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Influenza viral complementary RNA (cRNA) was purified free from any
detectable virion-type RNA (vVRNA), and its genetic content and activity in
wheat germ cell-free extracts were examined. After phenol-chloroform extrac-
tion of cytoplasmic fractions from infected cells, poly(A)-containing viral cRNA
is found in two forms: in single-stranded RNA and associated with vRNA in
partially and fully double-stranded RNA. To purify single-stranded cRNA free of
these double-stranded forms, it was necessary to employ, as starting material,
RNA fractions in which cRNA was predominantly single stranded. Two RNA
fractions were successfully employed as starting material: polyribosomal RNA
and the total cytoplasmic RNA from infected cells treated with 100 ug of
cycloheximide (CM) per ml at 3 h after infection. In WSN virus-infected canine
kidney (MDCK) cells, the addition of CM at 3 h after infection stimulates the
production of cRNA threefold and causes a very large increase in the proportion
of the cytoplasmic cRNA which is single stranded; double-stranded RNA forms
are greatly reduced in amount. Total cRNA was obtained by oligo(dT)-cellulose
chromatography, and single-stranded cRNA was separated from double-
stranded forms by Sepharose 4B chromatography. The cRNA preparation puri-
fied from polyribosomes consists of 95% single-stranded cRNA, with the remain-
ing 5% apparently being double-stranded RNA forms. The cRNA preparation
purified from CM-treated cells (CM cRNA) is even more pure: 100% of the
radiolabeled RNA is single-stranded cRNA. Annealing experiments, in which a
limited amount of 3?P-labeled genome RNA was annealed to the cRNA, indicate
that the purified cRNA contains at least 84 to 90% of the genetic information in
the vRNA genome. Purified viral cRNA (CM cRNA) is very active in directing
the synthesis of virus-specific proteins in wheat germ cell-free extracts. Four of
the proteins synthesized in vitro co-migrate during gel electrophoresis with the
four major nonglycosylated virus-specific proteins, and three of these proteins
have been identified after specific immunoprecipitation. The protein product
also contains candidates for the protein moieties of the two virion glycoproteins.
These results thus provide further strong evidence that cRNA constitutes the
entirety of influenza virus-specific mRNA. On this basis, the activity of viral
RNA preparations in in vitro protein synthesis was re-examined. At relatively
low potassium chloride concentrations, viral RNA preparations direct the syn-
thesis of very small polypeptides. This activity is most likely due to small cRNA
transcripts incorporated into virus.

Previous work from this laboratory strongly
suggests that influenza viral complementary
RNA (RNA complementary to virion RNA) con-
stitutes the entirety of viral mRNA. Comple-
mentary RNA (cRNA) is essentially the only
virus-specific RNA found on infected cell polyri-
bosomes; and cRNA contains polyadenylate
[poly(A)], whereas virion RNA (VRNA) does
not (9). This is consistent with the fact that the
virion contains a transcriptase (3, 7, 21, 32).
Conclusive proof that cRNA constitutes the en-

tirety of viral mRNA requires the demonstra-
tion that cRNA directs the synthesis of all vi-
rus-specific proteins in an in vitro protein-syn-
thesizing system.

Previous studies of the in vitro translation of
influenza virus-specific RNA have been ambigu-
ous. Kingsbury and Webster (11) found that
infected cell RNA was active in cell-free rabbit
reticulocyte extracts for the synthesis of the
viral membrane protein (MP) and of another
protein which was immunoprecipitated but did
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not co-migrate with known virus-specific pro-
teins during polyacrylamide gel electrophoresis
(PAGE). Because these workers found that
vRNA was inactive, they postulated that cRNA
was the active mRNA but did not directly
prove this. Another group of workers also found
vRNA to be inactive in cell-free extracts, in this
case obtained from mouse ascites cells (10).
However, Siegert et al. (30) reported that
vRNA was active in an Escherichia coli cell-
free system and presented some immunological
evidence that one of the proteins synthesized
was the viral nucleocapsid protein (NP).
Whether the vRNA preparation was pure and
did not contain cRNA was not investigated.

In the present study, our approach was to
purify relatively large amounts of cRNA free
from any detectable vVRNA. Once the purity of
the cRNA was established, we determined (i)
whether this ¢cRNA contains all the genetic
information in vVRNA and (ii) whether this
cRNA directs the synthesis of virus-specific pro-
teins in a wheat germ cell-free protein-synthe-
sizing system. Our results provide further
strong evidence that cRNA constitutes the en-
tirety of the viral mRNA. In light of these
results, we re-examined the activity of vRNA
preparations in vitro; our observations will be
discussed.

MATERIALS AND METHODS

Cells and virus. The procedures for culture of the
MDCK (canine kidney) cell line, and for growth and
purification of WSN virus, have been described (12,
13).

Preparation of infected cell extracts. The proce-
dure for infection of MDCK cells at a multiplicity of
30 to 60 plaque-forming units/cell was described pre-
viously (12-14). Approximately 8 x 10® cells grown
on roller bottles were used for each experiment.
Forty micrograms of cordycepin per ml was added
after viral adsorption (40 min after infection at 37 C)
(9). At 1.0 h after infection, [*H]adenosine or
[*H]uridine was added to a final concentration of 20
pCi/ml. At the times of infection indicated, the cells
were collected, and cytoplasmic extracts were pre-
pared as previously described (12-14). Where indi-
cated, polyribosomes were isolated from cytoplasmic
extracts as previously described (9).

In many experiments, infected cells were treated
with cycloheximide (CM). At 3 h after infection, CM
at a final concentration of 150 ug/ml was added. The
cells were incubated for an additional 2.5 to 3.0 h at
37 C before collection.

