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An intracellular assay for viral envelope glycoprotein (env) messenger was
employed to analyze the RNA from virus particles of Rous-associated virus type
2. For this assay RNA was microinjected into cells infected by the env-deficient
Bryan strain of Rous sarcoma virus [RSV(-) cells]. Only when the injected RNA
could be translated by the recipient cells to produce viral envelope glycoprotein
was the env deficiency of the RSV(—) cells complemented, enabling them to
release focus-forming virus. RNA in a 218 size fraction from the Rous-associated
virus particle promoted the release of numerous focus-forming virus from RSV(-—)
cells, whereas the major 35S virion RNA species was inactive. The env messenger
activity sedimented as a sharp peak with high specific activity. RNase T1-
generated fragments of virion 35S RNA were unable to promote the release of
infectious virus from RSV(—) cells. Consequently, the active molecule was most
likely to be env messenger which had been encapsulated by the virus particle
from the cytoplasm of infected cells. Approximately 95% of the env messenger
within the virion was associated with the virion high-molecular-weight RNA
complex. The temperature required to dissociate env messenger from the high-
molecular-weight complex was indistinguishable from the temperature required
to disrupt the complex itself. Virion high-molecular-weight RNA that was asso-
ciated with env messenger sedimented slightly more rapidly than the bulk virion
RNA; this was the strongest evidence that the 21S messenger had been encap-
sulated directly from the infected cells. These data are considered along with a
related observation [concerning the prolonged expression of env messenger after
injection into RSV(~) cells] to raise the possibility that virus-encapsulated env

messenger can become expressed within subsequently infected cells.

Retrovirus particles contain two 30-40S RNA
molecules, each of which encodes the entire
virus genome (1, 4, 17). These associate together
within the virion to form a high-molecular-
weight complex (10, 23). In mammalian retrovi-
ruses this complex is stabilized by base pairing
between the two RNA subunits at their 5 ter-
mini (3). This type of association has not yet
been observed in avian leukosis viruses, al-
though it is likely that RNA structure within
mammalian and avian viruses is similar (2).

Cells infected by an avian leukosis virus con-
tain two major virus-specific RNA species. One
is similar if not identical to the 35S molecule
within the virus particle and is believed to func-
tion as messenger for viral core proteins and
polymerase (19, 21, 31). The other molecule
sediments at 21S and contains primarily the
nucleotide sequences of the envelope glycopro-
tein (env) gene (14, 33), which is located in the
3’ half of the 35S molecule (16, 32). The 5’
termini of both cellular RNA molecules contain
identical nucleotide sequences (18, 33), suggest-

ing that the 21S molecule is the product of RNA
processing.

Both the 21S and 35S cellular RNA species
contain the env gene; the technique of microin-
jection was used to demonstrate, however, that
only the 21S molecule could serve efficiently
within the cell as messenger for envelope glyco-
protein. Various size fractions of mRNA from
cells infected by Rous-associated virus type 2
(RAV-2) were microinjected into the cytoplasm
of cells transformed by the env-deficient Bryan
strain of Rous sarcoma virus [RSV(—) cells].
Sarcoma virus particles released by RSV(—)
cells were not infectious because they lacked
envelope glycoprotein (12). When RNA that
could function as env messenger was injected
into the cytoplasm of RSV(-) cells, the env
deficiency was complemented and transforming
virus were released. Only the 21-24S fractions of
mRNA from RAV-2-infected cells efficiently
promoted the release of transforming virus from
RSV (-) cells (27).

RNA from RAV-2 virus particles was also
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analyzed. The predominant 35S virion RNA spe-
cies was inactive as env messenger following
injection into the cytoplasm of RSV(—) cells,
but upon injection into their nuclei, virion 35S
RNA promoted the release of numerous infec-
tious virus from RSV(—) cells. The 35S virion
RNA had apparently been converted within the
nuclei to env messenger (28), suggesting that
21$ env messenger is produced by nuclear proc-
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In contrast to 35S virion RNA, subgenomic
RNA from the virus particle functioned directly
as env messenger upon cytoplasmic injection
into RSV(-) cells (27). Evidence will be pre-
sented here to suggest that the active molecule
was 21S env messenger encapsulated by the
virus particle directly from the infected cell. The
possible implications of this observation are dis-
cussed.

