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Cytoplasmic poly(A)-rich RNA extracted from fowl plague virus-infected cells
was found to program efficiently the translation of two major peptides in the
wheat germ cell-free system. These peptides have the same electrophoretic
mobility, on polyacrylamide gels, as the two major virion proteins M and NP.
I35S]methionine tryptic peptide analysis by one-dimensional paper ionophoresis
and finger printing by two-dimensional thin-layer ionophoresis and chromatog-
raphy show a high degree of similarity between the two in vitro products and the
authentic viral proteins M and NP. Although virion RNA is devoid of any
poly(A) sequence, it is confirmed here that the viral complementary cytoplasmic
RNA contains poly(A) stretches of varying lengths. Intact purified virion was
found to promote the synthesis of very low amounts of the same NP and M
proteins in this cell-free system. Quantitative aspects of the data would indicate
that this is due to minute amounts of complementary viral RNA associated with
the virion or with the virion RNA itself. In conclusion, it is shown directly by
cell-free translation of authentic viral products that the influenza virion is
"negative stranded" (Baltimore, 1971), at least for its two major structural
proteins.

Influenza viruses are enveloped animal vi-
ruses whose main particularity is a segmented,
single-stranded RNA genome (12, 36, 37).

Structural studies have shown that all these
segments replicate independently (11), are
packed into different ribonucleoprotein struc-
tures (9), and represent different pieces of ge-
netical information, accounting presumably for
discrete monocistronic RNAs or their comple-
mentary sequence (8, 39). The coding function
of those different RNA components, however, is
not known.

Influenza virus contains a transcriptase asso-
ciated with the virion itself (4, 7, 30). In addi-
tion, Pons (31) and Etkind and Krug (14)
showed that viral mRNA isolated from poly-
somes of infected cells is entirely complemen-
tary to virion RNA and contains poly(A) se-
quences, whereas virion RNA does not. These
different facts suggest that influenza virus
might be "negative stranded" (3) like the other
large enveloped, transcriptase-containing RNA
viruses (paramyxoviruses, rhabdoviruses).

Is the virus completely negative stranded or
does it contain some RNA segments used di-
rectly for the translation of some viral peptides?
Recent evidence indicating a temporal control
of the expression of the different influenza pro-
teins has been obtained by three groups of in-
vestigators (26, 40; S. E. Glass, D. McGeoch,
and R. D. Barry, Abstr. 3rd Int. Cong. Virol.,

p. 177, 1975) and could be explained easier if
some translation occurs on the virus strand.

Available observations concerning the in vi-
tro translation of influenza RNA have not set-
tled this question so far. Kerr and Martin (19)
using a cell-free system for protein synthesis
derived from Krebs ascites cells and, later on,
Kingsbury and Webster (21) in a rabbit reticu-
locyte cell-free system failed to detect any
mRNA activity when assaying virion-extracted
RNA. However, when the same cell-free system
was programmed with total RNA extracted
from influenza-infected cells, a specific protein
was synthesized with the same electrophoretic
mobility and the same antigenicity as the M
protein of influenza virus (21). In strong con-
trast with the preceding groups, Siegert et al.
(38) programmed a cell-free system of Esche-
richia coli with RNA from influenza viral parti-
cles and observed the synthesis of a peptide
antigenically similar to the influenza virus pro-
tein NP.
We have reinvestigated this question, using

a very sensitive cell-free translation system de-
rived from wheat germ extracts (34) combined
with a simple method of purification (or enrich-
ment) of mRNA on the basis of its poly(A)
content (2). Similar approaches have been used
successfully to translate a wide variety of viral
mRNA's in vitro (6, 27, 29, 32).

In this paper we describe the in vitro transla-
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tion, in the wheat germ system, of a poly(A)-
rich cytoplasmic RNA isolated from fowl plague
virus (FPV)-infected cells. We show that the
two major peptides of the virion, proteins M
and NP (20, 39), can be translated by this in
vitro system. Their identity with the two au-
thentic virion proteins has been shown by tryp-
tic peptide analysis.

MATERIALS AND METHODS
Cells and virus. FP Virus (Rostock strain) was

kindly given by H. D. Klenk, Giessen, Germany.
Preparations of nonradioactive virus were grown

in the allantoic cavity of embryonated eggs and
purified as described earlier. Radioactive virus, cy-
toplasmic RNA, and proteins were obtained from
infected primary cultures of chicken embryo fibro-
blasts cultivated as described elsewhere (11). Label-
ing was performed by adding [35S]methionine (6
gCi/ml, 140 to 210 Ci/mmol) to the tissue culture
medium, from 10 to 30 h after infection in the case of
35S-labeled FPV and as indicated in the text for the
cytoplasmic proteins.