Purification of viral cRNA. The cytoplasmic ex-
tract or polyribosome preparation was made 0.02 M
in EDTA, 2% in sodium dodecyl sulfate, and 0.1 M in
Tris-hydrochloride, pH 9.0. The RNA was deprotein-
ized by extracting three times with a 1:1 mixture of
phenol and chloroform equilibrated with 0.1 M Tris-
hydrochloride, pH 9.0 (9), and the extracted RNA
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was precipitated with three volumes of (-25C)
ethanol. After 3 h at —25 C, the RNA was collected
by centrifugation for 20 min at 30,000 x g in the
Sorvall RC2-B centrifuge. The pellet was taken up
in 2.5 ml of 0.5 M KCI and 0.01 M Tris-hydrochlo-
ride, pH 7.4 (buffer A) and was applied to an oligo-
deoxythymidylic acid [oligo(dT)]-cellulose column (4
by 1.5 cm) at room temperature. Two-milliliter frac-
tions were collected. To determine the amount of
radioactivity in each fraction, a 25-ul aliquot was
spotted onto a membrane filter (Millipore Corp.) and
the filter was dried and counted in a toluene scintil-
lation mixture. The column was washed with buffer
A until no further radiolabeled RNA was detectable
in the effluent. The RNA bound to the column was
eluted with 0.01 M Tris-hydrochloride, pH 7.4. The
fractions containing the eluted RNA were pooled
and were made 0.01 M in MgCl,; rRNA was added as
carrier, and the RNA was precipitated with four
volumes of (—25 C) ethanol.

After 24 h at —25 C, the RNA was collected by
centrifugation for 1 h at 25,000 rpm in the SW41
rotor. The pellet was taken up in 0.5 ml of Sepharose
buffer (0.1 M NaCl; 0.002 M EDTA; 0.5% sodium
dodceyl sulfate; 0.01 M Tris-hydrochloride, pH 7.4),
and the solubilized RNA was applied to a Sepharose
4B (70 by 2 cm) column at room temperature (2). The
column was run with a 25-cm pressure head, result-
ing in a flow rate of 4 ml/h. Fractions of 1.2 to 1.5 ml
were collected, and the amount of radioactivity in
each fraction was determined by counting an aliquot
(100 wl) of each fraction in a Triton-toluene scintilla-
tion mixture. Fractions were pooled as indicated in
each figure, and the RNA in the pooled fractions was
collected after ethanol precipitation as described
above.

Annealing experiments. RNA annealing was car-
ried out as described previously (13). For the deter-
mination of the total cRNA produced during infec-
tion, infected cell cytoplasmic RNA was annealed to
an excess of [*Hladenosine-labeled vRNA, and the
amount of VRNA rendered RNase resistant was de-
termined (13, 16).

Cell-free extract. Wheat germ cell-free extracts
were prepared essentially according to Roberts and
Paterson (25). Extracts were not preincubated and
were stored at —90 C. Aliquots were thawed just
before use.

Cell-free protein synthesis. Assays contained in
a final volume of 50 ul: 20 ul of non-preincubated
wheat germ S30 fraction; 20 mM N-2-hydroxyethyl-
piperazine-N’-2'-ethanesulfonic acid buffer, pH 7.3;
2 mM dithiothreitol; 1 mM ATP (K salt); 20 uM GTP
(Tris salt); 4.5 mM creatine phosphate (Tris salt); 40
ug of creatine phosphokinase per ml; 80 uM of unla-
beled amino acids; 3 mM MgAc,; KCI as indicated;
250 uCi of [**S)methionine; and 5 to 7 ul of the RNA
being tested for activity. Assays were incubated for
1 h at 25 C. To determine the amount of protein
synthesized, a 10-ul aliquot was added to 5 ml of 5%
trichloroacetic acid containing 3% Casamino Acids.
After boiling for 15 min, the mixture was filtered
through a membrane filter (Millipore Corp.). These
filters were then counted in a toluene-based scintilla-
tion fluid.
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PAGE. Reaction mixtures which were to be di-
rectly analyzed by PAGE were incubated with 0.1 M
KOH for 15 min at 37 C and were precipitated with
an equal volume of 10% trichloroacetic acid contain-
ing 3% Casamino Acids. The precipitates were
washed three times with 5% trichloroacetic acid con-
taining 3% Casamino Acids and two times with ace-
tone (19, 20). The washed pellets were taken up in
0.01 M sodium phosphate, pH 7.1, 1% sodium dode-
cyl sulfate, 2% B-mercaptoethanol, 0.5 M urea, and
102 M EDTA and were boiled for 3 min. The sam-
ples were analyzed on cylindrical sodium dodecyl
sulfate-containing 7.5% polyacrylamide gels as de-
scribed previously (14). To serve as internal protein
markers, 3H-amino acid-labeled virion proteins, or
3H-amino acid-labeled infected cell nucleolar pro-
teins, were always coelectrophoresed with the
samples from the reaction mixture. The nucleolar
preparation contains the virion proteins P and NP,
the putative nonstructural protein NS,, and a virus-
specific protein of approximately 25,000 daltons. Be-
cause the latter protein consistently migrates ahead
of the virion MP protein during PAGE (14, 15), it
has been designated NS, (nonstructural protein 1)
distinct from MP. Little or no protein comigrating
with MP is detectable in the nucleolar preparation
(14, 15). As shown in the present study, MP and NS,
can also be distinguished immunologically. For the
preparation of infected cell nucleoli, infected MDCK
cells were exposed to a mixture of *H-labeled amino
acids from 3.75 to 5 h postinfection, and the crude
nucleolar pellet was obtained as previously de-
scribed (14, 15).

