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Specific radioactive probes have been obtained for both influenza virion RNA
(vRNA) and for its complement (complementary RNA or cRNA): 32P-labeled
complementary DNA (cDNA) synthesized with the avian sarcoma virus reverse
transcriptase, and [1251]vRNA, respectively. From the kinetics of annealing of
these two probes to RNA from canine kidney cells infected with the WSN strain
of influenza virus, we have determined the average number of cRNA and vRNA
sequences in the nucleus and cytoplasm as a function of time after infection.
Immediately after infection, a small amount of vRNA is detected, presumably
from the inoculum virus. As expected, the amount of cRNA is insignificant.
During the first 1.75 h of infection, the most significant increase observed is in
cRNA sequences. Most of these cRNA sequences are found in the cytoplasm, but
a significant amount (30%) is found in the nucleus. During this time, a small but
significant increase in vRNA is also detected in the nucleus and cytoplasm.
From 1.75 to 2.75 h, the absolute amounts of both cRNA and vRNA increase,
predominantly in the cytoplasm, with cRNA remaining as the majority species.
Subsequently, the amount ofvRNA increases with respect to cRNA and becomes
the majority species. At 3.75 h, 95% of both cRNA and vRNA are found in the
cytoplasm. Addition of actinomycin D at 1.75 h completely suppresses the
subsequent ninefold increase in cRNA and does not have a significant effect on
the subsequent 14-fold increase in cytoplasmic vRNA. This assay is also able to
detect the cRNA produced as a result of primary transcription, operationally
defined as the cRNA produced in the presence of 100 ,ug of cycloheximide per ml
added at zero time of infection. Increases in cRNA in the presence of cyclohexi-
mide are detectable in both the nucleus and the cytoplasm. Addition of actino-
mycin D as well as cycloheximide at zero time completely suppresses the
appearance of cRNA in the cytoplasm, whereas a large fraction (50%) of the
increase in nuclear cRNA still occurs.

Previous studies have been undertaken to application of such a technique to influenza
characterize the transcription and replication virus replication is complicated by the fact that
of the influenza virus genome in infected cells both the virion RNA (vRNA) and its comple-
(3, 30, 33). A major problem in such studies has ment (cRNA) are present in the infected cells.
been that virus-specific RNA represents only a Consequently, two specific probes are neces-
small fraction of the total RNA in infected cells sary. As a probe for cRNA we used
and that inhibitors like actinomycin D cannot vRNA labeled in vitro with 125I. As a probe for
be used to suppress host cell RNA synthesis vRNA we synthesized 32P-labeleld DNA from a
because these drugs also inhibit influenza virus vRNA template using purified reverse tran-
replication (2, 18, 29, 32, 40). A similar problem scriptase. This transcription was facilitated by
exists for RNA tumor viruses. With these vi- the presence during synthesis of primer oligo-
ruses, as Garapin et al. (14) first demonstrated, nucleotides derived from calf thymus DNA by
a solution has been to measure the kinetics of limit digestion with deoxyribonuclease. As
hybridization of RNA from infected cells to previously shown these primers allow efficient
specific radioactive nucleic acid probes. From copying of RNAs like influenza vRNA (37a)
an analysis of such data the number of mole- which lack polyadenylate sequences. From an
cules of viral RNA can be deduced (26). More- analysis of the kinetics of annealing of these
over, the assay has the sensitivity to detect two radioactive probes to RNA fractions from
as little as one molecule per cell (4). The cells infected by influenza virus, we have been
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able to determine the number of copies of both raphy through Sephadex G-50 in water. The RNA in
cRNA and vRNA in the nucleus and cytoplasm the excluded volume (monitored by its 3H-labeled
at various times after infection. We have radioactivity) was pooled and lyophilized to dryness.
quantitated the effect of actinomycin D on the Preparation of purified viral cRNA. The proce-
appearancoft e me .In addition, be- dures for obtaining from infected cells a preparation

appearance Of these molecules. In aaaltlon, De- of viral cRNA in which all of the radiolabel derived
cause of the sensitivity of the hybrization from a [3H]adenosine or a [3H]uridine precursor is in
technique, we have been able to study primary viral cRNA has been described previously (10).
transcription, operationally defined as the Determination of the RNA content of MDCK
transcription occurring in the presence of the cells. Monolayer cultures of MDCK cells were col-
protein synthesis inhibition cycloheximide lected by trypsinization. The cells were counted. The
(CM) added at the time of infection (3). The total nucleic acids were extracted with phenol-chlo-
effect of actinomycin on this transcription roform, and the amount of RNA was determined by
has also been examined, the orcinol reaction to be 25 x 10-12 g of RNA per