MATERIALS AND METHODS

Cell culture and microinjection. Microinjection
techniques have been described elsewhere (9, 26).
From 200 to 400 RSV(—) cells were injected for each
determination. Culture fluids were collected from in-
jected cells at various intervals for up to 15 h after
injection. The preparation and handling of RSV(-)
cells, focus assay, and antibody neutralization deter-
mination have been described (27). All chicken embryo
fibroblasts used were shown to express no endogenous
viral functions and to be susceptible to subgroups A
and B but not subgroup E viruses (C/E cells). The
titer of RAV-2 virus was determined by end-point
dilution as follows. Chicken embryo fibroblasts were
infected by various dilutions of the sample (in the
presence of DEAE-dextran) and allowed to grow to
confluence before subculture with 5 x 10° RSV(-)
cells. Two days after subculture, fluids were collected
from the plates and assayed for focus-forming virus,
which indicated the presence of helper virus in the
original inoculum. Numerous determinations were
made at each dilution, and the proportion of helper
virus-containing plates at each dilution was used to
determine the RAV-2 titer.

RNA handling. RNA was prepared from RAV-2
(or RAV-7) virus particles collected at 2- to 3-h inter-
vals. For comparison, some virus were collected at up
to 12-h intervals. Virus were purified by isopycnic
centrifugation on 20 to 50% sucrose gradients (in 0.15
M NaCl-10 mM Tris-hydrochloride, pH 7.4) for 12 h
at 25,000 rpm in a Beckman SW27 rotor. RNA was
extracted from the purified virus by treatment with
proteinase K at 2 mg/ml (E.M. Laboratories, Elms-
ford, N.Y.) and 0.5% sodium dodecy! sulfate for 20 min
at room temperature, followed by extraction of the
reaction mixture with phenol-chloroform (1:1) as
described (27). Virion RNA was labeled by adding
[*H]uridine (New England Nuclear Corp., Boston,
Mass.) to infected cells 3 h before virus collection.
Velocity sedimentation of RNA was performed on 15
to 30% sucrose gradients as described (27) for 6.5 h for
denatured and 3.0 to 3.5 h for undenatured virion
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RNA. Ribosomal RNA size markers were sedimented
in parallel gradients. RNA was prepared for microin-
jection by pelleting from an ethanol precipitate for 30
min at 30,000 rpm in a Beckman SW50.1 rotor. The
RNA pellet was similarly washed with 70% ethanol,
then lyophilized and dissolved in 0.15 M KCl. RNA
concentrations ranged from 0.2 to 4.0 mg/ml.

Denaturation of virion RNA was performed imme-
diately before velocity sedimentation in 0.05 M NaCl-
10 mM Tris-hydrochloride-1 mM EDTA-0.2% sodium
dodecyl sulfate (pH 7.4) (0.05 M ETS) at 85°C for 90
s followed by rapid cooling to room temperature. For
partial denaturation, purified 60-70S virion RNA was
dissolved in 0.1 M ETS and heated to 50 to 60°C for
2.5 min, followed by rapid cooling and velocity sedi-
mentation. The messenger activity of virion high-mo-
lecular-weight RNA was compared with denatured
RNA by first dissolving 60-70S RNA in 0.15 M KCl.
Part of the RNA sample was injected into RSV(-)
cells, and the rest was kept at 0°C (approximately 20
min). After injection of undenatured RNA, the unused
RNA was denatured at 100°C for 75 s, rapidly cooled,
and injected into duplicate RSV(—) cells.