Preparation of poly(A)-containing RNA. Sixteen
hours after infection with FPV at a multiplicity of
infection of 0.5 PFU/cell (or differently when speci-
fied), the chicken embryo fibroblasts were washed
two times in ice-cold phosphate-buffered saline,
scraped off the plates with a rubber policeman,
washed again, swollen 5 min in Tris-hydrochloride
(10 mM, pH 7.5), 5 mM KCI, and 2 mM MgCl2, and
disrupted with 25 strokes of a tight-fitting Dounce
glass homogenizer. Nuclei were spun down for 15
min at 30,000 x g (or 2 min at 1,000 x g) (see
Results), and the cytoplasmic supernatant was then
extracted by phenol-chloroform-isoamyl alcohol and
chromatographed on oligodeoxythymidylate [oligo-
(dT)]-cellulose as described by Aviv and Leder (2).
The eluted RNA was ethanol precipitated after addi-
tion of NaCl to 0.4 M and Krebs ascites cells-tRNA
to 1 optical density unit at 260 nm per ml.
RNA from parallel uninfected cultures was ex-

tracted and processed in the same way.
Cell-free translation in extracts of wheat germ.

Extracts were prepared from wheat germ obtained
from "Bar-Rav" Mill, Tel-Aviv (a kind gift from C.
Prives, Rehovot, Israel) as described by Roberts and
Paterson (34), except for the following modifica-
tions. Preincubation of the lysate was omitted, and
desalting was performed rapidly by centrifugation
over a G-25 fine Sephadex column.

Protein synthesis was assayed as described by
Roberts and Paterson (34). A 10-,uCI portion of
[35S]methionine (140 to 210 Ci/mmol; The Radi-
ochemical Centre, Amersham, England) was added
per 50-/l reaction volume. Potassium acetate and
spermidine-hydrochloride were optimized to 88 and
0.35 mM, respectively, whereas magnesium acetate
was kept constant at 2 mM.

Product identification. Samples of the in vitro
reaction product or from a 1% Nonidet P-40 (Shell
Co.) cytoplasmic extract were mixed with 0.5 vol-
ume of a solution containing 0.15 M Tris-hydrochlo-
ride, pH 6.8, 3% sodium dodecyl sulfate, 3% 2-mer-
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captoethanol, and 30% glycerol and heated for 3 min
at 100 C. The treated samples (5 to 20 ul) were
subjected to electrophoresis for 5 h at 125 V through
slab gels containing a 10 to 20% polyacrylamide
gradient (41). After staining with Coomassie bril-
liant blue, the gels were either dried and exposed to
an X-ray film (Kodak RP, Royal X, 0-mat) at room
temperature or impregnated first with 20% (wt/vol)
2,5-diphenyloxazole in dimethyl sulfoxyde (5), dried,
and exposed to the same X-ray film but at -70 C.
Scanning of the autoradiograms was done with a
Beckman Analytrol film densitometer.

Peptide analysis. FPV proteins were resolved on 6
to 20% polyacrylamide gradient slab gels. Whereas
the virion proteins could be located after staining
with Coomassie brilliant blue, the in vitro products
were determined after autoradiography of the fixed
dried gels. Trypsin digestion of the individual FPV
proteins was performed directly on the gel slice ex-
actly as described by Morrison and Lodish (J. Biol.
Chem., in press).
The [35;]methionine tryptic peptides were ana-

lyzed by paper ionophoresis at pH 6.5 on 3MM What-
man filter paper in a Shandon L24 high-voltage
electrophoresis apparatus for 3 h at 2,500 V. The
dried paper was sliced in 1-cm strips and counted in
toluene-based scintillation fluid in a Packard scin-
tillation counter.

For two-dimensional finger printing, the same
[3;S]methionine tryptic peptides were first analyzed
by ionophoresis at pH 3.5 for 150 min at 400 V on
silica gel-coated, thin-layer plates (20 by 20 cm,
Merck, no. 5748) in a Desaga thin-layer electropho-
resis apparatus (no. 121221) cooled with tap water at
about 18 C. After drying, the thin-layer plates were
submitted to ascending chromatography in n-bu-
tanol-pyridine-acetic acid-water (15:12:3:12) for 7 h.
The plates were dried again, treated with 7% (wt/
vol) 2,5-diphenyloxazole in ethyl ether, and ex-
posed to the X-ray film at -70 C (33).

RESULTS
FPV structural proteins. Polyacrylamide

gel electrophoresis of a purified L35S]-methio-
nine-labeled virion shows a distribution of
seven different structural peptides. Their ap-
proximative molecular weight was calculated
by comparison with known protein markers as
shown in Fig. 2. When purified l3H]fucose-la-
beled FPV was run in a parallel lane of the gel,
only three viral components were found to
share both [35S]methionine and [3H]fucose ra-
dioactivity.
These data, together with previously pub-

lished observations on influenza A glycopro-
teins (10, 35) and, more specifically, on FPV
glycoproteins (22, 39), allow the identification
of the different non-glycosylated proteins on
the tracing as P1 (mol wt, 89,000), P2 (mol wt,
80,000), NP (mol wt, 59,000), and M (mol wt,
28,000). For the nomenclature we follow the
convention generally used (20). Among the
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FIG. 1. Protein synthesis directed by RNA from FPV-infected cells and FP virion RNA in wheat germ

extracts. Conditions for cell-free translation were as described in Materials and Methods. The specific activity
of the [35S]methionine was 340,000 counts/min per pmol. Incubation was for 90 min at 25 C. FP virion RNA
is the same preparation as described in Fig. 6.

three detected glycoproteins the fastest par-
tially overlaps with protein M from which it is
incompletely resolved, as is usually the case for
HA2 (8). The two other glycoproteins probably
represent HA1 and NA. These seven polypep-
tides are quantitatively very unevenly repre-
sented inside the virion. Compans and Choppin
(8) have estimated for an average influenza
virion an approximative content of 30 to 60
molecules of P1 or P2, 500 to 940 molecules of
NP, and 2,500 to 3,120 molecules of M. Skehel
(39) found also that proteins M and NP ac-
counted for 64% of the total [35S]methionine
incorporated in the FP virion.

