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ABSTRACT In a cell-free extract of E. coli, RNA from
avian myeloblastosis virus directs the synthesis of a protein
that is antigenically identical with the group-specific anti-
gen 4, and other proteins, three of which correspond in
molecular weight to group-specific antigens 1-3.

According to Temin's provirus hypothesis, the genetic infor-
mation present in oncogenic RNA viruses is transcribed via
an RNA-DNA hybrid into a double-stranded DNA molecule.
After being incorporated into the host-cell genome, the DNA
functions as a template for the synthesis of progeny RNA
molecules (1). Several recent findings, such as the detection of
reverse transcriptase (2, 3), host-controlled expression of
virus genes (4, 5), rescue of latent viruses (6, 7), and vertical
transmission of oncogenic viruses (8), strongly support this
hypothesis.
Apart from its function as a template for the synthesis of

DNA, no clear role has been ascribed to the viral RNA; it is
not known whether the information for the synthesis of virus-
specific proteins is conserved in the viral RNA or in its com-
plementary strand, or even in both.
A hint that the viral RNA might have messenger properties

is provided by the failure to detect complementary strands in
the cytoplasm of infected cells. Complementary strands were
detected only in the nucleus (9), and an RNA-dependent
RNA polymerase was described (10). Whether or not a given
RNA has messenger functions can be demonstrated more di-
rectly by a study of its ability to direct the synthesis of spe-
cific proteins in vitro. That this is the case for avian myelo-
blastosis virus (AMV)-RNA will be demonstrated in this
paper by use of a cell-free lysate of Escherichia coli.

MATERIALS AND METHODS

Plasma-AMV, which was a generous gift of Dr. J. W. Beard
(Duke University, Durham, N.C., USA) was first purified in
a discontinuous sucrose gradient (11) with STE buffer (0.1 M
NaCl-0.01 M Trise HCI (pH 8.0)-i mM ethylenediamine
tetraacetate (EDTA). Virus present in the 35% sucrose layer
was collected, diluted by the addition of one volume of
NaCl-Tris-EDTA buffer, and pelleted by centrifugation
(Spinco SW 50. 1; 45,000 rpm; 20 min at 40) .
The pellet was resuspended in NaCl-Tris-EDTA buffer

and used for the preparation of viral RNA and viral pro-

teins. The viral proteins were prepared as recently described
for RNA-phage M12 proteins (12).
RNA was extracted with a mixture of phenol and m-cresol

(13) after incubation of the virus with Pronase in the presence
of sodium dodecyl sulfate (SDS) at 370, according to a stan-
dard procedure (14). RNA present in the aqueous layer was
precipitated twice with cold ethanol; high molecular weight
RNA was obtained by linear sucrose density gradient cen-
trifugation (15).
The preparation of the cell-free lysate and of the incubation

mixtures, and the extraction of the proteins synthesized in
vitro, were already described (16).

'4C-labeled proteins used in immunodiffusion tests in agar
gel were prepared in the same manner (16), except that they
were dialyzed against SSC (0.15 M NaCl- 15 mM Nar
citrate, pH 7.0) for 2 days at 40 and concentrated by eva-
poration under reduced pressure at room temperature.
Double immunodiffusion in agar gel, in combination with

autoradiography, was performed as described (17) with rab-
bit antiserum against group-specific (gs) antigens 3 and 4 (18).
Viral proteins that were extracted by phenol-SDS (19) were
used as carriers.

RESULTS
Stimulation of amino-acid incorporation by AMV-RNA

Addition of AMV-RNA to a cell-free lysate of E. coli for
stimulation of protein synthesis leads to a considerable en-
hancement of amino-acid incorporation, which is shown in
Table 1 by an increase of Cl3CCOOH-precipitable material.
The mixture tested shows only a very low endogenous in-
corporation of amino acids, since the cpm values in column II,
obtained after allowing incorporation for 30 min, are almost
identical with those in column I, which were obtained at zero
time and, therefore, represent the radioactivity background
of the assay.
When homologous messenger RNA, i.e., phage M12 RNA,

