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When NIH/3T3 mouse fibroblasts were infected with the Moloney strain of
murine leukemia virus, part of the viral genome RNA molecules were detected in
polyribosomes of the infected cells early in the infectious cycle. The binding
appears to be specific, since we could demonstrate the release of viral RNA from
polyribosomes with EDTA. Moreover, when infection occurred in the presence of
cycloheximide, most viral RNA molecules were detected in the free cytoplasm.
Size analysis on polyribosomal viral RNA molecules indicated that two size class
molecules, 38S and 23S, are present in polyribosomes at 3 h after infection.
Analysis of the polyriboadenylate [poly(rA)] content of viral RNA extracted from
infected polyribosomes demonstrated that such molecules bind with greatest
abundance at 3 h after infection, as has been detected with total viral RNA. No
molecules lacking poly(rA) stretches could be detected in polyribosomes. Fur-
thermore, when a similar analysis was performed on unbound molecules present
in the free cytoplasm, identical results were obtained. We conclude that no

selection towards poly(rA)-containing viral molecules is evident on binding to
polyribosomes. These findings suggest that the incoming viral genome of the
Moloney strain of murine leukemia virus may serve as a messenger for the
synthesis of one or more virus-specific proteins early after infection of mouse
fibroblasts.

The viral genome of RNA tumor viruses (ret-
roviruses) consists of two identical 35S RNA
subunits, both forming a complex of 70S (9, 39).
Retroviruses replicate via a DNA intermediate
which is synthesized in the cytoplasm early in
the infectious cycle of the virus (37). It is well
established that the viral RNA serves as a tem-
plate for viral DNA synthesis by the virion-
associated reverse transcriptase occurring in the
cytoplasm of exogenously infected cells. How-
ever, no particular attention has been paid to
the possibility that this RNA might serve also
as mRNA for early viral protein synthesis.

Viral RNA isolated from virus particles
is characterized by its polyriboadenylate
[poly(rA)] tail in the 3' terminus (14, 27, 35),
methylated "cap" structure in the 5' terminus
(12, 17), and internal methylations of adenosine
residues (8). These features are typical for most
mRNA molecules of eucaryotic cells and animal
viruses. In addition, studies with cell-free sys-
tems have shown that the RNA isolated from
viral particles can be translated to authentic
viral proteins (23, 30). Knowing these properties,
it could be speculated that the viral genome
might be utilized as mRNA during the early
stage of the infectious cycle of the virus. Indirect

support for such a possibility has been provided
by the finding that inhibition of protein synthe-
sis by cycloheximide (CH) (33) and puromycin
(our unpublished data) interferes with both viral
RNA synthesis and virus production of murine
sarcoma and leukemia viruses. These inhibitory
effects were evident even when the drugs were
present at the early stage of the infection. Fur-
thermore, Gallis et al. (13) have shown that in
the case of avian viruses, the precursor for the
internal core proteins, Pr 76, is synthesized at
about 3 h after infection, even in the presence of
cytosine arabinoside.

In this study we present evidence that the
viral genome serves as mRNA early in the infec-
tious cycle of the Moloney strain of murine
leukemia virus (MLV). The characteristics of
this early message, including its size distribution,
are described.

MATERIALS AND METHODS
Cells and viruses. NIH/3T3 mouse fibroblasts

were used as control cells throughout this study. NIH/
3T3 cells chronically infected with MLV [NIH/
3T3(MLV)] were used as a source for infecting virus
particles. Unless otherwise indicated, the cells were
grown in 100-mm dishes (Nunc, Roskilde, Denmark)
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in Dulbecco-modified Eagle medium (EM) containing
10% newborn calf serum.

Infection procedure. NIH/3T3(MLV) cells were
seeded at 0.8 x 106 cells per plate. Two days later, the
medium was replaced with 8 ml of EM supplemented
with 10% calf serum for 16 to 18 h. The medium was
then collected, centrifuged at 1,000 x g for 10 min, and
supplemented with 8 Ag of Polybrene (Sigma Chemical
Co., St. Louis, Mo.) per ml. Under such conditions the
concentration of MLV was 3 x 106 to 5 x 106 PFU/ml.