Assay for mRNA activity of poly(A)-con-
taining RNA extracted from FPV-infected
chicken embryo fibroblasts. Chicken embryo
fibroblast primary cells (3 x 109) were infected
with FPV at a multiplicity of infection of 0.5
PFU/cell. After 16 h at 37 C, a cytoplasmic
extract was prepared, deproteinized, and chro-
matographed on oligo(dT)-cellulose as de-
scribed in Materials and Methods. Under the
best conditions, 150 to 200 4g of poly(A)-con-
taining RNA was obtained from such a prepa-
ration. When this RNA was first assayed in the
wheat germ system to check its ability to pro-
mote [35S]methionine incorporation into hot
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trichloroacetic acid-insoluble radioactive mate-
rial, it was found to be very active: its activity
as mRNA was about the same as that obtained
with tobacco mosaic virus RNA under similar
conditions. Figure 1 shows that its optimal ac-
tivity was reached with 1 to 2 AgI50-iil reac-
tion. Similar or even five times higher concen-
trations of purified virion-extracted RNA only
yielded a fifth of the [35S]methionine incorpora-
tion. Moreover, poly(A)-rich RNA extracted
from noninfected cells was up to nine times less
active at the optimal RNA concentration than
the same RNA extracted from infected cells.
Table 1 shows also that RNA extracted from
cells, 3 and 6 h after infection, showed interme-
diate activities. This seems to indicate that
some viral-specified RNA or RNAs are better
translated in the in vitro wheat germ system
than is the bulk of host cell mRNA.
Analysis of the wheat germ in vitro transla-

tion products obtained with different mRNA
preparations. Wheat germ translation prod-

TABLE 1. Translation efficiency ofRNA extracted
from chicken embryo fibroblasts at different times
after infection with FPV in the wheat germ cell-free

systems

pmol of
[35S]methionine incor-

Poly(A)-rich RNA porated after 90 minat 25 C in the wheat
germ system (per 50-

ji reaction vol)

Uninfected chicken embryo fi-
broblasts

1 pg 0.92
2 tg 0.44

Chicken embryo fibroblasts 3 h
after infection with FPV

1 Ag 1.96
2 Ag 2.00
4 pg 0.65

Chicken embryo fibroblasts 6 h
after infection with FPV

1 pg 4.63
2 pg 4.70
4 pg 3.87

Chicken embryo fibroblasts 16 h
after infection with FPV

1 pg 8.39

No RNA 0.15

a Reaction mixtures containing magnesium ace-
tate (2 mM), potassium acetate (88 mM), spermidine
hydrochloride (0.35 mM), and 10 gCi of [35S]methio-
nine (140 Ci/mmol) were otherwise as indicated by
Roberts and Paterson (34). Hot trichloroacetic acid-
insoluble radioactivity was determined as described
in reference 34.
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ucts were compared by polyacrylamide gel elec-
trophoresis to the viral structural peptides and
to pulse-labeled cytoplasmic extracts from in-
fected and uninfected chicken embryo fibro-
blasts. Figure 2A shows, in a cytoplasmic ex-
tract from infected cells, four major peptides
matching exactly those of the purified virion
and not detectable in the uninfected cell. They
apparently correspond to all viral protein com-
ponents except for P1 and P2, which could not
be detected. Several investigators (24, 39) have
described one or two additional nonstructural
peptides in the cytoplasm or in a nucleolar frac-
tion (NS,; 23) of influenza-infected cells. It is
likely that NS, was not resolved from M, the
most predominant peptide under the experi-
mental conditions.

In vitro products obtained in the wheat germ
system programmed with FPV-infected-cell,
poly(A)-rich cytoplasmic RNA consist of two
major bands with the same electrophoretic mo-
bility as proteins M and NP, in addition to some
low-molecular-weight heterodisperse products,
which represent either some host cell products
or early quitting peptides.

Figure 2A shows also that neither of these
two major products is detectable when the in
vitro system is programmed with uninfected-
cell poly(A)-rich RNA. It can be concluded that
the poly(A)-rich RNA extracted from infected
cells contains one or several mRNA's responsi-
ble for the synthesis of two major non-glycosyl-
ated proteins indistinguishable in polyacryl-
amide gels from the two major virion proteins
M and NP.

Since none of the three viral glycoproteins
could be detected in the in vitro translation
product, poly(A)-rich RNA was extracted and
purified similarly from a low-speed superna-
tant (1,000 x g) of an infected cell homogenate.
This should obviate elimination of most of the
membrane-bound polysomes, where the viral
glycoproteins are predominantly or exclusively
synthesized (18; in the case of vesicular stoma-
titis virus, see Morrison and Lodish, in press).
Under these conditions, however, no addi-

tional viral peptides could be detected: the pat-
tern was identical with that of Fig. 2A. One
could also argue that RNA extracted at 16 h
postinfection might be deprived of some mRNA
components, since at this time some cytopatho-
genic effect exists and degradation of some of
the most susceptible mRNA's could occur. RNA
extracted under similar conditions, but at 3 and-
6 h after the onset of infection, promotes as
well the translation of the two major peptides
coinciding in the gel with NP and M; no addi-
tional viral peptide appears (Fig. 2B).

