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Message Activity of Influenza Viral RNA
PATRICIA A. TEKAMP AND EDWARD E. PENHOET*

Department of Biochemistry, University of California, Berkeley, Berkeley, California 94720

Received for publication 29 December 1975

The message activity of influenza virion RNA in the wheat germ cell-free
protein-synthesizing system was investigated. RNA extracted from purified
virions was found to direct the synthesis ofa polypeptide that had the mobility of
viral nucleocapsid protein on sodium dodecyl sulfate-polyacrylamide gels. Fur-
ther characterization of the protein indicated it was not the nucleocapsid pro-
tein. No other polypeptides were detected. We conclude that influenza virion
RNA is inactive as a template for the synthesis of virus-specific proteins.

The nature of the mRNA of influenza virus is
a matter of some dispute. Most of the available
evidence suggests that the majority of the mes-
sage is complementary to viral RNA. The virus
is known to contain transcriptase activity (4,
15) which makes RNA complementary to that
in the virion (cRNA) (1). Pons (17, 18) has
shown that most of the virus-specific RNA
found on infected cell polyribosomes is comple-
mentary to viral RNA. Work by Etkind and
Krug (6) supports this conclusion and shows
that cRNA contains polyadenylate [poly(A)],
whereas virion RNA (vRNA) does not. How-
ever, Nayak (14) has reported the presence of
both cRNA and vRNA on infected cell polyribo-
somes.

Previous in vitro translation studies have
been equally unclear. Kingsbury and Webster
(9) found that RNA extracted from infected
cells was active in a cell-free rabbit reticulocyte
system. By using immune precipitation, he
found two major products - one, a polypeptide
that migrated with virus membrane protein
(MP) in polyacrylamide gels; the other, a pro-
tein that migrated as no known viral protein.
In his studies, viral RNA was found to be inac-
tive. On the other hand, work by Siegert et al.
(23) using a cell-free Escherichia coli system,
indicated that vRNA directed the synthesis of a
protein of the same molecular weight as viral
nucleocapsid protein (NP). Furthermore, this
product appeared to be antigenically related to
viral NP in double diffusion analysis.
To attempt to resolve these inconsistencies

and to test the possibility that vRNA may code
for one (or more) proteins while cRNA codes for
the remainder, we have carefully examined the
template activity of vRNA in a cell-free protein
synthesis system derived from wheat germ.
The NWS strain of influenza virus was grown

in 10-day-old embryonated chicken eggs inocu-
lated with -2 x 104 PFU of stock virus. Eggs

were incubated at 37 C and harvested 40 h
postinfection. Purification included clarifica-
tion of fluids by low-speed centrifugation, fol-
lowed by high-speed centrifugation for 2 h at

TABLE 1. Stimulation of labeled amino acid
incorporation (counts per minute) by influenza

vRNA in a wheat germ cell-free system

Expt No RNA Influenza +RNA/Expt added RNA -RNA

PH]Leu
1 451 15,661 35
2 413 12,532 30

[3H]Leu,
[3H]Phe,
[3H]Tyr

1 1,528 23,543 15
2 1,591 23,947 15

a Wheat germ extracts were prepared from Ni-
black or Bar Rav wheat germ using the procedure of
Marcu and Dudock (12) scaled up five times. The
complete reaction in a final volume of 25 /.l con-
tained: 20 mM HEPES (N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid) (pH 7.4), 2 mM dithi-
othreitol, 100 mM KCl, 2.75 mM MgAc2, 1 mM ATP
(neutralized with KOH), 0.2 mM GTP (neutralized),
8.0 mM creatine phosphate, 40 ,ug of creatine phos-
phokinase per ml, 5 ,ul of wheat germ extract, 1.25
,uCi of each 3H-labeled amino acid ([3H]leucine, 58
Ci/mmol; [3H]tyrosine, 49 Ci/mmol; [3H]phenyl-
alanine, 16.5 Ci/mmol) (Amersham), and 30 ,uM of
each of the remaining amino acids. Viral RNA was
present at 204 ,ug/ml. Incubation was for 2 h at 30 C
and was terminated by the addition of 1 ml of 5%
trichloroacetic acid plus 0.5% appropriate unlabeled
amino acid(s). Reactions were heated for 15 min at
90 C and then filtered through Whatman GF/c
filters, dried, and counted in a toluene-based scintil-
lant.