For exogenous infections, NIH/3T3 cells were
seeded at a density of 3 x 106 cells per plate in the
presence of Polybrene (8 1tg/ml). Eighteen hours later
cells were infected with 2 to 3 PFU/cell for 1 h at
37°C, with occasional shaking. At the end of the
adsorption period, cultures were washed with EM and,
unless otherwise indicated, fresh medium containing
10% calf serum was added. Control cultures were mock
infected with EM and treated under identical condi-
tions.

Reverse transcriptase assay. Reverse transcrip-
tase activity was measured in 50-td samples of culture
fluid, as described by Aboud et al. (3).

Virus purification and cDNA preparation.
NIH/3T3(MLV) cells were seeded in Roux bottles at
a density of 4 x 106 cells per bottle in 100 ml of EM
supplemented with 10% calf serum. The medium was
changed every 12 h for 2 to 3 days. Virus was collected
from the medium and purified as described previously
(32). The purified virus was used to prepare the viral
'H-labeled complementary DNA (cDNA) by the en-
dogenous reverse transcriptase reaction. The reaction
mixture (3 to 5 ml) contained 50 mM Tris-hydrochlo-
ride (pH 8.2), 5 mM dithiothreitol, 100 mM NaCl, 0.5
mM MnCl2, 0.1 mM each dATP, dGTP, dCTP, and
dTTP (Sigma), 0.01 mM [3H]TTP (specific activity,
50 Ci/mmol; The Radiochemical Center, Amersham,
England), 0.03% Nonidet P-40 (Fluka AG, Buchs,
Switzerland), and an amount of purified virus equiva-
lent to 500 to 1,000 Ag of protein per ml.

Incubation was at 37°C for 3 h. The reaction was
stopped by adding 0.5% sodium dodecyl sulfate and
0.01 N EDTA. After an additional incubation of 10
min at 37°C, nucleic acids were twice extracted with
1 volume of phenol saturated with NTE (100 mM
NaCl, 10 mM Tris-hydrochloride, pH 7.4, and 1 mM
EDTA) and 0.5 volume of a mixture of chloroform-
isoamyl alcohol (24:1). Escherichia coli tRNA (50 agI
ml; Sigma) was added as a carrier to the aqueous
phase, and the nucleic acids were precipitated over-
night with 2.5 volumes of ethanol at -20°C. The
precipitate was dissolved in 1 ml of 0.lx SSC (SSC =
0.15 M NaCl plus 0.015 N sodium citrate, pH 5.5), and
the RNA was hydrolyzed by treatment with 0.2 N
NaOH for 60 min at 37°C. After neutralization with
HCI, 50 ,ug of E. coli DNA (Sigma) was added as
carrier and the DNA was precipitated with ethanol.
The specific activity of the cDNA thus obtained was
1.8 x 106 cpm/jug. It was 90% sensitive to Si nuclease
digestion and 88% resistant after hybridization to an
excess of viral 70S RNA extracted from purified viri-
ons.

Isolation ofpolyribosomes and treatmL'-t with
EDTA. A temperature of 2 to 4°C was mainwined
throughout the isolation. Cells were washed three

times with phosphate-buffered saline (31) and resus-
pended in RSB buffer (10mM Tris-hydrochloride, pH
7.6, 10 mM NaCl, 1.5 mM MgCl2, containing 0.1%
diethylpyrocarbonate). One-tenth volume of 10% Non-
idet P-40 was added, and after 15 min the lysate was
centrifuged at 800 x g for 10 min. The supernatant
fluid was collected, layered onto a 6-ml 1.5 M sucrose
"cushion" in RSB, and centrifuged at 210,000 x g for
2.5 h in a Spinco Ti-50 rotor. The pellet was gently
suspended in 0.4 ml of gradient buffer (10 mM Tris-
hydrochloride, pH 7.5, 100 mM KCI, and 5 mM
MgCl2), layered onto a 12-ml linear 17 to 40% sucrose
gradient, and centrifuged at 109,000 x g for 80 min in
a Spinco SW41 rotor. The gradient was collected, and
the absorbance at 260 nm (A260) was recorded with a
Gilford spectrophotometer.