MDCK cell. Another set of monolayer cultures were

MATERIALS AND METHODS collected by scraping, and the nuclear and cytoplas-
mic RNA was obtained as described above. The

Cells and virus. The procedures for the culture of amount of RNA in these two fractions was deter-
the MDCK (canine kidney) cell line and for the mined by both absorbancy at 260 nm and the orcinol
growth and purification of WSN virus have been reaction. Both methods gave the same results. The
described previously (21, 22). average of several experiments indicated that 9% of

Preparation of infected cell cytoplasmic and nu- the RNA is nuclear, and 91% is cytoplasmic.
clear RNA. Monolayer cultures of MDCK cells 32P-labeled DNA probe for vRNA. RNA was ex-
grown on roller bottles were infected with WSN tracted from purified virions (22) and added at a
virus at a multiplicity of 30 to 60 plaque-forming concentration of 2 ,ug/ml to 0.2 ml of a reaction
units/cell. Adsorption was for 1 h at 4°C. After ad- mixture containing 0.1 M Tris-hydrochloride, pH
sorption, the cells were washed two times to remove 8.1, 0.01 M MgCl2, 2% mercaptoethanol; dGTP,
inoculum virus. Growth medium (reinforced Eagle dTTP, and dCTP at 10-4 M; 10-6 M [a-32P]dATP (110
medium containing 2% calf serum) prewarmed to Ci/mM, New England Nuclear); 500 ,ug of degraded
37°C was added, and the cells were incubated at calf thymus DNA primers/ml; 0.2 U of avian sar-
37°C. Zero time corresponds to the time at which the coma virus polymerase/ml; 33 ltg of actinomycin D/
cells were brought to 37°C. Where indicated, CM at ml (Calbiochem). The presence of actinomycin selec-
100 ,ug/ml and/or actinomycin D at 2 ,ug/ml was tively inhibits the synthesis of double-stranded
added. One hour before collection of the cells, DNA (15). The preparation and use of the degraded
[3H]adenosine at 5 ulCi/ml was added to label the calf thymus DNA primers has been described else-
infected-cell RNA. The radioactivity in the infected- where (Taylor et al. Biochim. Biophys. Acta, in
cell RNA enabled us to monitor the steps during the press). These primers increase the efficiency of tran-
preparation of this RNA for annealing. scription of influenza vRNA by about 300-fold. The
At the indicated times, the infected cells were avian sarcoma virus polymerase was purified from

collected into reticulocyte standard buffer (RSB) the B77 strain as previously described (11). After
(0.01 M KCI, 0.0015 M MgCl2, 0.01 M Tris-hydro- synthesis for 3 h at 37°C, the DNA product was
chloride, pH 7.4) and were ruptured with 25 strokes extracted with phenol, passed through a G-50 Seph-
in a Dounce homogenizer. The cell extract was frac- adex column (40 by 0.9 cm), treated with 0.6 N
tionated into nucleus and cytoplasm as described NaOH for 1 h at 37°C to hydrolyze RNA, and then
previously (24), which yields a nuclear preparation collected by ethanol precipitation. The final product
free of detectable cytoplasmic contamination as had a modal sedimentation value of 5S and a specific
monitored by the absence of 18S rRNA (24, 28). activity of about 100 x 106 cpm/,ug.
After centrifugation of the cell extract for 8 min at 125I-labeled RNA probe for cRNA. One microgram
250 x g, the pelleted crude nuclei were washed, first of RNA extracted from purified virions was labeled
with RSB, and then with RSB containing a mixture in the presence of 1 mCi of 125I (New England Nu-
of Tween-40 and deoxycholate, to remove residual clear) by the thallium chloride procedure of Tereba
cytoplasmic material. The original supernatant, and McCarthy (38). After passage through a G-50
and the two washes of the nuclei were combined to Sephadex column, the labeled RNA was collected by
give the cytoplasmic extract. The detergent-washed ethanol precipitation. This RNA had a modal sedi-
nuclei were taken up in high-salt buffer (0.05 M mentation value ofabout 5S and a specific activity of
NaCl, 0.05 M MgCl2, 0.01 M Tris-hydrochloride, pH at least 30 x 106 cpm/,ug.
7.4) containing 80 ,ug of electrophoretically pure de- Kinetics of annealing of labeled probes. The RNA
oxyribonuclease per ml and were pipetted up and sample to be assayed was resuspended in water and
down until the viscosity disappeared. heated at 95°C for 3 min. It was then mixed with
The cytoplasmic and nuclear extracts were made about 10,000 cpm of both [1251]vRNA and [32P]cDNA