Tryptic peptide analysis. We then compared
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FIG. 2. (A) Autoradiograms ofsodium dodecyl sulfate-polyacrylamide gel electrophoretic slabs ofpolypep-

tides directed by poly(A)-rich RNA from uninfected and FPV-infected cells in the wheat germ system. In vitro
translation in wheat germ extracts, polyacrylamide gel electrophoresis, and autoradiography were as de-
scribed in Materials and Methods. (1) 35S-labeled proteins from purified FP virion were used as a marker.
(2) Polypeptides from FPV-infected cells: 16 h after onset of infection, chicken embryo fibroblasts infected with
0.5 PFU ofFPV were labeled for 1 h with 6 ,uCi of[35S]methionine per ml (140 Cilmmol), washed three times
with ice-cold phosphate-buffered saline, and disrupted in phosphate-buffered saline containing 1% Nonidet P-
40. The homogenate was centrifuged for 5 min at 10,000 x g, and the supernatant was prepared and analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described in Materials and Methods. (3) In
vitro [35S]methionine products directed by 2 ug ofpoly(A)-rich RNA per 50-pl reaction from FPV-infected
cells 16 h after infection. (4) The same as (3) with RNA from uninfected cells. (B) Autoradiograms ofsodium
dodecyl sulfate-polyacrylamide gel electrophoretic slabs ofpolypeptides directed by poly(A)-rich RNA from
FPV-infected cells in comparison with in vivo pulse-labeled proteins, at different times after infection. (2)
Translation products obtained with RNA from uninfected cells. (4) Translation products obtained with RNA
from chicken embryo fibroblasts, 3 h after infection with FPV. (6) Translation products obtained with RNA
from chicken embryo fibroblasts, 6 h after infection with FPV. Under the same conditions a sample of the 1-h
[35S]methionine, pulse-labeled cytoplasmic protein was analyzed: (1) uninfected cells; (3) 3 h after infection;
(5) 6 h after infection. Ovalbumin (mol wt, 43,000), asparaginase (mol wt, 33,000), tobacco mosaic virus
protein (mol wt, 17,000), and lysozyme (mol wt, 14,400) were used as known molecular weight protein
markers.

the two major translation products obtained in
vitro in the wheat germ system programmed
with infected cell mRNA to the corresponding
proteins M and NP derived from purified virus.
These proteins were obtained by preparative
polyacrylamide gel electrophoresis, digested
with trypsin, and analyzed by paper ionopho-

resis at pH 6.5, as described in Materials and
Methods. Figure 3 shows that the L3S]methio-
nine-labeled tryptic peptide patterns obtained
from the authentic FPV, M, and NP proteins
coincide almost entirely with their presumptive
counterparts obtained from the in vitro reac-
tion. However, in the case of protein M two
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FIG. 3. Paper ionophoresis of[35S]methionine-labeled tryptic peptides derived from FPV proteins NP and
M. (A) Tryptic peptides derived from the putative NPprotein made in the cell-free system. (B) Tryptic peptides
derived from the authentic NP virion protein. (C) Tryptic peptides derived from the putative M protein made
in the cell-free system. (D) Tryptic peptides derived from the authentic M virion protein. Proteins M and NP
were obtained by preparative slab gel electrophoresis either from the purified virus or from the cell-free system
translation products, as indicated in Fig. 2. Trypsin digestion was as indicated in Materials and Methods.
Paper ionophoresis was for 3 h at 2,500 V. Arrows indicate the origin. Cathode was to the right in each panel.

small additional peptides were detected in the
in vitro product (Fig. 3C and D).
The tryptic peptide patterns were then fur-

ther compared by two-dimensional mapping on
silica gel thin-layer plates as described in Mate-
rials and Methods. Autoradiograms of the four
patterns as well as schematic tracings are
shown in Fig. 4. The peptide map derived from
authentic protein NP shows at least 22 spots
having their identical counterpart in the in
vitro presumptive NP product (Fig. 4A and B).
This latter, however, shows at least two dis-
tinct additional L35S]-labeled spots.
The patterns obtained for protein M are dis-

tinct and more complex. At least 21 spots have
the same migration in the authentic viral pro-
tein and in the presumptive M in vitro product.

However, the latter again shows a few addi-
tional spots (Fig. 4C and D).

Thus, two independent analyses of the tryp-
tic peptides derived from proteins M and NP
show that the two major in vitro translation
products contain at least all the [35S]methio-
nine peptides of the two major structural pro-
teins obtained from the virus itself.

Poly(A) content of the FPV mRNA. Al-
though it is well established that influenza vir-
ion RNA is devoid of poly(A) stretches (14, 17),
there has been some controversy in the litera-
ture concerning the poly(A) content of influ-
enza mRNA (1, 14).