Antisera. For the preparation of antiserum
against viral structural proteins, purified virus was
pelleted by centrifugation for 1 h at 35,000 rpm in
the SW41 rotor. The pellet was taken up in 8 M
guanidine hydrochloride (GuHCl), 2% B-mercapto-
ethanol, 0.1 M Tris-hydrochloride, pH 8.5, and was
boiled for 5§ min. The GuHCI] was removed by di-
alysis against 0.0025 M Tris-hydrochloride, pH 7.4,
and the mixture was lyophilized to dryness. The
lyophilized protein was taken up in 8 ml of water for
injection into rabbits. One-half milliliter was in-
jected intravenously, and 1.5 ml was mixed with an
equal volume of complete Freund adjuvant and was
injected into the footpads and subcutaneously into
four sites along the back of the animal. Boosters,
consisting of 2 ml of the antigen diluted with an
equal volume of Freund adjuvant, were injected sub-
cutaneously 4 and 8 weeks after the initial injec-
tions. The animals were bled from the ear 10 to 14
days after the second booster injection. In immuno-
diffusion, the antiserum formed multiple precipitin
lines when tested against GuHCl-disrupted virus.

For the preparation of an antiserum which would
be directed against nonstructural virus-specific pro-
teins (in particular NS,), infected cell nucleoli were
used as the antigen. Crude nucleoli were isolated
from infected MDCK cells at 5 h after infection as
previously described (14, 15). The nucleolar pellet
was disrupted with GuHCI and injected into rabbits
as described above, except that an intraperitoneal
injection was substituted for the intravenous injec-
tion because of the particulate nature of the antigen.
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In immunodiffusion, this antiserum formed several
precipitin lines when tested against GuHCl-dis-
rupted infected cell nucleoli and against GuHCI-
disrupted virus.

Preimmune serum was obtained from the rabbits
prior to inoculation with GuHCl-disrupted virus or
GuHCl-disrupted infected cell nucleoli. This serum,
which did not form any precipitin lines against
either GuHCl-disrupted virus or GuHCl-disrupted
infected cell nucleoli, was used as a control for non-
specific precipitation.

The virus-specific proteins detected by the two
antisera were determined by immunoprecipitation
as described below.

Immunoprecipitation. The procedure for immu-
noprecipitation was essentially as described by Ob-
erg et al. (20) and was employed for two purposes: (i)
to determine which virus-specific proteins the anti-
sera are directed against and (ii) to demonstrate the
viral specificity of the in vitro synthesized proteins.
To characterize the antisera, infected cell cytoplas-
mic extracts containing radiolabeled virus-specific
proteins were precipitated with the two antisera.
The cytoplasmic extracts were prepared from in-
fected cells labeled with [33S]methionine from 3.75 to
5.0 h after infection.

Cytoplasmic extracts or cell-free translation mix-
tures were incubated at 37 C for 30 min with 100 ug
of pancreatic RNase per ml in the presence of 0.1 M
EDTA and were dialyzed overnight at 4 C against 7
M urea-1 mM dithiothreitol in phosphate-buffered
saline lacking Mg?* and Ca?* (phosphate-buffered
saline deficient). After dialysis, the solution was
centrifuged at 16,000 x g for 10 min. The resulting
supernatant was diluted with phosphate-buffered
saline deficient to 1 M urea, was made 1% in Triton
X-100, and was centrifuged again at 16,000 x g for 10
min. To 1 ml of this supernatant was added 20 ul of
the appropriate antiserum or preimmune serum,
and the mixture was incubated at 30 C for 1 h and
overnight at 4 C. All samples then received 300 ul of
goat anti-rabbit immunoglobulin G, and the mix-
ture was incubated for 1hat 30 Cand2to3hat4 C.
The immunoprecipitates were collected and washed
as described by Oberg et al. (20) and were analyzed
by PAGE.

Materials. For the preparation of ribosomal car-
rier RNA, cytoplasmic extracts of uninfected MDCK
cells were phenol extracted, and the 285 and 18S
rRNA was collected after sucrose density gradient
centrifugation. [(2,8-°Hladenosine, [5-*H]uridine,
and [**S]methionine (100 to 400 Ci/mmol) were pur-
chased from New England Nuclear Corporation, Bos-
ton, Mass. Oligo(dT)-cellulose was obtained from
Collaborative Research Inc., Waltham, Mass. Sepha-
rose 4B was purchased from Pharmacia Fine Chemi-
cals Inc., Piscataway, N.J. Goat anti-rabbit immu-
noglobulin G was obtained from Hyland Laborato-
ries, Costa Mesa, Calif., and was clarified by
centrifugation at 1,000 X g for 30 min.

RESULTS

Purification of viral cRNA. Influenza viral
cRNA contains poly(A), and the synthesis of
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this poly(A) is resistant to the drug cordycepin
(9), which inhibits the synthesis of host-specific
RNA containing poly(A) (1). In contrast to
cRNA, influenza vRNA does not contain
poly(A) (9). Consequently, oligo(dT)-cellulose
chromatography or other methods which select
RNAs by virtue of their poly(A) segments
should separate single-stranded cRNA from sin-
gle-stranded vRNA and from all host cytoplas-
mic RNAs made in the presence of cordycepin.

