was due to hydro-
gen bonding with some of the product molecules.

Complementarity of the product RNA to the
viral RNA. The results presented in the previous
section suggest that the influenza virion polym-
erase transcribes the viral RNA into product
species. To determine the amount of product
RNA which was identical, complementary, or
irrelevant to the WSN genome, an annealing
experiment was performed (Table 1). Melted
reaction-product RNA (®H and #P species) was
diluted to a concentration at which it could not
anneal (since RNA annealing is concentration-
dependent, reference 15), and then subjected to
an annealing treatment in the presence of an
excess of added, unlabeled WSN viral RNA. The
results summarized in Table 1 indicate that 959,
of the diluted product RNA was complementary
to the viral WSN genome. Less than 59, of the
product species was identical or irrelevant to the
viral genome.

We have demonstrated that the product RNA

as isolated from a reaction mixture is involved in
hydrogen-bonded complexes from which it can
be freed by a melting treatment. Since the product
in these complexes is mostly in a ribonuclease-
resistant form and since 959, of the product is
complementary in composition to the viral RNA,
these results can only be interpreted to mean
that the product RNA is transcribed from the
viral genome and is present in complexes in-
volving the viral RNA.

DISCUSSION

RNA of WSN virus. The profile of RNA species
obtained after electrophoresis of *H-uridine-
labeled WSN virus agrees well with the results
obtained by Duesberg (9) and Pons and Hirst
(14). 1t is apparent that the influenza genome is in
the form of separate polynucleotides since SDS
treatment or phenol extraction give the same
result. We suggest from the molar ratios of the
RNA species detected in these gels that there are
a minimum of seven RNA species with a sum
molecular weight of about 5 X 10¢ daltons or
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TABLE 1. Complementarity of the 32 P-product RN A
to the influenza (WSN) genome®

Per cent ribonuclease-resistant RNA
Ti Mel Melted led
(nlllir:s Melted anﬁ;:ﬂa{i wiiht W/Sa;\‘lmlia\IA
3H 2p sH 2p 3H 2p
10 0.1 2 1 0 1 94
20 0.2 4 1 5 1 95
30 0.2 3 | 9 1 98
45 0.2 3 1 9 1 100
60 0.2 4 1 6 1 96
120 0.2 3 1 7 2 99

s Portions of the RNA isolated in the kinetic
experiment described in Fig. 1 and 3 and in the
text were diluted 5,000-fold (= 0.002 ug/ml) and
melted by heat treatment (see rext). Samples were
precipitated with trichloroacetic acid to determine
the acid-insoluble radioactivity or treated with
ribonuclease to determine the per cent of ribo-
nuclease-resistant 3H-viral or 32P-product RNA.
Other samples were mixed with unlabeled WSN
viral RNA (final concentration, 10 ug per ml) and
annealed in 0.4 M LiCl at 65 C for 4 hr before deter-
mining the content of acid-insoluble label and per
cent ribonuclease-resistant 3H-viral and 32P-
product RNA.

about twice the size previously reported (9, 14).
In this connection, seven species of RNA have
been detected in the PRS8 strain of influenza
virus (12) and, based on the sum molecular
weights of viral-coded polypeptides, it has re-
cently been suggested that the true size of the
influenza genome had been previously under-
estimated (8, 16). The viral RNA does not con-
tain significant amounts of complementary RNA
molecules.

Product synthesized by WSN RNA polymerase.
The results described in this report concern the
nature and time-course of product synthesis in
WSN-primed reactions. In determining the fate
of the viral RNA, we have addressed our study
to the question of how the product RNA is
related to the viral genome. Consequently, we
employed *H-uridine-labeled virus preparations
to follow the fate of the viral RNA and #P-
labeled triphosphates to monitor product syn-
thesis. Although we have run template-product
analyses under the most optimal reaction con-
ditions that we can delineate (5), it is still possible
that these conditions are insufficient for accurate
and complete enzyme activity.