0.02 M in EDTA, 2% in sodium dodecyl sulfate and and equilibrated at 68°C. In the analysis of nuclear
0.1 M in Tris-hydrochloride, pH 9.0, and were ex- and cytoplasmic RNAs, about 100 and 1,000 j,g,
tracted three times with phenol-chloroform at pH respectively, were used per annealing mixture.
9.0. Phenol was removed by three ether extractions Relative to the labeled probes, these values corre-
and the ether was removed by bubbling N2 through spond to mass excesses of about 106 and 107, respec-
the solution. The RNA was desalted by chromatog- tively. To begin an annealing, a concentrated salt
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solution prewarmed to 68°C was added to bring the 1.O
annealing mixture to 0.6 M NaCl, 0.04 M Tris-hy- ( )
drochloride, pH 7.4, 0.002 M EDTA. This mixture (
(150 s.l) was overlayed with prewarmed mineral oil 0.5 /
(50 ul) and incubated at 680C in a 2-ml conical tube. V
After 0.61, 2.5, 10, 40, 160, and 1,200 min, portions of a
20 ul were removed, chilled, and stored at -20°C i I __________-_-__-_-to
until the nuclease assays could be performed. To < 0 Kperform the latter assays, each portion was diluted z (b) ,
with 0.3 M NaCl and divided into six equal samples. Z . o
To assay the annealing of ['251]vRNA, two samples < 0.5_,
were digested with 20 ,ug of boiled pancreatic RNase o
per ml in 0.3 M NaCl for 1 h at 370C. To assay the i j_
annealing of [32P]cDNA, two samples were digested IOT____* ___*_X_* __
with 1,200 U/ml of the single-stranded specific Si 'r
nuclease (Miles Laboratories) for 1 h at 370 (26). The (c)
remaining two samples were incubated in the ab- 0.5
sence of enzymes. After incubation, 80 ,ug of carrier
DNA was added and the samples were precipitated
with 10% trichloroacetic acid and collected onto o____e_______ _
glass fiber filters. 125I was assayed in a Beckman 1 10 100 1000
gamma counter and 32P was assayed by Cerenkov
radiation in a Beckman LS-233 scintillation counter. ANNEALING TIME (minutes)
In these two counting procedures the 3H present in FIG. 1. Time-dependent annealing of the labeled
the infected-cell RNA is not detected. All samples probes. The 32P-kabeled cDNA (a) and the 1251-la-
were counted for 10 min and the values presented beled vRNA (0) were submitted to annealing condi-
represent the average of duplicate assays. tions for the times indicated in the presence of: (a) 0.4

RESULTS pg of unlabeled uRNA per ml from purified virions;
(b) a RNA fraction enriched for cRNA and free of

Characterization of probes for cRNA and detectable vRNA (as described under Materials and
vRNA. Our assay is based upon the ability of Methods); (c) no added RNA. The vertical axis
viral sequences present in infected-cell RNA to shows the fraction of each labeled probe that was
anneal to a labeled complementary nucleic acid resistant to nuclease after the indicated annealingannbea tohalabeledyprotcmplemhenlttary nuceic time. Further details are provided in the text.probe, thzerebty protecting thze latter against a
subsequent nuclease digestion. To assay for
cRNA sequences we have used [1251]vRNA and beled host is probably present. Nevertheless,
measured the resistance to digestion with pan- the amount of vRNA present, labeled or unla-
creatic RNase. To assay for vRNA sequences beled, is insignificant with respect to the cRNA
we have used [32P]cDNA transcribed from (10). The kinetics of annealing of the two la-
vRNA with reverse transcriptase. The extent of beled probes in the presence of the cRNA are
annealing of this probe was measured with the shown in Fig. lb. The [32P]cDNA remained un-
single-stranded specific S1 nuclease. To deter- protected, whereas the extent of annealing of
mine whether these two probes had the desired the [1251]vRNA was ultimately 75 to 80%. We do
specificities, the following control annealing not know why this extent is less than 100%. It is
studies were performed. probably not a consequence of different viral
The first control was to measure the kinetics sequences being present at different frequen-