However, oligo(dT)-cellulose chromatogra-
phy of total infected cell cytoplasmic RNA does
not yield a preparation of viral cRNA free of
VRNA, for after phenol-chloroform extraction of
the cytoplasmic extract most of the cRNA is
found associated with vRNA in partially and
fully double-stranded RNA forms. The extent
to which the cRNA in cytoplasmic extracts is in
double-stranded forms is revealed by Sepharose
4B chromatography, a procedure known to sepa-
rate single-stranded RNA from RNA with dou-
ble-stranded regions (2, 8). Figure 1 shows the
Sepharose 4B chromatography of the oligo(dT)-
cellulose-bound RNA obtained from the cyto-
plasmic extract of infected cells labeled with
[*H]adenosine from 1 to 3.75 h after infection.
The majority of the radiolabeled RNA elutes
close to the excluded volume (region A). Consist-
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ent with the behavior of other RNAs subjected
to Sepharose 4B chromatography (2, 8), the
RNA eluting in region A is enriched in double-
stranded forms: it has a high (50 to 60%) RNase
resistance, and annealing experiments indicate
the presence of both vRNA and ¢cRNA. Most
significantly for the present study, only a small
fraction of the radiolabeled RNA elutes in the
included volume (region B), where single-
stranded RNA is expected to elute (2, 8). An-
nealing experiments indicate that the RNA in
region B consists of single-stranded cRNA con-
taminated with partially and fully double-
stranded RNA (Table 1). The presence of dou-
ble-stranded regions is indicated by the 10%
decrease in RNase resistance after heating and
fast-cooling. After annealing to VRNA, the
RNase resistance increases to 88%, or 54%
higher than the RNase resistance of the un-
treated sample. Thus, at least 54% of the radio-
label is in single-stranded cRNA. Actually, the
percentage of single-stranded cRNA is greater
than 54%, as the 24% of the radiolabel in
poly(A) (heated and fast-cooled sample) can be
presumed to be part of the cRNA molecules (9;
see below). Clearly, however, this cRNA is not
free of double-stranded forms. Our results indi-
cate that a small fraction of the double-
stranded forms trails into the included volume
during Sepharose 4B chromatography. Since
these double-stranded forms predominate over
single-stranded ¢cRNA in the cytoplasmic ex-
tract, they constitute a significant fraction of
the RNA in the single-stranded region from
Sepharose 4B.

To overcome this difficulty, different RNA
fractions were employed as starting materials
for cRNA purification. These RNA fractions
were enriched in single-stranded cRNA and
were deficient in partially and fully double-
stranded RNAs. Two different starting mate-
rials were employed. Initially, we isolated
cRNA from the polyribosomes. As shown previ-
ously, the putative mRNA released from polyri-

TaABLE 1. Hybridization analysis of the
poly(A)containing RNA from the cytoplasm which
elutes in the included volume during Sepharose 4B

chromatography®

1
15
v,/vo

Fi1c. 1. Sepharose 4B chromatography of the
oligo(dT)-cellulose-bound RNA obtained from the cy-
toplasm of cordycepin-treated infected cells. Cells
were labeled with [*Hladenosine from 1 to 3.75 h
after infection. The procedures for obtaining the cyto-
plasmic RNA and for oligo(dT)-cellulose and Sepha-
rose 4B chromatography were described.

Treatment of RNA RNase resistance (%)

Untreated ........................ 34
Heated and fast-cooled ............ 24
Self-annealed ..................... 42
Annealed with 10 ug of viral RNA . 88

@ The RNA fractions from the Sepharose 4B chromatogra-
phy of Fig. 1 eluting in region B were pooled for this
analysis. The amount of radioactivity used in the annealing
experiment was 46,000 counts/min.
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bosomes by puromycin and high salt consists of
essentially pure single-stranded cRNA (9). How-
ever, the puromycin-high salt-released cRNA,
after subsequent phenol-chloroform extraction,
was found to be partially degraded and hence
not suitable for the present study. Conse-
quently, polyribosomes were directly extracted
with phenol-chloroform, and the extracted
RNA was subjected to sequential oligo(dT)-cel-
lulose and Sepharose 4B chromatography. Of
the polyribosomal RNA labeled with [3H]-
adenosine from 1 to 4.5 h, 35 to 60% binds to
oligo(dT)-cellulose. The bound RNA consists of
predominantly single-stranded RNA, as shown
by subsequent Sepharose 4B chromatography
(Fig. 2). Approximately 80% of the oligo(dT)-
cellulose-bound RNA elutes from Sepharose 4B
in the single-stranded region, suggesting that
this RNA should be free of most, if not all,
double-stranded forms. Annealing experiments
indicate that this is the case (Table 2). After
annealing to virion RNA, this RNA is rendered
95% RNase resistant, indicating that 95% of the
RNA is comprised of cRNA. The small decrease
in RNase resistance after heating and fast-cool-
ing (3%) and the small increase after self-an-
nealing (4%) indicate that only small amounts
of partially and fully double-stranded RNAs are
present. Consequently, this RNA purified from
the polyribosomes is single-stranded cRNA
with a maximum possible 5% contamination
with double-stranded forms.

Both the purity and the amount of cRNA
recovered were increased by employing a differ-
ent RNA fraction as starting material. These
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Fi1c. 2. Sepharose 4B chromatography of the
oligo(dT)-cellulose-bound RNA obtained from the
polyribosomes of infected, cordycepin-treated cells.
Cells were labeled with [*Hladenosine from 1 to45 h
after infection. The procedures for obtaining the poly-
ribosomal RNA and for oligo(dT)-cellulose and Seph-
arose 4B chromatography were as described.
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experiments involve the use of CM, which in-
hibits both protein synthesis and influenza
vRNA synthesis (23, 29). When added at a time
(approximately 3 h after infection) at which
substantial amplification of cRNA synthesis
has already occurred, CM reportedly inhibits
subsequent cRNA synthesis not at all (29) or
slightly (23). In the WSN virus-MDCK cell sys-
tem studied in the present work, the addition of
CM (100 ng/ml) at 3 h stimulates the production
of cRNA approximately threefold (Table 3).
Even more significantly, CM addition causes a
very large increase in the proportion of the
cytoplasmic RNA which is single stranded; dou-
ble-stranded forms are greatly reduced in
amount. Figure 3 shows the Sepharose 4B chro-
matography of the oligo(dT)-cellulose-bound
RNA obtained from the cytoplasmic extract of
infected cells treated with 100 pg of CM per ml
at 3 h after infection. It is to be emphasized that
the [*H]adenosine precursor was added at 1 h
after infection or 2 h before the addition of CM,
so that the double-stranded forms synthesized
from 1 to 3 h (see Fig. 1) would be radiolabeled.
Approximately 90 to 95% of the radiolabeled

TaBLE 2. Hybridization analysis of the single-
stranded, poly(A)containing RNA purified from

polyribosomes®
Treatment of RNA RNase resistance (%)
Untreated ........................ 33
Heated and fast-cooled ............ 30
Self-annealed ..................... 37
Annealed with 10 ug of viral RNA . 95

2 The RNA fractions from the Sepharose 4B chromatogra-
phy of Fig. 2 eluting from V,/V, of 1.45 to V./V, of 2.2 were
pooled for this analysis. The amount of radioactivity used in
the annealing experiment was 10,800 counts/min.