RNase T1 (Calbiochem, Somerville, N.J.) was used
to fragment 35S RAV-2 virion RNA that had been
purified twice by velocity sedimentation and analyzed
as described in the text. The RNA was dissolved in
0.15 M NaCl-0.05 M Tris-hydrochloride (pH 7.4)-1
mM EDTA. RNase T1 at 10~° U/ml was added, and
the mixture was incubated at 37°C for 3 to 7 min. The
reaction was stopped by the addition of proteinase K
(2 mg/ml) and sodium dodecyl sulfate (0.5%), and the
mixture was incubated for 10 min at room temperature
before extraction with phenol-chloroform. To produce
fragments of varying sizes the following protocol was
followed. Purified 35S virion RNA was dissolved and
divided into three equal volumes. RNase T1 was then
added at the concentration of 5 X 1073, 1 x 1072, and
5 % 1072 U/ml. The three samples were incubated for
3 min at 37°C, treated with proteinase K and sodium
dodecyl sulfate, and combined prior to phenol extrac-
tion. Polyadenylic acid-containing fragments were
bound to oligodeoxythymidylic acid-cellulose (Collab-
orative Research, Waltham, Mass.) in 0.5 M NaCl
buffer and eluted in the same without NaCl (10 mM
Tris-hydrochloride-1 mM EDTA, pH 7.4). Fragments
were denatured as described above before velocity
sedimentation.

RESULTS

Size of virion env messenger. To determine
the size of env messenger within the virus par-
ticle, heat-denatured RNA from purified RAV-
2 virus particles was fractionated by velocity
sedimentation. A constant proportion of the
RNA in each size fraction of the gradient, from
12S to 35S, was then microinjected into the
cytoplasm of 400 RSV(-) cells. The major 35S
RNA species failed to promote the release of
any focus-forming units (FFU) from the injected
cells, indicating that it had not functioned as
messenger for viral envelope glycoprotein to
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complement the env deficiency of the RSV(—)
cells. RNA in the 218 size fraction, on the other
hand, promoted the release of numerous FFU
from the injected cells (Fig. 1). The data indi-
cated that the active virion env messenger con-
stituted a uniform species with sedimentation
characteristics similar to cellular env messenger.
[The number of FFU released after injections
into RSV(—) cells is directly proportional to the
env ]messenger activity of the RNA injected
271

The virion 21S RNA had a high specific activ-
ity as env messenger (64 FFU/pg of injected
RNA, released within 9 h after injection) in
relation to the most active 21S mRNA fractions
prepared from RAV-2-infected cells (9.6 FFU/
pg [27)). In similar experiments, 21S virion RNA
from another leukosis virus, RAV-7, expressed
messenger activity for envelope glycoprotein, al-
though at a much lower specific activity than
observed with RAV-2. Finally, the infectious
virus released after injections of RAV-2 virion
RNA possessed the antibody neutralization
characteristics of RAV-2 (data not shown); this
indicates that the virion RNA had faithfully
directed synthesis of the envelope glycoprotein
molecule.

Inactivity of RNA fragments. The 218 vir-
ion messenger might be either env messenger
encapsulated directly from the infected cell or a
product of 35S RNA cleavage within the virus
particle. The specific messenger activity (and in
many cases the total messenger activity) of 21S
RNA, however, was consistently greater in RNA
prepared from virus harvested at short intervals
(2 h). The high activity of this RNA, which
would have undergone a minimum of degrada-
tion within the virus particle, argued against
generation of the active molecule by cleavage
within the virion.