Appropriate fractions were pooled, total material
was precipitated with ethanol, and RNA was ex-
tracted. The amount of viral RNA at each fraction
was measured by annealing with 750 cpm of MLV
[3H]cDNA.
The percentage of cDNA hybridized was converted

to actual amounts of viral RNA, using a standard
curve which was established by determining the per-
centage of input cDNA hybridized as a function of the
amount of 70S viral RNA extracted from purified
virions, and added to the annealing reaction.

For treatment of polyribosomes with EDTA, 1.5
mM MgCl2 in RSB was replaced with 3 mM EDTA.
Non-polyribosomal fraction (free cytoplasm) was ob-
tained by collecting the layer above the sucrose cush-
ion after ultracentrifugation.
Treatment of cultures with CH. Cultures were

treated with 10 yg of CH (Sigma) per ml in EM
supplemented with 10% calf serum. Cells were infected
30 min after treatment. The drug remained during and
up to 3 h after infection. At the end of the treatment,
cultures were washed three times with EM, either
harvested or supplemented with fresh medium, and
further incubated for 24 h.
RNA extraction. RNA extraction was adapted,

with minor modifications, from procedures previously
described by Fan and Baltimore (10). All steps were
performed at room temperature, unless otherwise in-
dicated.

Cell fractions (total cytoplasm, polyribosomes, and
free cytoplasm) were suspended in 0.5 ml of DNase
buffer (500mM NaCl, 50mM MgCl2, and 50mM Tris-
hydrochloride, pH 7.2) and treated with 50 tg of
DNase I (Sigma) per ml for 45 min at room tempera-
ture. A 1.5-ml amount of pronase buffer (0.1 M NaCl,
1 mM EDTA, and 5 mM Tris-hydrochloride, pH 7.4)
was added, and the fractions were treated with Pro-
nase P (Serva GMBH, Heidelberg, Germany) at a
concentration of 100 ,ug/ml for 18 h at room tempera-
ture. RNA was extracted three times with water-sat-
urated phenol and a mixture of chloroform-isoamyl
alcohol (24:1) as described above for cDNA extraction.
The aqueous phase was adjusted to 0.1 N NaCl, and
RNA was precipitated with 2.5 volumes of ice-cold
ethanol. After storage overnight at -20°C, the RNA
was pelleted by centrifugation at 27,000 x g for 30 min
and resuspended in 0.lx SSC. The concentration of
RNA was determined by measuring the Am in a
Gilford spectrophotometer. Ano was also determined.
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Only RNA samples showing a ratio of at least 1.8:1 in
the readings at A2N0/A28o, respectively, were used for
hybridization studies.

Since we used no internal standard for estimating
the extraction efficiency during our extraction proce-
dure, and assuming that the extraction efficiency is
identical for all the cellular fractions used in our study,
we expressed our results as nanograms of viral RNA
per microgram of total RNA.

Nucleic acid hybridization. Viral RNA in cellular
fractions was estimated by hybridizing RNA samples
to about 600 cpm of [3H]cDNA for 42 h at 68°C, as
described by Salzberg et al. (31). The extent of hybrid-
ization was determined by the amount of [3H]cDNA
protected from Si nuclease digestion, as described
previously (31). The amount of virus-specific RNA in
each sample was computed from a standard curve,
established as described above.

Size analysis of viral RNA in exogenously in-
fected NIH/3T3 cells. Purified polyribosomal RNA
(usually 1.5 A260 units) was dissolved in 0.lx SSC and
heated for 2 min at 80°C to dissociate RNA aggregates.
The sample was quickly cooled and applied to an
exponential 15 to 30% (wt/wt) sucrose gradient in
NTE. Centrifugation was performed at 4°C for 5 h at
115,000 x g in a Spinco SW41 rotor.