19,000 rpm in a Spinco type 19 rotor to pellet
virus. The virus pellet was resuspended in flu
buffer [10 mM Tris-chloride (pH 7.6)-100 mM
NaCl-1 mM EDTA], sonically treated twice for
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FIG. 1. SDS-PAGE of cell-free products of (A) in-
fluenza vRNA-directed reaction and (B) endogenous
reaction. Cell-free synthesis reactions incubated with
[3H]Tyr, [3H]Leu, and [3H]Phe were as described in
the footnote to Table 1. Influenza vRNA was present
at 230 pg/ml. Reactions were terminated by the addi-
tion ofRNase A (20 Mg/ml) and 10 mM EDTA (pH
7.5), followed by incubation for 10 min at 37 C.
[14C]Leu-, Tyr-, and Phe-labeled influenza virus
were added, and samples were boiled for 2 to 3 min
in 50 mM Tris-chloride (pH 6.8), 10% glycerol, 1%
SDS, and 1% 2-mercaptoethanol. Slab gel electro-
phoresis used the discontinuous buffer system of
Laemmli (10). A 10% acrylamide running gel and a
5% stacking gel were used. The gel was stained with
Coomassie brilliant blue, destained, and dried. Each
sample lane was cut out and sliced into 1-mm slices,
and 50 pl of water and 10 ml ofan NCS-containing
toluene-based scintillant were added. After heating
overnight at 37 C to solubilize the counts, gels were
counted. '4C-labeled virus was prepared by infecting
MDCK cells at a multiplicity of infection of1 in Dul-
becco modified Eagle medium (DME-HEPES) plus
2% calfserum. At 4 h postinfection, the medium was
removed and labeling medium (no Leu, Tyr, Phe)
plus 2% dialyzed calf serum was added. ['4C]Leu
(240 mCi/mmol) (ICN), ['4C]Tyr (360 mCilmmol)
(ICN), and ["CiPhe (360 mCi/mmol) (ICN) were
added at 0.5 MCi/ml. At 6 h postinfection, cold Leu,
Tyr, and Phe were added to 0.1 concentration present
in DME-HEPES. Virus was harvested 40 h postin-
fection and purified as described.

5 s at setting 4 on a Branson sonifier W185 with
a microtip, and then incubated for 20 min at 37
C with 20 ,ug each of neuraminidase and
RNase A per ml. Virus was equilibrium

banded in 5 to 30% (wt/wt) gradients of sodium-
potasssium-tartrate in flu buffer, and the virus
band was collected, diluted with flu buffer, and
pelleted by ultracentrifugation at 28,000 rpm
for 1 h in a type 30 rotor. Purified virus was
resuspended in the buffer, and RNA was ex-
tracted by a modification of the procedure of
Duesberg and Robinson (5). Phenol equili-
brated with flu buffer was used for the extrac-
tions. Phenol was removed from the aqueous
phase by extraction with an equal volume of
ether. Residual ether was removed by blowing
a stream of air across the aqueous phase. RNA
was preciptated as described. Precipitated RNA
was dissolved in 0.05 M sodium acetate (pH 5.0)
plus 0.15 M NaCl and reprecipitated. Reprecipi-
tated RNA was dissolved in sterile water.

Viral RNA was found to stimulate the incor-
poration of labeled amino acids into trichloroa-
cetic acid-precipitable material (Table 1). Stim-
ulation of incorporation was maximal at a mag-
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FIG. 2. SDS-PAGE of cell-free products directed
by self-annealed influenza RNA. Annealing was a
modification of the method ofRobinson et al. (20). A
17-pg amount ofRNA in 30 pi of annealing buffer
(0.02 M Tris-chloride [pH 7.41-0.2 M KCl) was
sealed in glass tubes and annealed by slow cooling
from 85 C to room temperature. An aliquot was used
to test message activity in the cell-free wheat germ
system as described. Products of the reaction were
analyzed as described in the legend to Fig. 1. 14C-
labeled viral N protein, prepared by elution from
preparative gels of "4C-labeled virus, was run in the
same lane as an internal marker.
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FIG. 3. Aminex A-5 chromatography ofa tryptic digest of3H-labeled in vitro synthesized N-like protein and

'4C-labeled viral N protein. [3H]Leu-, Tyr-, and Phe-labeled cell-free reactions directed by vRNA and [14C]-
Leu, Tyr-, and Phe-labeled influenza virus were run together on SDS-PAGE. The gel was sliced into 2-mm
slices, and 0.3 ml ofelution buffer (10 mM Tris-chloride [pH 81, 50 mM Nacl, 1 mM EDTA, 0.1% SDS, and
0.1% 2-ME) was added to each slice. Elution was accomplished by shaking overnight at 37 C. An aliquot was
counted and appropriate fractions were pooled. Bovine serum albumin was added at 0.5 mg/ml, and the
protein was precipitated by adding two volumes of95% EtOH. The precipitate was spun down and dissolved
in 0.1 M NH1HCO3 (pH 8.0) and digested for 24 h at room temperature with TPCK-trypsin (Worthing-
ton).Trypsin was added twice over the digestion period, such that the total amount oftrypsin added was 5% of
the total protein. The reaction was terminated by lyophilization. The residue was dissolved in 2% formic acid
and applied to an Aminex A-5 (Bio-Rad) column (0.9 by 20 cm) equilibrated with 0.2 M pyridinium acetate
(pH 3.0). Column chromatography was carried out at 50 C under a pressure head of 50 lb/in2. Elution was
effected with an exponential gradient, 350 ml of 0.2 M pyridinium acetate (pH 3.0) and 160 ml of 2 M
pyridinium acetate (pH 5.0). Fractions (3 ml) were collected and processed by evaporating each fraction to
dryness, redissolving in 1 ml ofwater, and counting in 10 ml ofa Triton-X toluene-based liquid scintillant.