Further evidence against generation of the env
messenger within the virion came from the fact
that fragments of virion RNA were inactive as
env messenger. 35S RAV-2 virion RNA was
purified twice by velocity sedimentation to re-
move contaminating 21S env messenger. The
purified 35S RNA was injected into the cyto-
plasm of RSV(-) cells to verify that no detect-
able env messenger activity remained. The RNA
was next injected into the nuclei of RSV (-) cells
to verify that it retained activity as nuclear
precursor to env messenger. The 35S RNA was
then fragmented by RNase T1 as described in
Materials and Methods. Fragments containing
polyadenylic acid, and consequently the env
gene, were selected on oligodeoxythymjdylic
acid-cellulose and fractionated by velocity!sedi-
mentation. RNA in size fractions corresponding
to 24S, 21S, and 18S (Fig. 2) was separately
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concentrated to 1.2 mg/ml and injected into 300,
600, and 300 RSV(-) cells, respectively. In no
case were any FFU released from these injected
cells (Table 1).

As a positive control, 35S RNA that had es-
caped hydrolysis by RNase T1 (Fig. 2) was con-
centrated to 0.75 mg/ml and injected into the
nuclei of 300 RSV(-) cells; 610 infectious virus
were released. Since this 35S RNA was obtained
from the same hydrolysis reaction and the same
sucrose gradient as the fragments described
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F16. 1. Size of env messenger in denatured virion
RNA. Total *H-labeled RNA from purified RAV-2
virus particles was denatured and fractionated by
velocity sedimentation. A given volume of each frac-
tion, from 8 to 14, was concentrated to 2.5 ul and
microinjected into 400 RSV(—) cells. env messenger
activity sedimented as a sharp, 21S peak as indicated
by the number of FFU released; the major 35S virion
RNA species was inactive. Fewer than five RAV-2
virus were released after any injection. The RNA
injected for fraction 13 was 0.2 mg/ml.
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F1G. 2. Size distribution of virion RNA fragments.
35S RNA from purified, [*H]uridine-labeled RAV-2
virus particles was twice purified and analyzed for
biological activity as described in the text. The RNA
was then divided into three parts and treated with
varying concentrations of RNase T1 to yield a broad
range of fragment sizes (see Materials and Methods).
Polyadenylic acid-containing fragments were then
selected on oligodeoxythymidylic acid-cellulose and
frdctionated by velocity sedimentation. RNA in the
small peak at 358 represents virion RNA that had
escaped hydrolysis.
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TABLE 1. Inactivity of RNA fragments as env

messenger
Frag- RNA No.of Injec- No.of
ment Prepn® concn injec- tion virus
size (mg/ml) tions  site’ released

188 A 1.2 300 C 0
218 A 1.2 600 C 0
248 A 1.0 300 C 0
35S° A 0.75 300 N 610
16-24S B 1.2 400 C 0
15-25S8 C 0.5 400 C 0
15-26S D 2.0 350 C 0
218 E 0.5 300 C 0

° Purified 35S RAV-2 virion RNA was hydrolyzed
by varying concentrations of RNase T1 (preparation
A; see legend Fig. 2), or by 107% U of RNase T1 per ml
(preparations B and C). Fragments in preparations A
and B were passed over oligodeoxythymidylic acid-
cellulose. All RNA preparations were fractionated by
velocity sedimentation. If only one fraction was used
as the source for injected RNA, the sedimentation
value of that fraction is listed. If more than one frac-
tion was used as the source of injected RNA, the
inclusive sedimentation values are given. Preparations
D and E were hydrolyzed by homogenates of HeLa
cells in 0.1 M KCl-10 mM Tris-hydrochloride (pH
74).

® Injections were performed into the nucleus (N) or
cytoplasm (C) of RSV(-) cells.

35S RNA was that which had escaped hydrolysis
by RNase T1.

above, the inactivity of the fragments must not
have resulted from handling of the RNA. It is
calculated that if as many 35S RNA molecules
had been injected into nuclei as there were 21S
RNA fragment molecules injected into the cy-
toplasm (in the experiment described above)
approximately 10* infectious virus would have
been released. The specific activity of the 35S
RNA injected into the nucleus was high (100
FFU/pg) in comparison to 21S env mRNA prep-
arations within the cytoplasm (despite the fact
that only about one-third of the 35S molecule
can be converted into env messenger). In other
experiments, RNase T1 fragments of 35S RAV-
2 virion RNA in varying concentrations and size
ranges, and without selection on oligodeoxythy-
midylic acid-cellulose, were inactive as env mes-
senger (Table 1).