In our system we could directly assay the
poly(A) content of the active viral mRNA prep-
aration described so far. The oligo(dT)-cellu-

VOL. 18, 1976
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FIG. 4. Two-dimensional finger printing of the [35S]methionine-labeled tryptic peptides derived from FPV
proteins NP and M. (A) Tryptic peptides derived from the authentic NP virion protein. (B) Tryptic peptides
derived from the putative NP protein made in the cell-free system. (C) Tryptic peptides derived from the
authentic M virion protein. (D) Tryptic peptides derived from the putative M protein made in the cell-free
system. Tryptic digests were obtained as described in Fig. 3. Conditions for thin-layer ionophoresis and
chromatography on silica gel thin-layer plates were exactly as described in Materials and Methods. A
schematic tracing is presented below each autoradiogram to facilitate the comparison of the patterns. All the
numbered spots were found in two comparable patterns (A and B, or C and D). InA and B spots 16,17, and 18
are double.
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lose-retained RNA was further bound to a
poly(U) - Sepharose column. Three fractions
were obtained: (i) unbound; (ii) bound and
eluted in low salt at 20 C; (iii) bound and eluted
in low salt at 45 C, according to Nokin et al.
(28). After chromatography of the active mRNA
preparation on poly(U)-Sepharose, the three

fractions obtained were assayed in the wheat
germ system and 35S-labeled products were an-
alyzed as before by polyacrylamide gel electro-
phoresis.

Figure 5 shows that a significant proportion
of the M and NP mRNA's was not retained on
this column, but that most of the poly(U)-Seph-
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It can be concluded that at least 50% of the
mRNA's responsible for the in vitro synthesis of
proteins M and NP contains long poly(A)
stretches. However, considerable heterogeneity
exists in the size of the poly(A) chain, since we
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have been able to detect some viral mRNA
activity in non-oligo(dT)-cellulose-bound, su-

crose gradient-fractionated RNA from the same
infected cell (not shown). This is probably a

very general observation among eukaryotic
mRNA's (25).
Can virion RNA serve as an mRNA? Virion
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RNA was extracted from purified, egg-grown
FPV. When this RNA was ionophorized on 6 M
urea-agarose-acrylamide gel it showed a typical
distribution of eight different segments, with
molecular weight ranging between about 3.0 x

105 and 1.2 x 106. No evidence of degradation of
this RNA is apparent on the gel (Fig. 6). As

indicated in Fig. 1, this RNA can stimulate to
some extent the incorporation of [15S]methio-
nine into protein when added to the wheat
germ system, but this occurs with a much
lower efficiency, on a weight basis, as compared
to the poly(A)-rich RNA extracted from the
cytoplasm of infected cells. This is even more
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FIG. 5. Autoradiograms ofsodium dodecyl sulfate-polyacrylamide gel electrophoretic slabs ofpolypeptides
directed by poly(U)-Sepharose-fractionated, poly(A)-rich RNA from FPV-infected cells in the wheat germ
system. Cytoplasmic RNA from FPV-infected chicken embryo fibroblasts was extracted 16 h after infection
and enriched in poly(A)-containing mRNA by oligo(dT)-cellulose chromatography. This material was then
adsorbed on poly(U)-Sepharose in Tris-hydrochloride (0.01 M, pH 7.5), NaCl (0.3 M), EDTA (1 mM), and
sodium dodecyl sulfate (0.2%o) and elated in the same buffer without NaCl, first at 20 C and then at 45 C. The
three fractions were precipitated with ethanol, and various amounts were added to the wheat germ system.
Products were analyzed as described in Fig. 2. (1) [35S]methionine proteins from markerFPV; (E) wheatgerm
system, endogenous activity: no mRNA added; (2) 1 Mg ofoligo(dT) retained infected-cell RNA; (3) fraction of
this RNA not retained on poly(U)-Sepharose: 2 and 4 pg/50 pi; (4) fraction of this RNA elated from the
poly(U)-Sepharose in low-salt buffer at 20 C: 2 and 4 pgO5 pi; (5) fraction of this RNA elated from the
poly(U)-Sepharose in low-salt buffer at 45 C: 2 and 4 pMg/50-pl reaction mixture.
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striking if one considers that virion RNA is
nearly pure, whereas at least 50% of the cyto-
plasmic oligo(dT)-bound RNA is still rRNA
(Content, unpublished data). When the prod-
ucts of such a reaction are analyzed by poly-
acrylamide gel electrophoresis, a 10 times
longer exposure of the autoradiograms is
needed to detect one band, which coincides with
protein M, and a second very weak band with
the same electrophoretic mobility as NP (Fig.
7).

In addition, although at least a large fraction
of the cytoplasmic viral mRNA contains
poly(A), it has been demonstrated that influ-
enza virion RNA does not contain any poly(A)
sequences. For these two reasons, and since
influenza RNA can often be contaminated with
detectable amounts of 28S and 18S rRNA (11),
it seems justified to propose that the low level of
activity detected here with virion RNA might
be due to some degree of contamination of the
preparation (or of the virion itself) by cytoplas-
mic mRNA. Since only part of the cytoplasmic
mRNA contains some poly(A) sequences,
oligo(dT)-cellulose chromatography would not
be an efficient way to eliminate this possible
contamination.