nesium concentration of 2.75 mM and at a po-
tassium concentration of 100 mM. Analysis of
the in vitro products by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-
PAGE) indicated the presence of a single poly-
peptide that had the same electrophoretic mo-
bility as viral NP (Fig. 1A). No discrete poly-
peptides were detected in the analysis of the
endogenous reaction (Fig. 1B). Each of eight
different viral RNA preparations tested was
found to direct the synthesis of this N-like poly-
peptide.
Although it has been previously shown that

influenza virions contain only vRNA (16, 21),
annealing experiments were performed and the
effect on message activity in the wheat germ
system was determined. No stimulation in mes-
sage activity was found upon boiling and quick

cooling of the RNA, as would be expected if
cRNA were the mRNA and complexed with
vRNA. Furthermore, self-annealing of the
RNA did not abolish the ability of the RNA to
direct the synthesis of the N-like protein (Fig.
2), as would be expected if the mRNA were a
trace contamination of uncomplexed cRNA.
To determine whether the product synthe-

sized in vitro was authentic viral N protein, a
tryptic digestion was performed, and the pep-
tides were compared by column chromatogra-
phy on Aminex A-5. As shown in Fig. 3, the
tryptic peptides of the in vitro product and au-
thentic viral N protein were found to be almost
completely different, suggesting nonidentity of
the two proteins.
To rule out the possibility that the wheat

germ extract was not capable of accurate trans-
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FIG. 4. Aminex A-5 chromatography oftryptic digests ofthe a chain ofhemoglobin made in vitro in an (A)

rabbit reticulocyte and (B) wheat germ cell-free system. (A) Reticulocyte lysates were prepared by the method
ofGilbert and Anderson (8). Endogenous synthesis was carried out as described by Villa-Komaroffet al. (24)
using [3H]tyrosine as a label. (B) Rabbit reticulocyte polysomes were prepared as described by Lebleu (11).
Total RNA was extracted from polysomes by the SDS-phenol method ofBrawerman et al. (3). Globin mRNA
was isolated by chromatography of total RNA on Sigma cell type 50 cellulose as described by Schultz et al.
(22). Globin mRNA maximally stimulated the incorporation of[3H]tyrosine into trichloroacetic acid-precipi-
table material in the wheat germ cell-free system at [Mg2+] of3.0 mM and [K+] of60 mM. In both the above
cases, 400 mg ofcrude rabbit hemoglobin was added as carrier to the in vitro reaction. a chain was isolated as
described (25), and trypsin digestion was carried out as described in the legend to Fig. 3. Analysis of tryptic
peptides was carried out by column chromatography onAminex A-5 under the following conditions. The pres-
sure on the column was 100 lb/in2. Elution was accomplished by means ofa linear gradient: 350 ml of0.2 M
pyridinium acetate (pH 3.0) and 350 ml of2 M pyridinium acetate (pH 5.0). Fractions (4 ml) were collected,
and a 0.2-ml aliquot was taken for ninhydrin assay; ninhydrin color was read at 570 nm. The remainder of
each fraction was processed as described in the legend to Fig. 3.
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lation of an mRNA, globin mRNA was isolated
and translated. The tyrosyl-containing peptides
of the a-globin chain synthesized by the globin
mRNA-directed wheat germ system and the
rabbit reticulocyte system were compared (Fig.
4). The a-globin chain made in each system
contained labeled tyrosine in the same three
tryptic peptides. These peptides are known
from sequence studies to contain all the tyro-
sine present in the molecule (13). These experi-
ments demonstrate that our wheat germ cell-
free system is capable of very accurate transla-
tion of mRNA. Occasional premature termina-
tion of polypeptide chains is known to occur in
the wheat germ cell-free system (2, 19) but is
believed not to pertain here due to the absence
ofany significant amount ofa larger protein.
From these experiments we conclude that

influenza viral RNA is inactive as a template
for the synthesis of any of the known influenza
proteins. Our work supports the conclusion of
Etkind and Krug (7), that all of the message
activity for this virus resides in cRNA.
Whether the N-like polypeptide synthesized in
our system (and perhaps that of Siegert et al.
[23]) is the product of a host cell message selec-
tively incorporated into the virion or results
from efficient mistranslation of the vRNA is not
known. In either case, our results emphasize
the desirability of definitive characterization of
proteins produced in vitro from putative mRNA
molecules.

This work was supported in National Science Foundation
grant GB 38658 and a grant from the California Lung Asso-
ciation.

P.A.T. is a Public Health Service predoctoral trainee.
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