A similar result has been reported in which
mild alkaline hydrolysis of 35S RAV-2 virion
RNA was shown to be ineffective in generating

env messenger (28). In addition, total cytoplas- -

mic nucleases from HeLa cells were used to
cleave 35S virion RNA without the generation
of detectable env messenger (Table 1).
Although random in vitro fragmentation of
35S RAV-2 virion RNA by either chemical or
enzymatic techniques did not generate RNA

J. VIRoOL.

that could function as env messenger within
RSV(-) cells, it is possible that specific cleavage
of 35S RNA within the virion could generate
env messenger. Even specific fragments, how-
ever, would have to function actively without
the 5’ leader sequence normally found in env
messenger (18, 33), and would appear within the
cell without a 5’ cap structure.

env messenger in the high-molecular-
weight virion RNA complex. Undenatured
RNA from RAV-2 virus particles was fraction-
ated by velocity sedimentation to display the
virion high-molecular-weight 60-70S RNA. A
constant proportion of RNA in each size fraction
from 15S to 70S was microinjected into RSV (-)
cells. The release of infectious virus indicated
the env messenger content of each fraction. Ap-
proximately 95% of the env messenger activity
was associated with 60-70S RNA. A small
amount of free 21S messenger was observed, but
no activity was associated with 35S RNA (Fig.
3). The env messenger was stably associated
with high-molecular-weight RNA, because
ethanol precipitation and refractionation of the
60-70S RNA did not promote the release of 21S
env messenger.

Thermal dissociation of env messenger
from virion RNA. To characterize the bond
stabilizing 21S env messenger within the virion
high-molecular-weight complex, its thermal sta-
bility was determined. RAV-2 virion 60-70S
RNA was collected from a sedimentation gra-
dient, heated to various temperatures (from 50
to 60°C in 0.1 M NaCl), and refractionated by
velocity sedimentation. As high-molecular-
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F16. 3. Sedimentation characteristics of env mes-
senger in undenatured virion RNA. Undenatured
RNA from purified RAV-2 virus particles was frac-
tionated by velocity sedimentation. Every second
fraction from the resulting gradient was combined
with the one just before it, and a given volume of the
combined fractions was then concentrated to 4 pl,
denatured, and microinjected into 250 RSV(-) cells.
3H-labeled RNA in the high-molecular-weight region
(fractions 6-11) promoted the release of approxi-
mately 20-fold more infectious virus than that in the
218 region (fractions 14-17). No virus were released
upon injection of RNA in the 358 region (fractions
12-13) or below 188 (fractions 18-19). The RNA in-
Jected for fraction 8-9 was 4 mg/ml.
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weight RNA is denatured, its sedimentation
value shifts abruptly from 60-70S to 35S (6), so
that the ratio of RNA in these two regions of
the sedimentation profile indicated the extent of
denaturation of the RNA complex. The extent
of release of env messenger from high-molecular-
weight RNA was determined by microinjection.
RNA in three regions of the gradient (60-70S,
35S, and 21S; see Fig. 4) was microinjected into
RSV(-) cells. The number of FFU subsequently
released indicated the relative proportion of env
messenger in each gradient region.