is added to the mixture to direct protein synthesis, the Cl-
CCOOH-precipitable radioactivity increases by a factor of up
to 80; it is known (12, 16) that this is due mainly to the
synthesis of phage-specific proteins. As shown in column IV
(Table 1), AMV-RNA leads to a stimulation of amino-acid
incorporation that is clearly more than the background of the
assay and ranges up to 20% of the incorporation obtained
under the direction of M12-RNA. The increase in amino-
acid incorporation is linear for at least 20 min and is depen-
dent on the amount of AMV-RNA added and on the concen-
tration of magnesium, the optimum concentration being
10mM.
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Characterization of the product synthesized in vitro
by gel electrophoresis
For detection of whether the observed stimulation of amino-
acid incorporation led to the synthesis of AMV-specific pro-
teins, the in vitro products were subjected to electrophoresis
on SDS-polyacrylamide gels. The pattern obtained was com-
pared with that given by the proteins of AMV (Fig. 1). The
upper curve (Fig. 1) shows the densitometer profile of the
stained gel containing the proteins of AMV. The protein
pattern is comparable to that described (17, 19), although
peaks 1 and 2 are not clearly separated. Whether this is due to
differences in the virus strains or in the techniques used is un-
known at present. The molecular weights of the peaks (from
right to left) of 13,500-16,000; 24,000; 28,000; 38,000; and
60,000-100,000, estimated by comparison with marker pro-
teins (Fig. 1, upper gel), are also in good agreement with ear-
lier reports. Peaks 1 through 4 represent the internal antigens
of the virus (18), while peaks 5 and 6 correspond to the two
viral glycoproteins, which were both shown to contain type-
specific (Ve) antigenic activity (17, 19, 20).
The lower curve shows the radioactivity pattern of a gel

run with proteins, synthesized in vitro, as described in Exp. 1,
column IV of Table 1. Essentially, the same pattern was ob-
tained when purified high molecular weight RNA was used in-
stead of total AMV-RNA to direct protein synthesis. The
radioactivity pattern of the proteins synthesized in vitro
shows a high degree of similarity to that of the proteins syn-
thesized in vivo. Thus, products synthesized in vitro are found
that correspond, in position and relative amount, to antigens
1-4. This result shows that, in vitro, at least four proteins are
synthesized that correspond to the proteins 1-4 of the virus

TABLE4. Incorporation of [3H]histidine and ["4C]amino-acid
mixture (cpm) into Cl3CCOOH-precipitable material

No RNA added

After
At 0
time

Exp. I

1 ['H]Histidine 1010
2 [3H]Histidine 946

30-min
incub.

II

1230
1050

Phage
M12-
RNA
added

After
30-min
incub.

III

52,800
80,400

3 [3H]Histidine not tested 1320 63,200
4 [14C]Amino-

acid mixture 2880 3250 32,200
5 [14C]Amino-

acid mixture 2250 2620 94,900

AMV-
RNA
added

After
30-min
incub.

IV

4,990
18,100

9,640

6,110

7,770

To 50,p1 of reaction mixture, l(pug of phage MI12 or AMIV-RNA,
dissolved in 10,l1 of 0.1M Tris * HCI (pH 7.8) and 5p1A oflabeled ami-
no acid, corresponding to 2-5 X 106 epm were added. L-['H] histi-
dine (specific activity 50 Ci/mmol) and [14C]amino-acid mixture
(specific activity 54 Ci/mg-Atom of carbon) were purchased from
the Radiochemical Centre (Amersham, England). Reactions were

performed at 37° for 30 min in the presence of 10mM Mg++. At
the times indicated, 10-,p1 aliquots of the assay mixture were dried
on paper filters, precipitated with cold 10% C13CCOOH, heated
to 850 for 15 min in 10% C13CCOOH, then washed once with a

mixture of ether and ethanol, and once with ethanol. The washed
filters were dried, and the radioactivity was determined (12, 16).

particle with respect to molecular weight. This may also be
true for the protein synthesized in vitro that is found in the
position of protein 5 that is synthesized in vivo. Since protein 5
is glycosylated (17, 20), it cannot be excluded that these pro-
teins are different. Not enough is known as to how glycosyla-
tion influences migration in the gel, and it is also not known
whether glycosylation takes place in the mixture used. Ap-
parently, no product that is synthesized in vitro is formed
corresponding to peak no. 6 that is synthesized in vivo. How-
ever, peak no. 6 contains another glycosylated protein of the
virus (17-19), and it is conceivable that only the nongly-
cosylated protein component has been synthesized in vitro
and that it may migrate elsewhere in the gel.