Fractions of 0.4 ml were collected from the bottom
with a peristaltic pump, and the Ams was determined.
E. coli tRNA (10 ,ug/ml) was added to each fraction,
and RNA was precipitated with 2.5 volumes of ethanol,
as described above. The amount of viral RNA was
determined by annealing to viral [3H]cDNA.

Sedimentation values were calculated from 18S and
28S rRNA and 4S RNA, obtained from the absorbance
profile of each gradient.

Fractionation of RNA on oligo(dT)-cellulose.
Oligodeoxythymidylate [oligo(dT)]-cellulose was ob-
tained commercially (Collaborative Research, Wal-
tham, Mass.). RNA was dissolved in 0.1x SSC at a
concentration of 3 A260 units and was applied to a
column containing 300 mg of oligo(dT)-cellulose. All
steps were performed at room temperature, as de-
scribed by Aviv and Leder (4).
The column was washed with adsorption buffer (0.5

M KCl, 10 mM Tris-hydrochloride, pH 7.4), and frac-
tions of non-polyadenylated material were collected.
Poly(rA)-containing RNA was eluted from the column
with elution buffer (10 mM Tris-hydrochloride, pH
7.4).
The fractions were analyzed for the amount of RNA

by measuring the A260. Polyadenylated and non-poly-
adenylated RNAs were applied again to the column,
and the same washing procedure was repeated. Frac-
tions containing RNA were pooled, 10 ,ug of E. coli
tRNA per ml was added, and RNA was precipitated
with 2.5 volumes of ethanol.

Viral RNA was determined by hybridization to
[3H]cDNA, as described above.

Before applying the RNA samples, each column
was tested for its validity by running 0.5 A260 unit of
commercial poly(rA) (Collaborative Research):

RESULTS
Detection of virus-specific RNA in poly-

ribosomes early after infection ofNIH/3T3

J. VIROL.

cells with MLV. Previous experiments (33)
have indicated the possibility that the incoming
virus-specific genomes of the murine sarcoma
and leukemia virus complex, early after infection
of a clonal line of mouse 3T6 cells, may function
as mRNA for the synthesis of virus-specific pro-
teins. These findings led us to investigate the
possible function of the parental viral genome in
our system. We used mouse NIH/3T3 fibro-
blasts that were infected with MLV. Polyribo-
somes were isolated from the cells and RNA was
extracted. Virus-specific RNA was detected by
annealing RNA samples with viral [3H]cDNA,
prepared in vitro from purified virions.

Figure 1A represents the binding pattern of
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FIG. 1. Detection of virus-specific RNA in cyto-
plasmic fractions of infected cells early after infec-
tion. NIH/3T3 cells were infected with 2 to 3 PFU of
MLV per cell and collected at different times after
infection, and the cytoplasm was separated from nu-
clei by sedimentation. Polyribosomes were prepared
bypelleting through a 1.5M sucrose cushion, and the
free cytoplasmic fraction was simultaneously col-
lected. RNA was extracted from both the polyribo-
somes (A) and the free cytoplasmic fraction (B), and
the content of virus-specific RNA was determined by
hybridization to viral [3HJcDNA, prepared in vitro
from purified virions. The dashed lines represent the
values obtained in mock-infected cells.
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viral RNA found in the polyribosomes during
the first 4 h after infection. Virus-specific RNA
was detected 1 h after infection; its binding was
maximal at 3 h and subsequently decreased. The
amount of virus-specific RNA present in polyri-
bosomes at 3 h after mock infection was no more
than 0.05 ng/,ug of total RNA.
The free cytoplasmic fraction which did not

include the polyribosomes was simultaneously
examined. This was performed assuming that
the viral genome present in this fraction serves
as a template for the synthesis of proviral DNA
(15, 28, 36) by the RNA-dependent DNA polym-
erase (38).