The thermal stability of the env messenger
within the virion RNA complex was shown to be
nearly identical to that of the complex itself. At
50°C the virion RNA complex was stable and
over 95% of the env messenger remained asso-
ciated with the 60-70S RNA. RNA treated at
58°C was almost totally disrupted, and 95% of
the RNA sedimented at 35S or less. In this
gradient all env messenger sedimented in the
218 region. When the virion RNA was treated
at intermediate temperatures, the RNA ratio
(60-70S RNA:35S RNA) roughly equaled the
ratio of messenger activity (60-70S activity:21S
activity). Figure 4 presents the profile of high-
molecular-weight RNA heated to 54°C. Approx-
imately 30% of the RNA had been converted
from 60-70S to 35S, and 22% of the messenger
activity sedimented at 21S. No activity was re-
producibly identified with the 35S regions of
these gradients, indicating that there were no
intermediates in the conversion of high-molec-
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F1G6. 4. Thermal stability of env messenger in the
virion RNA complex. 60-70S RAV-2 virion RNA (la-
beled with [*H]uridine) was heated to 54°C prior to
fractionation by velocity sedimentation. The resulting
RNA profile indicated that only part of the high-
molecular-weight RNA had been denatured. A con-
stant proportion of RNA in the high-molecular-
weight (A), 35S (B), and 21S (C) regions of the gra-
dient (as indicated by brackets) was then microin-
Jected into 350 RSV(-) cells. env messenger had been
only partially dissociated from the virion high-molec-
ular-weight complex, as indicated by virus released
from injected cells.
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ular-weight messenger to free 21S messenger.

These results indicate that the bond holding
env messenger within the virion RNA complex
was similar if not identical to the bond that
stabilized the virion complex itself. This bond
might have involved the 5’ terminus of the env
messenger, which was identical to that of the
35S virion RNA subunits (and in mammalian
virus is known to play a central role in stabili-
zation of the virion RNA complex [2, 3]). Alter-
nately, the 21S env messenger might have been
physically entrapped by the high-molecular-
weight complex and released only as the complex
was disrupted. In either case it is apparent that
the env messenger and the virion RNA complex
were in intimate contact.

Size of the env messenger-containing vir-
ion RNA complex. The association of 21S env
messenger with the virion high-molecular-
weight RNA complex is likely to alter the sedi-
mentation characteristics of the latter. To test
this possibility, undenatured RAV-2 virion RNA
was fractionated by velocity sedimentation.
High-molecular-weight RNA in the most rapidly
and the most slowly sedimenting regions of the
resulting profile were then separately refraction-
ated by a second sedimentation step (Fig. 5).
Finally, the most rapidly and the most slowly
sedimenting regions of the second high-molecu-
lar-weight RNA profiles were prepared in equal
concentrations (approximately 1.5 mg/ml) and
each was injected into 400 RSV(-) cells (Fig. 5).
The rapidly sedimenting RNA contained pro-
portionately more env messenger and promoted
the release of 192 FFU, whereas the slowly sed-
imenting RNA promoted the release of only 6
FFU.

The factors that influence sedimentation char-
acteristics of virion high-molecular-weight RNA
are not known, but it is likely that more rapidly
sedimenting RNA complexes contain more
RNA. On this basis the association of env mes-
senger with rapidly sedimenting virion RNA
complexes constitutes strong evidence that the
active RNA did not arise by cleavage within the
virus particle (since cleavage could not increase
the RNA content of the virion high-molecular-
weight complex).

Translation of high-molecular-weight
virion RNA. Determination was finally made
of the availability for translation of env messen-
ger RNA within the virion high-molecular-
weight complex. 60-70S RAV-2 virion RNA was
microinjected into RSV(—) cells either without
or just after denaturation (100°C for 75 s in 0.15
M KCl). At best, denaturation resulted in only
a three- to fivefold increase in the number of
infectious virus released after injections of the
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F16. 5. Fractionation procedures for virion RNA.
(A) Total (*H-labeled) RNA from purified RAV-2
virus particles was fractionated by velocity sedimen-
tation (toward the left). RNA in the high-molecular-
weight regions indicated by brackets was then refrac-
tionated. The most slowly (B) and most rapidly (C)
sedimenting RNA in the resulting gradients (indi-
cated by brackets) was then prepared in equal con-
centrations, denatured, and injected into 400 RSV(—)
cells. The rapidly sedimenting RNA consistently pro-
moted the release of from 10- to 20-fold more infec-
tious virus than the slowly sedimenting RNA.