TaBLE 3. Effect of the addition of CM at 3 h on the

production of viral cRNA®

CM added cRNA produced (ug)
- 0.057
+ 0.161

2 Two monsayer (60 by 15 mm) cultures of MDCK
cells were infected at a multiplicity of 30 plaque-
forming 1:nits/cell as previously described (10). To
one cultare, CM at 100 ug/ml was added at 3 h after
infect'on. At 5 h after infection, the cells from both
cultures were collected. Cytoplasmic RNA was ex-
tracted and was annealed to 3 ug of [*H]adenosine-
labeled viral RNA (11,000 counts/min per ug) as
previously described (13, 16). The amount of viral
RNA rendered RNase resistant after annealing rep-
resents the amount of cRNA present in the infected
cell cytoplasmic RNA.
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RNA elutes from Sepharose 4B in the single-
stranded region, suggesting that this RNA
should be free of any detectable double-
stranded RNA forms. Annealing experiments
verify the purity of this preparation of single-
stranded cRNA (Table 4). After annealing to
vRNA, this RNA is rendered 100% RNase resist-
ant, indicating that all of it is cRNA. The ab-
sence of any significant change in RNase resist-
ance after heating and fast-cooling or after self-
annealing indicates that this cRNA is com-
pletely in the form of single-stranded RNA.
This result has been verified with three differ-
ent preparations. The 33% RNase resistance of
the heated and fast-cooled sample represents
the poly(A) in viral cRNA. [*H]uridine-labeled
cRNA purified by the same procedure has only

35—
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Fic. 3. Sepharose 4B chromatography of the
oligo(dT)-cellulose-bound RNA obtained from the cy-
toplasm of infected cells treated with 100 ug of CM
per ml at 3 h after infection. [*Hladenosine was
added at 1 h after infection, and the cells were col-
lected 3 h after the addition of CM. The procedures
for obtaining the cytoplasmic RNA and for
oligo(dT)-cellulose and Sepharose 4B chromatogra-
phy were as described.

TaBLE 4. Hybridization analysis of the single-
stranded, poly(A)containing RNA purified from the
cytoplasm of CM-treated cells®

Treatment of RNA RNase resistance (%)

Untreated ........................ 34
Heated and fast-cooled
Self-annealed ..................... 34
Annealed with 10 ug of viral RNA . 103

@ The RNA fractions from the Sepharose 4B chromatogra-
phy of Fig. 3 eluting from V,./V, of 1.45 to V./V, of 2.35 were
pooled for this analysis. The amount of radioactivity used in
the annealing experiment was 193,000 counts/min.
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a 2 to 3% RNase resistance after heating and
fast-cooling. As with the [*H]adenosine-labeled
RNA, the [3Hluridine-labeled RNA anneals
completely to vRNA and exhibits little, or no,
change in RNase resistance after heating and
fast-cooling or after self-annealing. This fur-
ther confirms that this RNA is single-stranded
viral cRNA containing poly(A). The amount of
radiolabeled cRNA recovered is 5- to 30-fold
greater than the amount recovered from polyri-
bosomes (compare Fig. 2 and 3).

Genetic content of purified viral cRNA. To
determine whether the purified cRNA contains
all the genetic information in the vRNA ge-
nome, cRNA purified from polyribosomes or
from cytoplasmic extracts of CM-treated cells
(CM cRNA) was annealed to a limited amount
of 32P-labeled viral genome RNA. Under these
hybridization conditions, 84 or 90% of the
vRNA genome is protected from RNase diges-
tion by polyribosomal cRNA or by CM cRNA,
respectively (Table 5). It is not certain whether
saturating amounts of cRNA were used in this
experiment. The actual amount, in micro-
grams, of cRNA cannot be determined, for unla-
beled ribosomal RNA was added ‘as a carrier
during cRNA purification. A 50% reduction in
the amount of radiolabeled CM cRNA in the
annealing results in a 15% reduction in the
protection of the VRNA genome, suggesting
that the annealing experiment described in
Table 5 was not carried out with completely
saturating levels of cRNA. Consequently, 84 to
90% can be considered to be a minimum esti-
mate of the percentage of the genome protected
by the purified cRNA, and the poly(A)-contain-
ing cRNA, both polyribosomal cRNA and CM
cRNA, can be considered to contain essentially

TABLE 5. Protection of the virion genome RNA
against RNase digestion after hybridization with

purified cRNA®
32P-labeled virion RNA
RNase resistance after
RNA added annealing

Counts/min %

None ................ 80 1
Polyribosomal cRNA .. 6,085 84
CMcRNA ........... 6,518 90

¢ Polyribosomal cRNA and CM cRNA were puri-
fied as described in the text and in Tables 2 and 4.
The amount of radioactivity used in the annealing
experiment was 3H-labeled polyribosomal cRNA,
54,000 counts/min; 3H-labeled cRNA, 204,000
counts/min; 32P-labeled virion RNA (specific activity
= 72,450 counts/min per ug), 7,242 counts/min. The
RNase resistance shown is that of the 32P-labeled
virion RNA.
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all the genetic information in the vRNA
genome.

Activity of purified viral cRNA in wheat
germ cell-free extracts. To determine
whether viral cRNA directs the synthesis of
virus-specific proteins, polyribosomal cRNA or
CM cRNA was added to wheat germ cell-free
extracts. Both cRNA preparations act simi-
larly. Because CM cRNA could be obtained in
larger amounts and appeared to be more pure,
most experiments, including all those reported
here, were carried out with CM cRNA.