of annealing of the labeled probes in the pres- cies in the cRNA preparation because neither
ence of excess vRNA, as extracted from purified larger amounts of this RNA nor of any of the
virions. As shown in Fig. la, ultimately 100% infected cell RNAs (to be described below) were
protection was conferred upon the [32P]cDNA able to increase the extent of annealing. Conse-
probe, whereas the [125I]vRNA remained unpro- quently, in data other than that shown in Fig. 1
tected. The initial nuclease resistance of both the final extent of annealing has been normal-
probes was about 5%. In data other than that ized to 100%.
shown in Fig. 1, this background has been sub- The third control was to test for possible an-
tracted from the data. nealing of the labeled probes to each other in
The second control was to measure the an- the absence of added RNA (Fig. lc). With the

nealing in the presence of excess cRNA. The concentration of probes used and with anneal-
latter cRNA (labeled with [3H]uridine) was ob- ing times not exceeding 200 min, such anneal-
tained from infected cells as described previ- ing is insignificant. A small but significant
ously (10). This preparation is isotopically pure amount of annealing of [32P]cDNA occurs by
cRNA. It is not chemically pure in that unla- 1,000 min. Even this amount of annealing
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would be competed out by the presence of an That is, in this case, where Mo is greater than
excess of unlabeled vRNA or cRNA. The addi- PO, ultimately all of the cRNA will be an-
tion to an annealing mixture of 1 mg of RNA nealed, whereas only that fraction PO/MO ofthe
per ml from uninfected cells does not signifi- vRNA will be annealed. Moreover, it can be
cantly augment the amount of annealing ob- deduced from the equations (2), that this frac-
served in Fig. lc. This shows that the two tion, Po/Mo, is the ratio of the extent of anneal-
probes do not anneal to sequences present in ing of vRNA to the extent of annealing of
uninfected cells. cRNA for all values of C,t. The equations have
The three control annealings described above analogous solutions for the alternative case of

were performed concurrently with each of the PO being greater than Mo.
annealing experiments to be described subse- The shape of the two curves obtained from
quently. the equations in (2) is dependent upon the

Theoretical analysis of the annealing kinet- value of Po/Mo. Thus, when the experimen-
ics. Experimentally we can measure the kinet- tally determined annealing data for a given
ics of annealing of the labeled probes for cRNA RNA sample are fitted to equations of the form
and vRNA in the presence of an excess ofRNA in (2) by a least-squares method the value of
extracted from infected cells. We have sought to Po/Mo is obtained.
deduce from such data, first, the ratio ofcRNA- To obtain the absolute values ofPO and Mo in
to-vRNA sequences and, secondly, the absolute equation (2) it is first necessary to determine
numbers of sequences of each per average nu- the constant k. This can be done from the data
cleus or cytoplasm. To obtain this information shown in Fig. la, where annealing is carried
the following theoretical analysis was made. out in the presence of excess pure vRNA (that

Consider the situation in which a sample of is, C, Mo and PO < Mo). The value of the
RNA from an infected cell is thoroughly dena- product C,t at which half of the labeled probe
tured and then incubated under annealing con- is annealed is known as the C, t1, and this
ditions at a concentration C,. At time t = 0, value corresponds to In 2/k. The average value
before any annealing, the concentration of free of C,t1 from seven experiments, after correc-
cRNA and vRNA in this RNA are PO and Mo, tion to standard salt conditions (6), is 0.022 +
respectively. At any subsequent time the corre- 0.005 mol-s/liter. This yields the value of k as
sponding concentrations that remain unan- 35 + 7 liters/mol-s.
nealed are P and M where: Using the deduced values ofPo and Mo for an

dP dM RNA sample from infected cells at concentra-
dt - dt - -kMP (1) tion C,, we can calculate the average number