DISCUSSION
We have shown that a poly(A)-rich fraction of

cytoplasmic mnRNA extracted from FPV-in-
fected cells can be translated in vitro in the
wheat germ system. Two major components
have been obtained in vitro, which correspond
to the two main virion structural proteins and
also represent more than 60% of the total pro-
tein synthesized in the infected cells 6 h after
infection (Fig. 2B).
The two proteins synthesized in vitro have

been identified with their two authentic viral
protein counterparts by paper ionophoresis and
also by two-dimensional separation of their
tryptic peptides. Few additional peptides were
found in each case among the in vitro products.
This could be due to incomplete separation from
some adjacent labeled protein (during the pre-
parative gel electrophoresis); in particular, pro-
tein M might be associated with a nonstruc-

FIG. 6. Polyacrylamide gel electrophoresis ofFPV
RNA. A 5-,qg amount ofRNA extracted from puri-
fied FPV was applied on a cylindrical composite gel
(12 by 0.6 cm) containing 2% polyacrylamide, 0.6%
agarose, 6M urea (16). Electrophoresis was for 8 h at
80 V, +4 C. For comparison purified globin mRNA
(mol wt, 225,000) and tobacco mosaic virus RNA
(mol wt, 2.0 x 106) were run in a parallel gel. The
gels were stained with "Stains all" (Serva, Feinbi-
ochemica, Heidelberg) as described previously (13).
Only the central part of the gel was photographed.
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FIG. 7. Microdensitometer tracing ofautoradiograms ofpolyacrylamide gel analysis ofFPV proteins. (A)
Authentic FPV marker proteins obtained from purified [35S]methionine-labeled FPV. (B) Proteins made in a
cell-free extract of wheat germ directed by poly(A)-rich cytoplasmic RNA from FPV-infected cells (2 PgI5O-pJ
reaction). (C) Proteins made in a cell-free extract ofwheat germ directed by purified FP virion RNA (4 pg/50-
,ul reaction). Experimental conditions for incubation, polyacrylamide gel electrophoresis, and densitometry
were as described. Exposure time was 7 h for (B) and 72 h for (C).

tural protein (NS,) not resolved on our gels and
migrating slightly ahead of protein M (26, 40).
This will have to be investigated in more detail.
Alternatively, the products synthesized, in vi-
tro, might be slightly larger than the "'final"
viral protein because some processing mecha-
nism may be lacking in vitro. There is, how-
ever, no good evidence for cleavage of such a
precursor in vivo (8, 18, 39) except for the virion
hemagglutinin (HA) component, which is proc-
essed by cleavage into the two hemagglutinin
subunits HA1 and HA2. The total number of
peptides observed in the case of protein M also
seems larger than expected for a protein of this
size (a maximum of 14 oligopeptides should be
obtained from a protein of 28,000 daltons con-
taining 5% methionine). Some of the spots ob-

served may result from air oxidation during
digestion of the proteins from the gel. If this is
the case it should not invalidate our conclu-
sions, since all the proteins analyzed were sub-
mitted to the same digestion procedure.
The mRNA's coding for M and NP contain

poly(A) sequences of various length. No direct
measurement has been done, but the data are
compatible with a large degree of heterogeneity
in the size of these poly(A) stretches. This kind
of heterogeneity was already detected by struc-
tural analysis in polysomal RNA from influ-
enza-infected cells (14).
RNA extracted from a purified FP virion was

found to stimulate the in vitro translation of
proteins M and NP only weakly (at least 24
times less than does cytoplasmic RNA). This
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very low activity is probably due to some con-
tamination of virion RNA with cytoplasmic
mRNA, which is picked up here because of the
high sensitivity of the wheat germ system. Al-
ternatively, it might be considered that virion
RNA really corresponds to the mRNA strand
but has to be processed in the cell to become
fully active. The virion RNA tested in these
experiments might have been partially proc-
essed, thus accounting for its low level of activ-
ity. There is, however, no good evidence to
favor the latter hypothesis. Siegert et al. (38)
showed some mRNA activity in a cell-free sys-
tem of Escherichia coli when using influenza
virion RNA. One of their translation products
had the same electrophoretic mobility and anti-
genicity as the authentic virion NP. No com-
parative assay was shown in their study con-
cerning the translation of infected-cell cytoplas-
mic RNA. Their observation is confirmed here
in a different cell-free system, but we suggest
the above-mentioned alternative explanation.
Kinsbury and Webster (21) compared, in a cell-
free rabbit reticulocyte system, the in vitro
translation of total influenza-infected cell RNA
and virion RNA. Although their system seems
less efficient than ours and thus less sensitive,
they observed the synthesis of protein M, as
detected by its electrophoretic mobility and an-
tigenicity. No stimulation was observed when
they used virion RNA in their in vitro system.

Since only two of eight viral-coded peptides
were translated in vitro in our system, we have
not established whether all the monocistronic
RNA segments from the virion are negative
stranded (i.e., complementary to their respec-
tive mRNA's; 3). It is likely that our failure to
detect in vitro P1 and P2 and also to some
extent the two expected glycoproteins HA (pre-
cursor of HA1 and HA2) and NA reflects a
lower concentration of the corresponding
mRNA's since, first, it is obvious, in Fig. 2B,
where in vivo labeled cytoplasmic products are
examined at different times after infection,
that some of the proteins (M and NP) are la-
beled more intensively than any others. As no-
ticed by Skehel (39), some regulation exists in
the infected cells, which coordinates the level of
the different proteins to maintain them in a
proportion similar to that found in the virus
itself. Moreover, Skehel (40) has shown that a
temporal regulation exists in the synthesis of
the different viral proteins and has presented
evidence indicating that some of the control is
at the transcription level. Second, Morrison
and Lodish (in press) observed in vesicular sto-
matitis virus-infected cells that the mRNA re-
sponsible for the synthesis of viral glycoprotein

G is found exclusively on the membrane-bound
polysomes.