The addition of CM ¢cRNA to wheat germ
extracts stimulates [*®*S]methionine incorpora-
tion 20- to 40-fold at the optimal potassium chlo-
ride concentration of 90 mM (3 mM magnesium)
(Table 6). The proteins synthesized in vitro
were analyzed by PAGE. Without the addition
of CM cRNA (Fig. 4, lower panel), the wheat
germ extract synthesizes no discernible pro-
teins migrating in the region of virus-specific
proteins. As shown by the two representative
PAGE analyses of Fig. 4 and 5, CM cRNA
programs the synthesis of several proteins
which migrate at the same position as known
virus-specific proteins, structural and nonstruc-
tural. More of the smaller than the larger pro-
teins are synthesized, and the relative amount
of radioactivity in the different peaks has
shown variation with different RNA prepara-
tions, particularly for the proteins of higher
molecular weight. The in vitro product shown
in Fig. 4 contains proteins which co-migrate
with the virion proteins NP and MP and with
the nonstructural protein NS,. Other proteins
do not clearly co-migrate with known virus-
specific proteins. The protein peak migrating
slightly slower than MP was consistently
found, as were the several peaks which migrate
slower than this peak but faster than NP. Some
of the latter in vitro product migrates similarly
to the glycosylated virion protein neuramini-

TaBLE 6. Stimulation by CM cRNA of protein
synthesis catalyzed by wheat germ cell-free extracts

[**S]methionine in-
Additions corporated
(counts/min)®
None ........cooiiiiiviiniinae.. 9,010
CMcRNA® ... ... 301,000

2 Amount incorporated in 10 ul of the reaction
mixture.

7 wl (100,000 counts/min) of CM cRNA, purified
as described in the text and in Table 4, was added to
a wheat germ cell-free translation reaction contain-
ing 90 mM potassium chloride.
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Fic. 4. PAGE analysis of the proteins synthesized
in a wheat germ cell-free reaction with and without
the addition of CM cRNA. The reaction mixture con-
tained 90 mM potassium chloride. The reaction prod-
ucts were processed for sodium dodecyl sulfate-gel
electrophoresis as described. One-half of the product
programmed by CM ¢cRNA was analyzed on a gel
with H-amino acid-labeled, infected cell nucleolar
proteins serving as internal markers; the other half
of this product was analyzed on a gel with *H-amino
acid-labeled virion proteins serving as internal mark-
ers. The arrows indicate the position of the marker
virus-specific proteins.
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Fic. 5. PAGE analysis of the proteins synthesized
in a wheat germ cell-free reaction programmed by
CM cRNA. The reaction mixture contained 90 mM
potassium chloride. The reaction products were proc-
essed for sodium dodecyl sulfate-gel electrophoresis
as described. The product was analyzed on a gel with
3H-amino acid-labeled virion proteins serving as
internal markers. The arrows indicate the position
of the marker virus-specific proteins.
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dase (NA), but a definite peak in the NA area of
the gel is not clearly resolved. The product
analyzed in Fig. 5 contains relatively more of
the larger proteins. A protein peak co-migrat-
ing with the largest virion protein, protein P, is
clearly evident. There is a shoulder on the
slower-migrating side of the NP peak at the
position where the glycosylated virion protein
hemagglutinin (HA) migrates. In addition, the
material in the NA region of the gel is clearly
resolved into a peak which migrates slightly
slower than NA. In this PAGE analysis, MP
and NS, are not resolved into two peaks. The
fastest-migrating protein peaks at the end of
the gels are presumed to be premature termina-
tion products (5).

As the initial step in the characterization of
the proteins synthesized in vitro, these proteins
were subjected to immunoprecipitation using
two different antisera: one prepared against
GuHCl-disrupted virus (virion antiserum) and
one prepared against GuHCl-disrupted infected
cell nucleoli (nucleolar antiserum). Preimmune
serum was used as a control for nonspecific
precipitation. First, each of these antisera was
characterized by its ability to precipitate the
virus-specific proteins found in cytoplasmic ex-
tracts from infected cells. A cytoplasmic extract
was prepared from cells labeled with [35S)-
methionine from 3.75 to 5.0 h after infection.
The proteins in this extract were solubilized in
urea and were subjected to immunoprecipita-
tion. As shown in Fig. 6a, virion antiserum
definitely precipitates virion proteins P, NP,
and MP. The latter protein was identified
as MP because it co-migrates with authentic
marker virion MP protein and migrates slower
than the nucleolar NS, protein. The amount of
the P, NP, and MP proteins precipitated using
this technique has varied between 10 to 20% of
the amount present in the cytoplasmic extract
as estimated from the PAGE analysis of the
extract. Whether any of the glycosylated virion
polypeptides (HA, NA, HA, and HA,) are pre-
cipitated by the virion antiserum cannot be
ascertained from this experiment. These poly-
peptides constitute only a small fraction of the
total [**S]methionine-labeled virus-specific pro-
teins in an infected cell cytoplasmic extract (14,
17) and, consequently, might not be detectable
after immunoprecipitation. As shown in Fig.
6b, the nucleolar antiserum definitely precipi-
tates virion proteins P and NP and the non-
structural protein NS,. The latter protein was
identified as NS, because it co-migrates with
the marker nucleolar NS, protein and migrates
faster than the virion MP protein. Again, 10 to
20% of each of P, NP, and NS, is immunoprecipi-
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Fi1c. 6. PAGE analysis of the cytoplasmic virus-
specific proteins precipitated by (a) virion antiserum,
(b) nucleolar antiserum, and (c) preimmune serum.
A cytoplasmic extract from infected cells labeled with
[33S1methionine from 3.75 to 5.0 h after infection was
treated with RNase and EDTA and was dialyzed
overnight against 7 M urea. The procedure for immu-
noprecipitation was as described. The precipitates
were analyzed on 75% acrylamide gels with °H-
amino acid-labeled virion proteins (a and c) or *H-
amino acid-labeled nucleolar proteins (b) as internal
markers. The arrows indicate the position of the
marker virus-specific proteins.

tated. With the control preimmune serum (Fig.
6¢c), only small amounts of virus-specific pro-
teins are precipitated. Small peaks are seen in
the NP and MP-NS, areas of the gel. Ten- to 20-
fold more of these three proteins is precipitated
with the virus-specific antisera (Fig. 6a and b).
Thus, the virion and nucleolar antisera are
able to precipitate, at the least, P, NP, MP,
and NS,.