of genome equivalents of cRNA and vRNA.
and k is a positive constant. Two important The additional information needed for this cal-
assumptions are implicit in the application of culation is: the total molecular weight of the
these equations to the experimentally mea- viral genome (5.9 x 106 d [23a, 31]). The mass of
sured annealing kinetics. They are, first, that RNA per MDCK cell (25 x 10-12 g), the fraction
during infection the influenza virus genome is of cellular RNA in the nucleus (9%), and
transcribed uniformly, and, second, that the Avogadro's number (6.02 x 10e molecules/g-
rate constant k, for the annealing between mol). For example, if a nuclear RNA prepara-
unlabeled cRNA and vRNA sequences is the tion is at a concentration C, and we have
same as that between the corresponding la- deduced the concentration of cRNA (Po), then
beled and unlabeled sequences. These as- the average number of molecules of cRNA
sumptions are considered in the Discussion. sequences present per nucleus is:
The equation in (1) can be solved. For the

case where Mois greater than Po, the fractions (PO/Cr) X (0.09) x (25 x 1012) x (6.02 x 1023)
of the vRNA and cRNA that have annealed at + (5.9 x 10).
a given time are: Detection of vRNA and cRNA in the nu-
Mo - M 1 - exp[-k(Mo - PO)t] cleus and cytoplasm at various times after
MoMO/PO - exp[-k(M0 - P0)t] ' infection. Replicate cultures of MDCK cells

(2) were infected with influenza virus and subse-
Po - P - Mo Mo -M quently incubated at 37°C for 0, 1.75, 2.75 or

Po Po Mo 3.75 h. From these cultures the nuclear and
At large values of the product Crt, these equa- cytoplasmic RNAs were isolated. The kinetics
tions asymptote t of annealing of the two labeled probes in the

presence of each RNA were measured. The
Mo -M Po Po -P 1 3 results are shown in Fig. 2 as a function of the
Mo Mo I PO (3) product Crt, where C, (moles/liter) is the con-



534 TAYLOR ET AL. J. VIROL.

centration of the RNA and t (seconds) is the the experimental data itself and the other
time of annealing. The extent of hybridization from the appropriateness of the theoretical
of the [1251]vRNA and [32P]cDNA is shown by formulation. In some cases the latter intro-
the open and closed symbols, respectively. To duces a relatively large component (e.g., Fig.
obtain the respective amounts of cRNA and 2h) (see Discussion).
vRNA in each RNA fraction, the annealing First, consider the total number of genome
data were subjected to the theoretical analysis equivalents of cRNA and vRNA per cell. At
described earlier. Theoretical curves of the zero time, the amount of cRNA is insignifi-
form in equation (2) were fitted to the data by cant, and that vRNA which is detected is pre-
a least-squares method. The superimposed sumably derived from the inoculum virus.
cross-hatching represents the computed During the first 1.75 h, both cRNA and vRNA
curves with a range of one standard deviation. increase in amount, but the greater increase is
As described in the previous section, the pa- for cRNA so that it becomes the majority spe-
rameters of the fitted curves allow the deduc- cies. During the period of 1.75 to 2.75 h, the
tion of the ratio of cRNA/vRNA, as well as the absolute amounts of both cRNA and vRNA
absolute amounts of vRNA and cRNA. The increase, with cRNA remaining the majority
latter are expressed as the average number of species. Beyond 2.75 h, the amount of vRNA
genome equivalents per nucleus or cytoplasm increases with respect to cRNA and becomes
and from the sum of these values, the genome the majority species. This occurs because of an
equivalents per cell (Table 1, experiment 1). increase in vRNA sequences and also in some
The standard deviations shown in Fig. 2 and experiments (see Table 1), because of an ap-
Table 1 contain two contributions: one from parent decrease in cRNA sequences. This de-
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FIG. 2. Annealing of labeled probes to RNA extracted from the nucleus and cytoplasm of MDCK cells at
various times after infection. The [32P]cDNA (-) and ['251]vRNA (0) were annealed in the presence of either
nuclear RNA, (a-e), or cytoplasmic RNA, (f-j). After the indicated values of C,t, samples were removed and
the fraction of the probes annealed was assayed by nuclease resistance. The infected cultures used were
incubated at 37°C as indicated: (a) and (f), 0 h; (b) and (g), 1.75 h; (c) and (h), 2.75 h; (d) and (i), 3.75 h; (e)
and (j), 2.75 h, with actinomycin added at 1.75 h. The cross-hatching indicates the shape of the theoretical
curves fitted to the data, with the width of the cross-hatching representing one standard deviation from the
curve of best fit.
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crease in cRNA after 2.75 h does not always [32P]CDNA to RNA extracted from the nuclei
occur; in other experiments the amount of and cytoplasm of these cells is shown in Fig. 3.
cRNA remains essentially constant beyond The amounts of vRNA and cRNA deduced us-
2.75 h. Other workers have noted the stability ing these data are shown in Table 1, as experi-
of viral cRNA (34). ment 2. The deductions from an additional