It may thus be worthwhile to attempt the
purification of some high-molecular-weight
viral mRNA's according to their size to obtain
an enrichment of a specific class of mRNA.
Indeed it is conceivable that some competition
exists as well in vitro among different mRNA's,
increasing even more the preferential transla-
tion ofM and NP. These proteins are translated
better in vitro than any ofthe host cell proteins.
(Table 1; Fig. 2B).
In a preliminary attempt to fractionate our

active mRNA preparation in an aqueous su-
crose gradient we have already been able to
enrich considerably the preparation for its NP
versus M translating capacity. Another ap-
proach would be to extract poly(A)-rich RNA
from purified membrane-bound polysomes
found in infected cells, as described by Morrison
and Lodish (in press) in the case of vesicular
stomatitis virus.
Only after all eight viral-coded peptides have

been synthesized in vitro, and possibly on iso-
lated purified mRNA's, will it be possible to
ascribe biochemically a discrete coding function
to each of the monocistronic segments of influ-
enza virus genome.

After submission of this work, a paper was
published by Etkind and Krug (15), whose con-
clusions are in agreement with ours.

ACKNOWLEDGMENTS
I thank L. Thiry, P. Vandenbussche, and F. Mouton for

fruitful discussions and help during the preparation of the
manuscript, H. Aviv and C. Prives for advice, B. Dudock for
supplying oligo(dT)-cellulose, G. Marbaix and G. Huez for
poly(U)-Sepharose, and L. Dewit, F. Depuydt, and P. Sonk
for expert technical assistance. T. Morrison is gratefully
acknowledged for making available a preprint of her recent
work.

This work was supported by a grant from the Fonds de la
Recherche Scientifique Medicale and the Fondation Rose et
Jean Hoguet.

LITERATURE CITED
1. Avery, R. J. 1974. The subcellular localization of virus-

specific RNA in influenza virus-infected cells. J. Gen.
Virol. 24:77-88.

2. Aviv, H., and P. Leder. 1972. Purification ofbiologically
active globin messenger RNA by chromatography on
oligothymidylic acid-cellulose. Proc. Natl. Acad. Sci.
U.S.A. 69:1408-1412.

3. Baltimore, D. 1971. Expression of animal virus ge-
nome. Bacteriol. Rev. 35:235-241.

4. Bishop, D. H. L., J. F. Obijeski, and R. W. Simpson.
1971. Transcription of the influenza ribonucleic acid
genome by a virion polymerase. J. Virol. 8:66-73.

5. Bonner, W. M., and R. A. Laskey. 1974. A film detec-
tion method for tritium-labeled proteins and nucleic
acids in polyacrylamide gels. Eur. J. Biochem. 46:83-
88.

6. Both, G. W., S. Lavi, and A. J. Shatkin. 1975. Synthesis

VOL. 18, 1976



618 CONTENT

of all the gene products of the reovirus genome in vivo
and in vitro. Cell 4:173-180.

7. Chow, N., and R. W. Simpson. 1971. RNA-dependent
RNA polymerase activity associated with virions and
subviral particles of myxoviruses. Proc. Natl. Acad.
Sci. U.S.A. 68:752-756.

8. Compans, R. W., and P. W. Choppin. 1975. Reproduc-
tion of myxoviruses, p. 179-252. In H. Fraenkel-Con-
rat and R. R. Wagner (ed.), Comprehensive virology,
vol. 4. Plenum Press, New York.

9. Compans, R. W., J. Content, and P. H. Duesberg.
1972. Structure of the ribonucleoprotein of influenza
virus. J. Virol. 10:795-800.

10. Compans, R. W., H. D. Klenk, L. A. Caliguiri, and P.
W. Choppin. 1970. Infuenza virus proteins. I. Analy-
sis of polypeptides of the virion and identification of
spikes glycoproteins. Virology 42:880.

11. Content, J., and P. H. Duesberg. 1971. Base sequence

differences among the ribonucleic acids of influenza
virus. J. Mol. Biol. 62:273-285.

12. Content, J., J. Horst, and P. H. Duesberg. 1972. On the
structure of influenza virus RNA, p. 101-109. In H.
Bloemendal, E. M. Jaspars, A. Van Kammen, and R.
J. Planta (ed.), RNA viruses replication and struc-
ture. North Holland Publishing Co., Amsterdam.

13. Dahlberg, A. E., C. W. Dingman, and A. C. Peacok.
1969. Electrophoretic characterization of bacterial
polyribosomes in agarose-acrylamide composite gels.
J. Mol. Biol. 41:139-147.