Figure 7 shows the results obtained when the
in vitro reaction mixture, solubilized with urea,
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Fic. 7. PAGE analysis of the CM cRNA-directed
proteins precipitated by (a) virion antiserum, (b) nu-
cleolar antiserum, and (c) preimmune serum. The
wheat germ reaction mixture contained 90 mM potas-
sium chloride. After incubation at 25 C, the reaction
mixture was treated with RNase and EDTA and was
dialyzed overnight against 7 M urea. The procedure
for immunoprecipitation was as described. The pre-
cipitates were analyzed on 7.5% acrylamide gels with
3H-amino acid-labeled virion proteins (a and c) or
3H-amino acid-labeled nucleolar proteins (b) as
internal markers. The arrows indicate the position
of the marker virus-specific proteins.

was subjected to immunoprecipitation. As com-
pared to the results obtained with infected cell
cytoplasmic extracts, preimmune serum brings
down a larger amount of radiolabeled proteins
(Fig. 7c). Nevertheless, the precipitates ob-
tained with the two virus-specific antisera con-
sistently contain subtantially increased
amounts of proteins which co-migrate with the
marker NP, MP, and NS, proteins, indicating
that these three virus-specific proteins, indeed,
are synthesized in vitro. Precipitation with the
virion antiserum (Fig. 7a) increases the amount
of radiolabeled protein co-migrating with NP
and MP by four- to sixfold. Precipitation with
the nucleolar antiserum (Fig. 7b) increases the
amount of radiolabeled protein co-migrating
with NS, by six- to sevenfold. These increases,
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observed in several experiments, represent 10
to 20% of the NP, MP, and NS, in the in vitro
product. This efficiency of immunoprecipitation
is the same as that obtained with the infected
cell cytoplasmic extract and is also the same as
that previously obtained by Oberg et al. (20)
who designed this immunoprecipitation proce-
dure for the identification of adenovirus-specific
proteins synthesized in vitro. The increase in
the amount of radiolabeled protein comigrating
with NP after precipitation with nucleolar anti-
serum (Fig. 7b) is about half of that obtained
after precipitation with the virion antiserum
(Fig. 7a). The approximately twofold increase
in the amount of radiolabeled protein in the NA
region of the gel after precipitation with virion
antiserum (Fig. 7a) has been consistently ob-
served. Thus, these experiments strongly sug-
gest that at least three of the proteins synthe-
sized in vitro are virus specific: NP, MP, and
NS,.

Activity of viral RNA preparations in
wheat germ cell-free extracts. Initial experi-
ments using RNA extracted with phenol-chloro-
form from purified virus in wheat germ ex-
tracts were negative. At the potassium chloride
concentration (90 mM) optimal for cRNA trans-
lation in vitro, the viral RNA preparations are
inactive or stimulate incorporation at most
two- to threefold; no discernible protein peaks
were observed by PAGE analysis. However,
when the potassium chloride concentration was
reduced to 60 mM, the viral RNA preparations
were very active, stimulating [**S]methionine
incorporation into proteins 10- to 12-fold (Table
7). Increasing amounts of RNA results in in-
creasing amounts of incorporation. Analysis of
the protein products by PAGE (Fig. 8) revealed
that almost all of the proteins synthesized are
very small, smaller than all of the marker vi-
rus-specific proteins. Based on the recovery of
radioactivity from the gels, it appears that a

TABLE 7. Stimulation by viral RNA preparations of
protein synthesis catalyzed by wheat germ cell-free

extracts®
[**S]methionine in-
Additions corporated
(counts/min)®
None .........c.cceiiiiiinnnn.. 20,000
Viral RNA
2HUE i 52,000
0 pg oo 212,300

¢ Reaction mixture contained 60 mM potassium
chloride.

® Amount incorporated in 10 ul of the reaction
mixture.
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substantial, though undetermined, amount of
the product was electrophoresed off the gel and
hence is even smaller than those shown in Fig.
8. The small fraction of the protein product
migrating in the higher-molecular-weight area
of the gel has not consistently co-migrated with
any of the virus-specific proteins.

DISCUSSION

The major emphasis of the present study has
been on obtaining large amounts of influenza
viral cRNA purified free from any detectable
virion (VRNA). The purification methods em-
ployed were oligo(dT)-cellulose chromatogra-
phy, which selects cRNA by virtue of its poly(A)
segments, and Sepharose 4B chromatography,
which separates single-stranded ¢cRNA from
partially and fully double-stranded RNA forms.
During Sepharose 4B chromatography, most of
the double-stranded forms elute in the void vol-
ume, whereas single-stranded cRNA elutes in
the included volume. However, as a small frac-
tion of the double-stranded forms trail into the
included volume, it is necessary to employ as
starting material an RNA fraction in which
single-stranded cRNA predominates over the
double-stranded forms. The total cytoplasmic
RNA from infected cells was found not to be a
suitable starting material, whereas polyriboso-
mal RNA and the total cytoplasmic RNA from
CM-treated cells were suitable. With the polyri-
bosomal RNA as starting material, 95% of the