Figure 1B demonstrates that the amount of
viral RNA was maximal at 1 h after infection
and then decreased, probably as a result of in-
creased binding to polyribosomes, as shown
above. In mock-infected cells the concentration
of viral RNA was not higher than 0.005 ng/pg of
total RNA. These data indicate a possible func-
tion of viral RNA as mRNA early in the infec-
tious cycle of MLV.
Binding properties of virus-specific RNA

to polyribosomes of infected cells. To pro-
vide evidence that the virus-specific RNA de-
tected in polyribosomes is bound in a manner
characteristic for mRNA, the polyribosomal pel-
let derived from cells at 3 h after infection was
divided into two portions. One part was treated
with EDTA to disaggregate polyribosomes and
release bound mRNA molecules. The second
part was suspended in RSB. Both samples were
centrifuged in sucrose gradients, as described in
Fig. 2. The profile thus obtained is shown in Fig.
2A. Each gradient was divided into the polyri-
bosome region (fractions 1 to 21, region I) and
the upper region (fractions 22 to 30, region II).
The fractions from both regions were combined,
and RNA was extracted and annealed to viral
[3H]cDNA.
Most of the virus-specific RNA was detected

in polyribosomes (0.14 ng, I in inset to Fig. 2A),
whereas the remainder (0.015 ng, II in inset to
Fig. 2A) is present presumably as free viral RNA
or viral RNA subunits at the top of the gradient.
Treatment with EDTA dissociated polyribo-

somes .and released virus-specific RNA, which
was displaced towards the top of the gradient
(Fig. 2B), as expected for mRNA. Only 0.01 ng
of viral RNA appeared in the lower region of the
gradient (I in inset to Fig. 2B), whereas the
majority (0.16 ng) was detected at the top (II in
inset to Fig. 2B). Similar results were obtained
in experiments with cells treated with cytosine
arabinoside (33).

Effect of CH on virus production and the
binding properties of viral RNA to polyri-
bosomes of infected cells. It could be argued
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FIG. 2. Effect of EDTA on the binding properties
of viral RNA to polyribosomes of infected cells. Cells
were collected 3 h after infection and divided into two
portions. Polyribosomes wereprepared from one por-
tion by pelleting through a 1.5M sucrose cushion (A).
The other portion was similarly treated except that
Mg2+ was replaced by EDTA in RSB (B). Both frac-
tions were layered on 17 to 40% sucrose gradients,
centrifuged for 80 min at 109,000 x g, fractionated,
andpooled into two regions, I and II, as indicated by
the arrows. The content of virus-specific RNA in each
region was determined by hybridization to viral
[3H]cDNA (insets). O.D.20 nm, Optical density at 260
nm.

that the viral genome of the penetrating virions
is adsorbed non-specifically to the cellular
polyribosome texture and that its displacement
in a sucrose gradient after EDTA treatment
resulted from destruction of this structure. It
was previously shown that CH inhibits the trans-
location process in protein synthesis, thus pre-
serving the preexisting cellular polyribosomes
but preventing the fornation of new polyribo-
somes (7, 19). Based on these findings, NIH/3T3
cells were treated with CH for 30 min before
infection with MLV. The drug remained up to
either 3 or 24 h after infection.

First, the effect of the drug on virus produc-
tion at 24 h after infection was determined. As
shown in Table 1, 95% inhibition in DNA
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TABLE 1. Effect of cycloheximide (CH) on virus
production in NIH/3T3 cells infected with MLVG
Plate eatment HPin % of con-
no.

Tetet croain trol(cpm)
1 Infected; no CH 15,275 100
2 Infected; CH, 0- 764 5

3 h pjb
3 Infected; CH, 0- 305 2

24 h p.i.
4 Uninfected; no 300 2

CH
5 Uninfected; CH 458 3

a NIH/3T3 cells were treated with 10 jg of CH for
30 min before infection with MLV. The drug was
present during infection and up to either 3 h (plate 2)
or 24 h (plate 3) after infection. Plate 4 was mock
infected, without treatment with CH, and plate 5 was
mock infected and treated with CH (for 3 h). The
culture medium was collected 24 h after infection and
assayed for reverse transcriptase activity. Each value
represents an average of three cultures.

b p.i., Postinfection.

polymerase activity is observed in the medium
of the 3-h treated culture (plate 2), as compared
with infected untreated cells. As expected, a
strong inhibition in virus production is also evi-
dent in cultures treated for 24 h with CH.
No cytotoxic effects were found in cultures

treated with CH, as was observed by cell number
determination (unpublished data).