otherwise identical RNA preparations. Associa-
tion with the virion complex did not preclude
the translation of microinjected RNA. This re-
sult might have been due to general dissociation
of the RNA complex within the cytoplasm of
infected cells, since helper virus constituted ap-
proximately 60% of the infectious virus released
after injection of either denatured or undena-
tured 60-70S RNA. Studies by Cheung et al. (7)
suggest that only 35S RNA is directly encapsu-
lated into the virus particle. If so, the injected
RNA complex was dissociated by the cell into
35S subunits, which were then encapsulated to
form RAV-2 viruses.

DISCUSSION

RNA present in the avian leukosis virus par-
ticle expresses activity as viral envelope glyco-
protein messenger. This observation is signifi-
cant because the major 35S virion RNA species
is totally inactive as env messenger. The evi-
dence reported here suggests that the active
RNA molecule within the virion is 21S env mes-
senger (27) encapsulated by the virus particle
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directly from the infected cell. First, the virion
molecule displayed physical and biological char-
acteristics similar to the cellular species; the
virion-associated messenger activity sedimented
as a discrete species at 21S and promoted the
same time course of infectious virus production
after injection into RSV(-) cells as did env
messenger from infected cells (unpublished
data). Second, in these experiments translation
was carried out by intact cells, and the product
had to be biologically active to be observed.
Only a natural messenger molecule would be
expected to function properly in this system.
Third, only 35S and 21S RNA species within
infected cells contain env-specific sequences (14,
33). 21S env messenger could therefore appear
within the virion either by direct encapsulation
of 21S RNA or by cleavage of 35S RNA within
the virus particle. Repeated attempts to gener-
ate active env messenger by in vitro fragmenta-
tion of 35S virion RNA by enzymatic and chem-
ical means, however, have failed. Finally, rapidly
sedimenting virion high-molecular-weight RNA
was associated with proportionately more env
messenger than slowly sedimenting virion RNA
as further evidence against generation of the
active virion messenger by fragmentation of 35S
virion RNA.

The inactivity of fragments of 35S virion RNA
after injection into RSV(—) cells is in contrast
to the results reported with cell-free translation.
Purchio et al. (22) found that 218, polyadenylic
acid-containing fragments of sarcoma virion
RNA (generated by RNase T1) were active in a
rabbit reticulocyte cell-free translation system
and directed the synthesis of the 60K (presump-
tive src) protein. The fact that these fragments
were translated well in the reticulocyte cell-free
system, but similar fragments of RAV-2 virion
RNA were not translated upon microinjection
into living RSV(—) cells, suggests that RNAs
that would not normally function within a living,
homologous cell may be translated by a heter-
ologous cell-free system.

It has been shown that RNAs other than viral
30-40S RNA can be encapsulated into retrovirus
particles (5, 15). This work demonstrates that an
mRNA molecule that contains viral-specific se-
quences is'selectively encapsulated by the virus
particle and becomes associated in a highly spe-
cific way with the virion high-molecular-weight
RNA complex. The virion high-molecular-
weight complex is composed of two 35S RNA
subunits, viral RNA-dependent DNA polymer-
ase (30) and the primer (6, 20, 24) for DNA
synthesis (which is located near the 5’ terminus
of the 35S subunit [11, 29]). Viral DNA synthesis
initiates near the 5’ terminus of virion RNA,
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proceeds to the 5’ terminus, and then continues,
beginning at the 3’ terminus of the 35S RNA
subunit (8, 13, 25). Ninety-five percent of the
env messenger in RAV-2 virus particles is asso-
ciated with this complex by a bond whose ther-
mal stability is indistinguishable from that
which stabilized the virion complex itself.