Secondly, consider the distribution of viral experiment with the same protocol are pre-
sequences between nucleus and cytoplasm. sented as experiment 3, and will be discussed
The cRNA first detected at 1.75 h is present in with those of experiment 2.
both nucleus and cytoplasm, with approxi- Our assay reveals that the operational defi-
mately 30% being in the nucleus. At later nition of primary transcription based on the
times the absolute amounts in the nucleus do use of high concentrations of CM needs some
not increase significantly. In contrast, large qualification. Although the total amount of
increases in cRNA are detected in the cyto- vRNA detected at 2.5 h is reduced as a conse-
plasm, so that by 2.75 and 3.75 h about 95% of quence of the addition of 100 ,ug of CM per ml
the total cRNA is in the cytoplasm. The in- at 0 h, the reduction is not absolute. Conse-
crease in vRNA observed at 1.75 h occurs both quently, the cRNA detected under these condi-
in the nucleus and the cytoplasm. At later tions may not be exclusively transcripts of
times, the amount of vRNA in the nucleus inoculum vRNA, but may also include some
increases, but by no more than about fourfold, transcripts from newly synthesized vRNA.
whereas an 800-fold increase is observed in the Nevertheless, it can still be presumed that
cytoplasm. Thus, at 3.75 h the distribution of this cRNA is enriched for transcripts resulting
vRNA is like that of cRNA in that about 95% from genome primary transcription. As a con-
of the vRNA sequences are found in the cyto- sequence of the CM treatment the total
plasm. amount of cRNA detected per cell is reduced

Effect of actinomycin on the synthesis of by 80 to 90%. In the nucleus the reduction in
vRNA and cRNA. As part of the experiment cRNA is only about 40%, whereas in the cyto-
described above, an additional infected-cell plasm the reduction is about 85%. The fraction
culture was treated with actinomycin at 1.75 h of cRNA sequences detected in the nucleus
and harvested at 2.75 h. The kinetics of an- increases from about 5 to 18% as a consequence
nealing obtained with RNA extracted from the of CM treatment.
nuclei and cytoplasm of these cells are also Studies reported in the previous section in-
shown in Fig. 2, and the deduced amounts of dicate that actinomycin added at 1.75 h in-
vRNA and cRNA are included in experiment 1 hibits further synthesis of cRNA. The bulk of
of Table 1. Relative to the untreated controls, this cRNA probably represents the products of
actinomycin added at 1.75 h blocked an other- amplified transcription. Therefore, we under-
wise ninefold increase in the yield of cRNA took to determine the effect of actinomycin on
sequences in the cytoplasm. In contrast, acti- primary transcription by studying its effect on
nomycin did not significantly affect the 14-fold that residual transcription that occurs in the
increase of vRNA sequences in the cytoplasm. presence of CM. For this purpose infected-cell
The amount of nuclear cRNA does not vary cultures were treated not only with CM but
significantly in the period 1.75 to 2.75 h, and it also with actinomycin, the latter being added
is therefore not surprising that actinomycin either at 0 or 1 h. The cells were collected at
added at 1.75 h has no effect on the amount 2.5 h and fractionated into nucleus and cyto-
detected in the nucleus at 2.75 h. plasm. The kinetics of annealing in the pres-
Primary transcription of the viral genome ence of the extracted RNAs are included in