In a parallel experiment, untreated and CH-
treated cells were harvested at 3 h after infec-
tion, and polyribosomes were prepared. RNA
was extracted from the polyribosomal and the
free cytoplasmic fractions, and 15 ,ug of RNA
from each fraction was annealed with a constant
amount of viral [3H]cDNA.

Virus-specific RNA was readily detected in
the polyribosomal fraction of infected untreated
cells, whereas only a small amount was found in
the free cytoplasmic fraction (Fig. 3). However,
in CH-treated cells, most of the viral RNA was
found in the free cytoplasmic fraction. In unin-
fected cultures, either treated or untreated with
CH, almost the same low levels of viral RNA in
both fractions were detected.

Size analysis of virus-specific mRNA
early after infection. To further characterize
the viral RNA molecules bound to polyribo-
somes early in the infectious cycle of MLV, cells
were harvested 3 h after infection and layered
on a sucrose gradient. Fractions were pooled and
annealed to viral [3H]cDNA.

Figure 4 demonstrates two major size classes
of viral RNA present: the larger class of about
38S and an additional class of approximately
23S. These size classes are similar to those de-
tected in polyribosomes of chronically infected

J. VIROL.
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FIG. 3. Effect of CH on the binding properties of

viral RNA to polyribosomes in infected cells. Cells
were treated with CH, infected, and collected 3h after
infection. Cytoplasm was separated from nuclei, and
polyribosomes were prepared as described. RNA was
extracted from thepolyribosomes and free cytoplasm,
and virus-speci[ic RNA was measured by hybridiza-
tion to viral ['HJcDNA. Viral RNA (vRNA) is ex-
pressed as nanograms of virus-specific RNA per mi-
crogram of total RNA.
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FIG. 4. Size analysis of virus-specific mRNA early

after infection. Cells were harvested 3 h after infec-
tion, and polyribosomes were prepared. RNA was
extracted, and 1.5 A2w units were layered on a 15 to
30% sucrose gradient and centrifuged for 5 h at
115,000 x g. Fractions were collected and annealed
with viral [3HJcDNA (-). RNA from polyribosomes
of mock-infected cells served as a control (0). The
locations of 28S and 18S rRNA and 4S tRNA are
indicated.

cells (11). Small amounts of viral RNA with no
definite size classes are detected in uninfected
cells. These viral RNA molecules are heteroge-
neous in size, ranging from 35S to 18S (dashed
line in Fig. 4).
Poly(rA)-containing, virus-specific RNA
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molecules are present in the polyribosomes
early after infection. Several investigators
have reported that the 35S RNA molecules of
retroviruses have several properties character-
istic for mRNA, e.g., poly(rA) at the 3' end (14,
27, 35) and a 5'-terminal methylated cap struc-
ture (12, 17). We investigated the possibility that
the viral RNA molecules present in polyribo-
somes early after infection contain poly(rA) se-
quences.

Purified polyribosomes were prepared from
infected cells at different times after infection.
The extracted RNA was chromatographed
through oligo(dT)-cellulose. Polyadenylated
RNA was annealed to viral [3H]cDNA. Figure 5
shows that polyadenylated viral RNA represents
the same pattern of binding to polyribosomes as
total viral RNA. The maximal amount of poly-
adenylated viral RNA is detected at 3 h after
infection, followed by a decrease at 4 h. No more
than 8% hybridization was obtained when poly-
adenylated RNA extracted from polyribosomes
of uninfected cells at 3 h after mock infection
was annealed with viral [3H]cDNA (see Fig. 5).
Distribution of polyadenylated and non-