Analysis of the product by immunodiffusion
The correspondence of the molecular weights of several prod-
ucts synthesized in vitro with those of the proteins of the
virus particle makes it very likely that the AMV-RNA is
translated in the E. coli lysate with high fidelity. Further
evidence of this may be obtained by comparison of the anti-
genic properties of the products synthesized in vitro with those
of the virus proteins. Since the amount of product synthe-
sized in vitro was not sufficient for any direct serological eval-
uation, [14C]amino-acid-labeled product was mixed with un-
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FIG. 1. Pattern of the proteins of AMV (lower gel and upper
curve, ) and of the product synthesized in vitro under direc-
tion of AMV-RNA (middle curve, 0 0) in polyacrylamide
gels, and without addition of RNA (lower curve, X-X). 10%
acrylamide-diacrylate gels, 10 cm long, were prepared in the
presence of 0.1% SDS and 4 M urea, according to the method of
Viftuela et al. (32). Gels were loaded with 100-150 ug of AMIV-
proteins, labeled proteins synthesized in vitro (5000-10,000
cpm/gel), or molecular-weight marker proteins (upper gel):
RNase I from Escherichia coli (molecular weight 17,500) and
GDH-monomer (glycerol-l-phosphate-dehydrogenase EC 1.1.1.8,
molecular weight 35,000), 20 pg per marker protein per gel. Gels
were run at 2.5 mA/gel at room temperature until the dye marker
reached the bottom of the gel. The gels loaded with virus proteins
or reference proteins were stained with Coomassie blue and
scanned at 630 nm in a Gilford spectrophotometer. For determina-
tion of radioactivity, gels were sliced and dissolved in a mixture
of Hyamine hydroxide and piperidine (12, 16).
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FIG. 2(a and b). Immunodiffusion of unlabeled viral gs

antigen [2] and a mixture of unlabeled and ["4C]amino-acid-
labeled AMV protein that is synthesized in vitro [1] against rabbit
antiserum A 912 to gs AMV antigen [gs S1. a, photography;
b, autoradiography. (c and d) Control experiment with ferritin
[4] and ferritin mixed with "4C-labeled virus protein [3] against
rabbit antiserum to ferritin [FeS]. As positive control, gs antigen
was allowed to react with antiserum to gs antigen; unlabeled
plus 14C-labeled AMV protein [1]; unlabeled protein [21. c,
photography; d, autoradiography.

labeled virion proteins and reacted by immunodiffusion. The
immunoprecipitation bands were photographed, and then the
immunodiffusion plate was treated for autoradiography.
Fig. 2a and b show the photography and the autoradiography
of the same set, and it is quite clear that radioactive material
is coprecipitated with unlabeled virion antigen. This repre-

sents gs antigen 4 and, possibly, antigen 3 (18), which is, how-
ever, not separated from it. To exclude the possibility that
14C may be bound unspecifically in antigen-antibody pre-
cipitates, several radioactive materials were tested in heterol-
ogous antigen-antibody reactions. As an example of these
control experiments, it is shown that proteins of AMV that are

synthesized in vitro were not coprecipitated in a ferritin-
antibody complex (Fig. 2c and d). Proteins of E. coli and
phage M12 that are synthesized in vitro gave the same nega-

tive results in immunoprecipitation tests with gs antigen and
ferritin.

DISCUSSION

The analysis of the products synthesized by a cell-free lysate
of E. coli under the direction of AMV-RNA shows that at
least four proteins that are synthesized in vitro correspond to
proteins isolated from the virus particle with respect to mo-

lecular weight. By immunological techniques, it could further
be demonstrated that one of these proteins synthesized in
vitro is identical to gs-4 antigen present in the virion. From
these facts, it can be concluded that the viral RNA has mes-

senger properties. Yet, the results do not completely exclude

the possibility that the complementary strand can serve as a
messenger for some virus-specific proteins. However, if we
accept Temin's hypothesis of the participation of a DNA-
intermediate in AMV-RNA replication, one would have to
postulate a symmetrical transcription of AMV-DNA, which
is rather unlikely.
We hope, by using other specific antibodies or by studying

the several subunits of AMV-RNA (21, 22), to characterize
each of the as yet unidentified in vitro products or other pro-
teins that are possibly encoded in the viral RNA. In partic-
ular, it would be of interest to establish whether cell-surface
antigens that are tumor specific (23, 24) are encoded in the
virus RNA or are only induced by the virus.
Our results reinforce previous reports that RNA from

mammalian and plant viruses can be translated in a cell-free
extract from E. coli (25-34), a result that strongly favors the
universality of the genetic code. Such a close correspondence
between the proteins synthesized in animal cells and those
synthesized in an E. coli lysate must imply that the sense
codons of the two systems are largely identical. No clear in-
dication is given whether the different punctuation marks
(initiation and termination sites, etc.) are recognized with the
same efficiency. The weak stimulation of amino-acid incor-
poration obtained with AMV-RNA in comparison to that
obtained with homologous phage M12-RNA suggests that
this is not the case.
For the moment, however, one cannot exclude the possi-

bility that, under our conditions, the secondary and tertiary
structure of the RNA interferes with its messenger function.
When high molecular weight RNA is denatured before addi-
tion to the system, the stimulation of amino-acid incorpora-
tion increased. In this connection, it is also of interest to men-
tion again that the relation of the products 1-4 that are syn-
thesized in vitro to each other is almost identical with that of
the corresponding virion proteins. This points to the con-
clusion that at least some regulatory signals are recognized
with the same degree of specificity.
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