and the effect of actinomycin. Primary tran- Fig. 3 and deductions from these data are in-
scription is operationally defined as the tran- cluded in experiment 2 of Table 1. The deduc-
scription which occurs in the presence of CM tions from a similar experiment are summa-
added at zero time (3). Under these conditions, rized as experiment 3 of Table 1. It can be seen
vRNA synthesis is suppressed (30, 33) and that the addition of actinomycin at 0 h inhibits
transcription is assumed to be restricted to the synthesis of cRNA that occurs in the pres-
copying of the inoculum vRNA by the inocu- ence of CM by 85 to 90%. Most of this inhibi-
lum transcriptase. To characterize the tran- tion is seen in the cytoplasm where the
scription that occurs under such conditions, amount of cRNA detected is reduced by at
we examined infected-cell cultures incubated least 95%. In contrast, in the nucleus about
for 2.5 h in the presence of CM at 100 Ag/ml. 50% of the transcripts still appear. As a conse-
As controls, two infected cultures, not treated quence, in such cells the majority, about 75%,
with CM, were harvested at 0 and 2.5 h. The of all cRNA sequences are found in the nu-
kinetics of annealing of the [125I]vRNA and cleus. The reduction in cRNA by actinomycin
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infected cells is identical to that between these virus. That is, the synthesis of cRNA precedes
same sequences and the labeled probe. This is that of vRNA, whereas at later times vRNA
probably not the case experimentally, since the synthesis prodominates. In addition, using cell
labeled probes are relatively smaller (modal fractionation, we have been able to follow the
sedimentation value 5S) than the viral species relative distribution of viral sequences between
in infected cells and it is known that rate con- nucleus and cytoplasm. An early increase in
stants are dependent upon size (39). Since the vRNA and cRNA sequences is detected in the
probes are of comparable size, they should be at nucleus, but as the infection proceeds,the ma-
an equal disadvantage. A possible additional jority of these sequences is detected in the cyto-
complication is that the labeled cDNA probe, plasm. Thus, for cRNA sequences, the percent-
being composed of DNA rather than RNA, age in the nucleus decreases from 30% at 1.75 h
might have a different rate constant. We are to 5% at 2.75 h and later. In light of the
unaware of any data comparing rate constants results obtained concerning the cRNA synthe-
for DNA-RNA versus RNA-RNA annealing. sized in the presence of CM, it will be of interest
Straus and Bonner (37) have shown that the to determine whether at times before 1.75 h an
rate constant for DNA-DNA annealing is even larger fraction of the cRNA synthesized in
larger than that for DNA-RNA. It is therefore the absence of CM is in the nucleus.
possible that the rate constant for DNA-RNA is The effect of actinomycin on virus-specific
larger than that for RNA-RNA annealing. RNA synthesis has been studied by Scholtissek
Such a difference would cause overestimates of and Rott (33) and by Pons (30). The former
vRNA sequences due to the use of a DNA probe. workers using the techniques described above

In summary, the possible consequences of found that actinomycin added at 2 h'inhibited
one or more of our assumptions being invalid cRNA synthesis by 95% and vRNA synthesis by
would be that the estimated amount of cRNA 70%. A similar preferential inhibition of cRNA
sequences could be underestimated relative to synthesis was observed by Pons (30) using a
vRNA. The amount of vRNA might be either different technique. The results presented here
an under- or overestimate. It was noted in the are in general agreement with these earlier
Results that in certain cases the data do not fit studies but differ in that an even greater speci-
well to the theoretical formulation. A possible ficity for this drug is demonstrated. The in-
reason for such deviation might be that in such crease in cRNA in the cytoplasm is blocked
situations the transcription of the viral genome completely by actinomycin, whereas there is no
is not uniform. Studies using labeled probes for detectable effect on the increase in vRNA in the
individual genome segments should be able to cytoplasm. Our interpretation of these results
test this hypothesis. Such systematic errors is that there is an actinomycin-sensitive nu-
should not affect our qualitative conclusions clear step required for the appearance of cRNA
made regarding the replication and transcrip- in the cytoplasm. As the product of this nuclear
tion of the influenza viral genome. step could function in either the nucleus or the
Other workers using techniques different cytoplasm, the actual site of cRNA synthesis