14. Etkind, P. R., and R. M. Krug. 1974. Influenza viral
messenger RNA. Virology 62:38-45.

15. Etkind, P. R., and R. M. Krug. 1975. Purification of
influenza viral complementary RNA: its genetic con-

tent and activity in wheat germ cell-free extracts. J.
Virol. 16:1464-1475.

16. Floyd, R. W., M. P. Stone, and W. K. Joklik. 1974.
Separation of single stranded ribonucleic acids by
acrylamide-agarose-urea gel electrophoresis. Anal.
Biochem. 59:599-609.

17. Gillespie, D., S. Marshall, and R. C. Gallo. 1972. RNA
of RNA tumor viruses contains poly A. Nature (Lon-
don) New Biol. 236:227-231.

18. Hayes, A. 1974. Studies on the formation of the influ-
enza virus envelope. Virology 60:398-418.

19. Kerr, I. M., and E. M. Martin. 1971. Virus protein
synthesis in animal cell-free systems: nature of the
products synthesized in responses to ribonucleic acid
of EMC virus. J. Virol. 7:438-447.

20. Kilbourne, E. D., P. W. Choppin, I. T. Schulze, C.
Scholtissek, and D. L. Bucher. 1972. Influenza virus
polypeptides and antigens. Summary of influenza
workshop I. J. Infect. Dis. 125:447-455.

21. Kingsbury, D. W., and R. G. Webster. 1973. Cell-free
translation of influenza virus messenger RNA. Virol-
ogy 56:654-657.

22. Klenk, H. D., R. Rott, and H. Becht. 1972. On the
structure of the influenza virus envelope. Virology
47:579-597.

23. Krug, R. M., and R. Soeiro. 1975. Studies on the intra-
nuclear localization of influenza virus-specific pro-
teins. Virology 64:378-387.

24. Lazarowitz, S. G., R. W. Compans, and P. W. Choppin.

1971. Influenza virus structural and nonstructural
proteins in infected cells and their plasma mem-

branes. Virology 46:830-843.
25. Lewin, B. 1975. Units of transcription and translation:

sequence components of heterogeneous nuclear RNA
and messenger RNA. Cell 4:77-93.

26. Minor, P. D., and N. J. Dimmock. 1975. Inhibition of
synthesis of influenza virus proteins: evidence for two
host-cell-dependent events during multiplication. Vi-
rology 67:114-123.

27. Morrison, T., M. Stampfer, D. Baltimore, and H. F.
Lodish. 1974. Translation of vesicular stomatitis mes-
senger RNA by extracts from mammalian and plant
cells. J. Virol. 13:62-72.

28. Nokin, P., A. Burny, Y. Cleuter, G. Huez, G. Marbaix,
and H. Chantrenne. 1975. Isolation and characteriza-
tion of highly purified globin messenger RNA from
anaemic-rabbit spleen. Eur. J. Biochem. 53:83-90.

29. Oberg, B., J. Saborio, T. Persson, E. Everitt, and L.
Philipson. 1975. Identification of the in vitro transla-
tion products of adenovirus mRNA by immunoprecip-
itation. J. Virol. 15:199-207.

30. Penhoet, E., H. Miller, M. Doyle, and S. Blatti. 1971.
RNA-dependent RNA polymerase activity in influ-
enza virions. Proc. Natl. Acad. Sci. U.S.A. 68:1369-
1371.

31. Pons, M. W. 1973. The inhibition of influenza virus
RNA synthesis by actinomycin D and cycloheximide.
Virology 51:120-128.

32. Prives, C. L., H. Aviv, B. M. Paterson, B. E. Roberts,
S. Rozenblatt, M. Revel, and E. Winocour. 1974.
Cell-free translation of messenger RNA of simian
virus 40: synthesis of the major capsid protein. Proc.
Natl. Acad. Sci. U.S.A. 71:302-306.

33. Randerath, K., and E. Randerath. 1973. Chemical post-
labeling methods for the base composition and se-

quence analysis of RNA. J. Chromatogr. 82:59-74.
34. Roberts, B. E., and B. M. Paterson. 1973. Efficient

translation of tobacco mosaic virus RNA and rabbit
globin 9S RNA in a cell-free system from commercial
wheat germ. Proc. Natl. Acad. Sci. U.S.A. 70:2330-
2334.

35. Schulze, I. T. 1970. The structure of influenza virus. I.
The polypeptides of the virion. Virology 42:890-904.

36. Shatkin, A. J. 1971. Viruses with segmented ribonucleic
acid genomes: multiplication of influenza versus reo-

virus. Bacteriol. Rev. 35:250-266.
37. Shatkin, A. J. 1974. Animal RNA viruses: genome

structure and function. Annu. Rev. Biochem. 43:643-
665.

38. Siegert, W., G. Bauer, and P. H. Hofschneider. 1973.
Direct evidence for messenger activity of influenza
virion RNA. Proc. Natl. Acad. Sci. U.S.A. 70:2960-
2963.

39. Skehel, J. J. 1972. Polypeptide synthesis in influenza
virus-infected cells. Virology 49:23-36.

40. Skehel, J. J. 1973. Early polypeptide synthesis in influ-
enza virus-infected cells. Virology 56:394-399.

41. Studier, F. W. 1973. Analysis of bacteriophage T7 early
RNAs and proteins on slab gels. J. Mol. Biol. 79:237-
248.

J. VIROL.