F16. 8. PAGE analysis of the proteins synthesized
in a wheat germ cell-free reaction programmed by
RNA extracted from purified virus. The translation
reaction contained 5 ug of viral RNA and 60 mM
potassium chloride. The reaction products were proc-
essed for sodium dodecyl sulfate-gel electrophoresis
as described. The reaction products ([3S)methionine
labeled) are shown by the solid line, and the *H-
amino acid-labeled virion proteins are shown by the
dotted line.
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radiolabeled RNA in the purified cRNA prepa-
ration was found to be in single-stranded cRNA
with the remaining 5% apparently being par-
tially and fully double-stranded RNA. The
cRNA preparation obtained from the cyto-
plasmic RNA of CM-treated infected cells (CM
cRNA) is even more pure. One hundred percent
of the radiolabeled RNA in the CM cRNA prepa-
ration anneals to vRNA, indicating that all of
this RNA is cRNA, and no double-stranded
RNA forms are detectable. Thus, the CM cRNA
can be considered to be a preparation of single-
stranded viral cRNA free of any detectable
vRNA.

Influenza viral cRNA would be expected to be
in seven to 10 segments, similar to the vRNA
(4, 18, 31) from which it is transcribed. Hybridi-
zation experiments indicate that the purified
poly(A)-containing cRNA contains at least 84 to
90%, or most probably all, of the genetic infor-
mation in the genome VRNA. This strongly
suggests that all of the cRNA segments contain
poly(A) and that all cRNA segments are on the
polyribosomes.

The purified viral cRNA is very active in
directing the synthesis of virus-specific proteins
in wheat germ cell-free extracts. Four of the
proteins synthesized in vitro co-migrate during
PAGE with the nonglycosylated virus-specific
proteins P, NP, MP, and NS,. The latter three
proteins have also been identified after immuno-
precipitation with virus-specific antisera in the
presence of 1 M urea. This method of immuno-
precipitation was shown in a previous study of
adenovirus-specific proteins synthesized in vi-
tro to eliminate most nonspecific precipitation
but to result in a relatively low efficiency of
specific immunoprecipitation (20). In the pres-
ent study, this method also yields low levels of
nonspecific precipitation (the precipitation oc-
curring with preimmune serum), though some
nonspecific precipitation, primarily with NS,,
still persists. This can probably be ascribed, at
least in part, to the fact that NS, is a “sticky”
protein which, for example, adsorbs to cyto-
plasmic ribosomes (14). The more significant
finding, however, is that the efficiency of spe-
cific immunoprecipitation of NP, MP, and NS,
obtained in the present study is equal to, or
greater than, the specific immunoprecipitation
obtained in the previous adenovirus study (20).
It is extremely unlikely that the portion of the
radiolabel in each protein band which is not
immunoprecipitated corresponds to a different
protein, especially in light of recent tryptic pep-
tide analysis. For example, the methionine-con-
taining tryptic peptides of the NP protein syn-
thesized in vitro are identical to those of authen-
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tic virion NP protein (Etkind and Krug, unpub-
lished experiments). The identification of the
protein moieties of the glycosylated virion HA
and NA is less clear. The protein which mi-
grates similarly to NA during PAGE, and
which is found to some extent in the immuno-
precipitate obtained with virion antiserum, is a
candidate for the protein moiety of NA. The
protein detected only as a shoulder on the
slower-migrating side of the NP peak is a can-
didate for the protein moiety of HA. Only by
further evidence, specifically including tryptic
peptide analysis, can the identity of these pro-
teins with the protein moieties of HA and NA
be established. Thus, the initial characteriza-
tion of the proteins synthesized in vitro in re-
sponse to influenza viral cRNA indicates that
at least three or four virus-specific proteins are
present and suggests that further analysis will
reveal the presence of the remaining virus-
specific proteins.

The results of the present study provide fur-
ther strong evidence that cRNA constitutes the
entirety of infleunza virus-specific mRNA. On
this basis, our results obtained in the wheat
germ cell-free system with RNA extracted from
purified virus suggest an explanation for the
previously reported stimulation by influenza
viral RNA of protein synthesis catalyzed by E.
coli cell-free extracts (30). In the wheat germ
extracts employed in the present study, viral
RNA preparations, at salt concentrations lower
than optimal for cRNA, direct the synthesis of
essentially only very small polypeptides,
smaller than all known virus-specific proteins
except possibly the minor nonstructural protein
NS,. A possible explanation of this result is
that the protein-synthesizing activity in our
viral RNA preparations is due to small cRNA
transcripts incorporated into virus. Other so-
called “negative strand” viruses, parainfluenza
viruses and vesicular stomatitis virus, incorpo-
rate cRNA strands into virus (24, 26, 27), and
it is therefore not unreasonable to suspect that
this would also occur with influenza virus.
Previous methods of analysis of influenza virus
RNA preparations, self-annealing and base
composition (13, 22, 28), were probably not sen-
sitive enough to rule out the presence of a small
amount of cRNA transcripts. With parainflu-
enza viruses, the quantity of the cRNA tran-
scripts incorporated into virus varies with dif-
ferent virus preparations (24, 26), and, with
vesicular stomatitis virus, cRNA transcripts
have only been found in one type of defective
virus (27). Perhaps, with influenza virus, the
quantity and size of the cRNA transcripts var-
ies with different virus preparations, with more
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and larger cRNA transcripts being found in
defective virus particles. Our virus prepara-
tion, WSN virus grown in bovine kidney
(MDBK) cells, is probably one of the least defec-
tive influenza virus preparations in that it does
not exhibit a von Magnus effect (6). This virus
preparation presumably contains small cRNA
transcripts. Other virus preparations contain-
ing more defective particles may contain a
large amount of longer, possibly complete,
cRNA transcripts; the egg-grown virus em-
ployed in the E. coli studies (30) may be in this
category. Clearly, proof of this explanation for
the protein-synthesizing activity associated
with viral RNA preparations awaits the direct
characterization of the active molecules.
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