from those described here have undertaken to cannot be deduced from these results.
characterize the synthesis of virus-specific The first molecules of cRNA to appear in the
RNA in influenza virus-infected cells (3, 30, 33). infected cells must arise by what is called pri-
Scholtissek and Rott (33) extracted total pulse- mary transcription, that is, transcription of the
labeled RNA from infected cells and measured inoculum vRNA by the inoculum virion tran-
the ability of an excess of unlabeled vRNA or of scriptase. The procedures of Scholtissek and
an RNA fraction enriched for cRNA, to anneal Rott (33) and of Pons (30) are not sufficiently
to that labeled RNA and thereby protect it sensitive to detect virus-specific synthesis at
against a subsequent RNase digestion. A diffi- early times, before 2 h, and would not be ex-
culty in their study was that pulse-labeled pected to be capable of detecting primary tran-
RNA from uninfected cells demonstrated some scripts. Consequently, Bean and Simpson (3)
nuclease resistance both before and after an- used a different approach to characterize such
nealing to unlabeled viral RNA, and, to com- transcription by infecting cells with virus radio-
pensate, a value proportional to this back- actively labeled in its RNA. They extracted the
ground was subtracted from their data for in- total RNA from the infected cells, denatured
fected-cell RNA. In this way they deduced the the RNA and subjected it to annealing condi-
time course of appearance of vRNA and cRNA tions, and then determined what fraction of
in chicken embryo fibroblasts infected by fowl the labeled inoculum vRNA had been converted
plague virus. The results are qualitatively sim- to a RNase-resistant form. The amount of this
ilar to those presented here for the infection of RNase resistance was used as a measure of the
canine cells by the WSN strain of influenza amount of transcription occurring in the in-
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fected cells. By this technique they were able to transcripts contain little or no polyadenylic
detect transcription in the presence of CM (20 gI acid [poly(A)] and are normally small relative
ml), but were unable to detect transcription in to the vRNA template (5, 16, 22a). However
infected cells treated with both CM and actino- if certain specific primers oligonucleotides are
mycin. In contrast to this latter result, we find added during such transcription, the products
that a significant fraction of the cRNA synthe- obtained contain poly(A) and are much larger,
sized in the presence ofCM is not suppressed by in fact comparable in size to cRNA isolated
actinomycin and, furthermore, that the residual from infected cells (22a, 28a). It can therefore
cRNA is primarily detected in the nucleus. It is be suggested that the transcription which
probable that the inability of Bean and Simp- occurs in infected cells treated with actino-
son (3) to detect such residual transcription mycin is actually nonfunctional mRNA, that is
reflects a relative lack of sensitivity in their poly(A)-deficient and small. This could arise
assay. This may have arisen from an inade- because actinomycin reduces the availability
quate combination of RNA concentration and of essential primers and the transcripts made
annealing time and maybe also from an inade- under such conditions fail to migrate to the
quate molar excess of newly synthesized cRNA cytoplasm. This interpretation can be tested.
relative to labeled inoculum vRNA. In their It is to be emphasized that our results do not
studies the maximum extent of annealing of give any direct evidence concerning the site of
labeled vRNA with RNA extracted from cells at synthesis of cRNA that arises from amplified
3 h after infection in the presence of CM was transcription, as opposed to primary transcrip-
only 25%, rather than 100% which would be tion. Most of the cRNA transcribed in the ab-
expected for vRNA completely transcribed into sence of CM is detected in the cytoplasm. The
cRNA. In constrast, with our assay ['251]vRNA appearance in the cytoplasm of the transcripts,
was rendered 75 to 80% resistant to RNase as a as with primary transcripts, is inhibited by
consequence of annealing to RNA from CM- actinomycin but this does not establish the site
treated cells (Fig. 3). of synthesis. With respect to the site of synthe-
Our results concerning the effect of actino- sis, it is significant that this cRNA has been

mycin on the synthesis of cRNA occurring in found to contain internal N6-methyladenosine
the presence of CM provide some insights into residues (23). To date, such modified bases have
the process of primary transcription. The addi- been detected only in mRNA's synthesized in
tion of CM alone at zero time leads to an in- the nucleus but not in those viral mRNA's that
crease in the percentage of the cRNA detected are synthesized in the cytoplasm (1, 9, 12, 13,
in the nucleus, and when actinomycin as well 25, 35). Therefore, it can be suggested that in-
as CM is added at zero time the cRNA that fluenza viral cRNA, rather than being an ex-
continues to be synthesized is found almost ception, may actually be synthesized in the
totally in the nucleus. The latter nuclear cRNA nucleus.
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