polyadenylated viral RNA in the cytoplasm
of MLV-infected NIH/3T3 cells. The finding
that parental viral RNA may serve two separate
functions early after infection of NIH/3T3 cells
led us to investigate the distribution of polyad-
enylated viral RNA between polyribosomes and
free cytoplasm in such cells. RNA was extracted
from purified polyribosomes at 3 h after infec-
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FIG. 5. Poly(rA)-containing, virus-specific RNA
molecules in polyribosomes early after infection. Pu-
rified polyribosomes were prepared from infected
cells at the first 4 h after infection. Three A20 units of
RNA extracted from the polyribosomes pellet were
chromatographed through an oligo(dT)-cellulose col-
umn. The same elution profile was obtained with all
RNA preparations. The polyadenylated RNA was
precipitated with ethanol and resuspended in 200 1I
of O.Ix SSC. A sample of 60 1l was annealed with
viral [3H]cDNA to determine virus specificity. The
value obtained with RNA extracted from uninfected
cells at 3 h after mock infection is shown by the
dashed line.

tion. The RNA was chromatographed twice
through oligo(dT)-cellulose to separate the pol-
yadenylated from the non-polyadenylated RNA.
Each RNA fraction was annealed to viral
[3H]cDNA. RNA present in the free cytoplasm
was similarly analyzed.
As can be seen in Fig. 6, the same distribution

of viral RNA is evident in both fractions; namely,
the majority of viral RNA present in either
fraction was polyadenylated. Very few viral mol-
ecules were non-polyadenylated, and there was
no preference of polyadenylated material to-
wards either fraction. It is interesting to note
that a significant amount of polyadenylated viral
RNA is present in uninfected cells, both in pol-
yribosomal and in free cytoplasmic fractions.

DISCUSSION
Our studies support some earlier reports on

the role of the viral genomne of retroviruses early
in the infectious cycle of the virus. As has been
previously demonstrated (33), our present data
demonstrate that viral RNA binds to ribosomes
during the first few hours after infection, before
the onset of progeny viral RNA synthesis, which
starts only at about 6 h after infection (32, 34).
The binding appears to be specific, since treat-
ment with EDTA causes the release of viral
RNA from polyribosomes. Moreover, infection
in the presence of CH results in the appearance
of a large amount of viral RNA in the free
cytoplasm, with a decreased amount present in
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FIG. 6. Distribution of polyadenylated and non-
polyadenylated viral RNA in cytoplasmic fractions
of infected cells. RNA was extracted from purified
polyribosomes and free cytoplasmic fraction at 3 h
after infection and chromatographed twice through
an oligo(dT)-cellulose column. Non-polyadenylated
(A) and polyadenylated (B) material from both frac-
tions was annealed to [3HJcDNA. Uninfected cells
were mock infected and similarly treated.

01- -I F T -I
-

--

- -i

VOL. 31, 1979 673



674 SHURTZ ET AL.

the polyribosomes. It is interesting to note that
the total amount of viral RNA in the cytoplasm
(polyribosomes and free cytoplasmic fraction) of
infected cells after CH treatment is much higher
than in untreated cells. It could be speculated
that as a result of CH treatment, most of the
incoming viral RNA molecules that do bind to
polyribosomes are not functional. Hence, viral
RNA is not degraded at a rate similar to that of
untreated cells, resulting in the accumulation of
viral RNA in the free cytoplasm.
Another possibility is based on the finding of

Aaronson and Dunn (1), who demonstrated type
C virus induction in mouse cells after treatment
with protein synthesis inhibitors. It could thus
be argued that at least part of the viral RNA
detected in the free cytoplasmic fraction results
from such an induction. However, this possibility
is unlikely. First, we could not find an increased
amount of viral RNA in uninfected cells treated
with CH. Second, when the growth medium of
such cultures was tested for the presence of virus
particles, no such particles were observed (Table
1). Moreover, when the culture medium of in-
fected cells after CH treatment was similarly
tested, strong inhibition of virus production was

observed, as compared with infected untreated
cells (Table 1).
Based on these findings, we conclude that one

of the roles of the viral genome early in the
infectious cycle ofMLV is to serve as messenger

for the synthesis of an early viral protein(s),
although the fact that some viral RNA mole-
cules detected in CH-treated cells originate from
endogenous viral information still cannot be
ruled out.
The nature and biological significance of this