Our results lead us to suggest that the WSN
virion possesses a transcriptase enzyme activity
which is responsible for transcribing some or all
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of the viral genome into complementary product
RNA species. We do not know whether all com-
ponents of the viral RNA are transcribed al-
though we have observed that part of the product
RNA is recovered in a hydrogen-bonded state in
the same areas of the gel where the viral RNA is
recovered (Fig. 3). We have also presented evi-
dence that the transcriptase activity of influenza
WSN is much less active than a similar enzyme
activity present in VSV particles (5), although this
property may be strain-dependent within the
myxovirus group (7). Recently it has been shown
that the VSV transcriptase compeletely transcribes
the VSV genome (3). Since the VSV polymerase
takes 50 to 60 min for complete transcription
under ideal in vitro conditions, we are currently
involved in determining the completeness of the
WSN transcription process by using product
isolated from longer incubations.

It has been assumed in this discussion that
involvement of *H-template RNA in ribonu-
clease-resistant, hydrogen-bonded structures is
indicative of enzyme activity. When melted
reaction product RNA (60-min sample) was
subsequently extracted with phenol and then
alcohol-precipitated prior to electrophoresis, the
distribution of labels in the gel showed that
product RNA (*P) and template RNA (*H) were
not associated (Fig. 3D). This suggests that the
complexes obtained from reaction mixtures were
not artifacts generated by the extraction pro-
cedure but were derived from preexisting RNA
associations.

No 3H-viral RNA was visibly associated with
the slowest moving product species of the 120-
min sample (Fig. 3C) resolved by gel electro-
phoresis. Two possible explanations of this ob-
servation can be proposed. Either the slow-
moving complexes were composed solely of
product RNA or the amount of viral RNA
present was too little to detect. The possibility
that the complexes are derived from product
species alone can be excluded since at least 959,
of the product was complementary to the viral
RNA and none of the viral RNA contains com-
plementary *H species. Secondly, it was observed
that at 120 min only 79, of the viral genome was
ribonuclease-resistant so that the amount of viral
RNA involved in product synthesis was not very
substantial. Further, the specific activity of the
product RNA was ca. 1.3 X 107 per ug, as cal-
culated from the specific activity of the precursor
triphosphate and assuming a 25 mole 9, of UMP
in the product. The specific activity of the tem-
plate RNA, based on the radioactivity of the
viral preparation and an assumed 0.99, RNA in
the virions (6), was around 4 X 105 Conse-
quently, a 30 to 1 ratio of P and *H labels would



80 BISHOP, OBIJESKI, AND SIMPSON

be expected for a mass parity of product and viral
RNA species (see Fig. 4, where the *P:*H
counts/minute ratio for the ribonuclease-
resistant RNA was found to be approximately 24,
in good agreement with this calculation). In
Fig. 3, the ratio of labels in the slow-moving com-
plexes was around 3:1 for the P to *H radio-
activity in the 0.8- to 1.2-cm gel region of the
120-min sample. From this ratio it can be sug-
gested that the mass of product present was
equivalent to a maximum of 109, of the amount
of viral RNA there. However, because the 0-min
sample had a significant amount of *H label in the
same gel region (see Fig. 2), these figures only
give an approximate idea of the mass equivalence
of product and viral RNA in these complexes.
If it can be assumed that the product species with
a single-stranded molecular weight of 10 daltons
were derived by transcription of the largest
species of viral RNA, then this product mass
would also be equivalent to 109, of those viral
species.

One final point should be mentioned regarding
the relationship of product to viral RNA. For
the 30-min sample, approximately 609, of the
product RNA was ribonuclease-resistant although
almost all of the product was associated with
viral RNA species (Fig. 3B). This suggests, there-
fore, that the product-template RNA complexes
are multistranded with respect to the product
strands. If so, then it is tempting to speculate that
there may be more than one enzyme molecule per
viral RNA in the virions or, alternatively, that
the polymerase can reinitiate transcription of the
same template RNA molecule.

We do not know how many of the virions in
the reaction mixture have active enzyme or
competent template RNA. The 79, figure ob-
tained for the ribonuclease resistance of the
*H-template RNA (120-min sample) suggests
that at least 79, of the available virion template is
involved in enzyme activity. Since the melted
single-stranded product size is smaller than any
of the viral template species, it is probable that
none of the template molecules were completely
transcribed under the reaction conditions re-
ported here, so that this 79, value is a minimal
estimate.
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