protein is not clear. In the avian system, it has
been demonstrated that Pr 76, the precursor for
the core proteins, is synthesized early in infec-
tion (13). As indicated above, we could demon-
strate that CH, as well as puromycin (unpub-
lished data), even if present only in the first 4 h
after infection of mouse cells with MLV, is suf-

ficient to cause a significant inhibition in both
progeny.yiral RNA synthesis (33) and virus pro-

duction. Assuming that the major site of inhibi-
tion by these drugs is the protein synthesis ma-

chinery (95% inhibition as compared to 20 to
25% inhibition in DNA synthesis; unpublished
data), these results mean that either cellular or

viral protein(s) synthesized early in the infection
is essential for the normal progression of the
infectious cycle. In this respect, it is worth men-

tioning that Roa and Bose (25, 26) have dem-
onstrated that treatment of mouse cells with
ethidium bromide before infection with murine
sarcoma virus results in inhibition of focus for-
mation by the virus. Since the recovery from

this effect is sensitive to protein synthesis inhib-
itors, these authors conclude that cellular pro-
teins are essential early in the infectious cycle of
murine sarcoma virus. Of special interest is the
finding that interferon, which is known to be an
inhibitor of viral protein synthesis, exerts its
inhibitory effect on virus production early in the
infectious cycle, before the onset of progeny viral
RNA synthesis (2).

Since viral proteins are synthesized via spe-
cific viral mRNA molecules (11, 20-22, 40), we
determined the size classes of viral RNA present
in polyribosomes at 3 h after infection. Two
major size classes of 38S and 23S are evident.
Although the possibility that the smaller mole-
cules are breakdown products cannot be ex-
cluded, this is unlikely, since distinct and repro-
ducible size classes are obtained. Moreover,
these classes are identical in size to those de-
tected in mouse cells chronically infected with
MLV (11). It has recently been demonstrated
that 35S, as well as 23S, viral RNA is present in
complete virions and can be translated in cell-
free systems (5, 24; C. J. L. Saris, H. C. M.
Eenbergen, and H. P. J. Blomers, Abstr. Fourth
Int. Congr. Virol., The Hague, The Netherlands,
p. 368, 1978). Thus, the distinct size class mole-
cules that we detected in polyribosomes mostly
represent authentic viral messages.

It has previously been demonstrated that the
viral genome RNA contains poly(rA) sequences
(14, 27, 35). Our studies on the kinetics of the
appearance of poly(rA)-containing viral RNA in
polyribosomes indicate a similarity to the kinet-
ics observed with total viral RNA present in
polyribosomes under the same conditions. These
results mean that most, if not all, viral RNA
present in polyribosomes is polyadenylated.
Some reports indicate a difference in poly(rA)
content of the viral RNA subunits present in
mature virions (16), whereas other reports claim
that all viral subunits contain poly(rA) (18). We
could find no difference in the binding properties
to oligo(dT)-cellulose between viral RNA mole-
cules present in polyribosomes and in the free
cytoplasm at 3 h after infection. Although the
size of the poly(rA) stretch in each case was not
determined, we assume from the similar elution
profiles of both types of RNA that these mole-
cules are identical in respect to their poly(rA)
content. We conclude that no selection of
poly(rA)-containing viral molecules binding to
polyribosomes occurs in our system.
Our studies raise the question of the role of

early viral proteins in the infectious cycle of
retroviruses. Recent reports (6, 29) demon-
strated that viral cDNA prepared in vitro is
infectious. However, the amount used in these
experiments was severalfold higher than that
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anticipated to participate in a normal infection
(about 100 equivalents of viral genome RNA,
which equals about 5 x 10'4 pg [32]). It can be
postulated that under normal conditions a reg-

ulatory protein which may bind to viral DNA
and be essential for elongation, transport, super-

coiling, or integration of such molecules is syn-

thesized in infected cells.
Since progeny viral RNA synthesis was shown

to be inhibited by CH in exogenously infected
cells (33), it is possible that a virus-specific RNA
polymerase subunit is essential for the normal
progression of infection. Additional experiments
are in progress to clarify these alternatives.
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