It is not known how the messenger-containing
virion RNA complex might be arranged;
whether the 21S molecule is trapped within the
complex or displaces one of the subunits in some
intermolecular bonds. Whatever the case, it is
apparent that the 21S molecule is intimately
associated with the virion RNA. Since env mes-
senger from the cell contains both the 5’ and 3’
termini of virion 35S RNA, if it were encapsu-
lated into the virus particle in close association
with the high-molecular-weight complex, it
might become involved in initiation and/or con-
tinuation of viral DNA synthesis, leading to the
production of a subgenomic provirus. The re-
sulting DNA might contain only nucleotide se-
quences of the env message; but since this would
include the 5’ and 3’ termini of 35S virion RNA,
it would presumably possess the information
necessary for integration into host chromosomes
and subsequent transcription into env messenger
in the absence of other viral sequences.

Evidence that env messenger is encapsulated
into the virus particle and becomes closely as-
sociated with the virion RNA complex might be
helpful in understanding the long-term expres-
sion of env messenger after injection into
RSV(-) cells. When 21S env messenger from
RAV-2-infected cells was injected into RSV (—)
cells, a peak in the rate of release of transforming
virus was observed at 9 h, followed by a sharp
decline, as expected for a phenomenon depend-
ent upon a messenger with a relatively short
half-life. The rate of infectious virus release did
not decline to zero, however, but plateaued after
approximately 2 days and began to increase for
the next 36 h. At no time were helper virus
produced by the culture, indicating that no
known genetic manipulation could duplicate the
phenomenon (27).

It is possible that some of the env messenger
injected into RSV(-) cells became encapsulated
into virus particles which then infected neigh-
boring cells so as to produce a subgenomic, env-
containing provirus as postulated above (which
then became integrated and expressed by the
cell). It may even be possible for a host messen-
ger to acquire viral sequences sufficient to allow
its participation in a similar phenomenon, re-
sulting in gene duplication or constitutive
expression of a random host function which
could lead to cell transformation.

RAV-2 VIRION env MESSENGER 955

ACKNOWLEDGMENTS

I express particular gratitude to H. Hanafusa, in whose
laboratory this work was performed, for advice and criticism
throughout this work. I also thank V. G. Allfrey for making
available the equipment to perform microinjection, W. S.
Hayward for many helpful discussions, and Grace Burke for
technical assistance.

This work was supported by Public Health Service grant
CA-14935 from the National Cancer Institute and by grant
VC-225 from the American Cancer Society.

LITERATURE CITED

1. Beemon, K., P. Duesberg, and P. Vogt. 1974. Evidence
for crossing-over between avian tumor viruses based on
analysis of viral RNAs. Proc. Natl. Acad. Sci. U.S.A.
71:4254-4258.

2. Bender, W., Y.-H. Chien, S. Chattopadhyay, P. K.
Vogt, M. B. Gardner, and N. Davidson. 1978. High-
molecular-weight RNAs of ARK, NZB, and wild mouse
virus and avian reticuloendotheliosis virus all have sim-
ilar dimer structures. J. Virol. 25:888-896.

3. Bender, W., and N. Davidson. 1976. Mapping of poly(A)
sequences in electron microscope reveals unusual struc-
ture of type C oncornavirus RNA molecules. Cell 7:
595-607.

4. Billeter, M. A., J. T. Parsons, and J. M. Coffin. 1974.
The nucleotide sequence complexity of avian tumor
virus RNA. Proc. Natl. Acad. Sci. U.S.A. 71:3560-3564.

5. Bishop, J. M., and H. E. Varmus. 1975. Molecular
biology of RNA tumor viruses, p. 3-48. In F. F. Becker
(ed.), Cancer, vol. 2. Plenum Press, New York.

6. Canaani, E., and P. Duesberg. 1972. Role of subunits of
60-70S avian tumor virus ribonucleic acid in its tem-
plate activity for the viral deoxyribonucleic acid polym-
erase. J. Virol. 10:23-31.

7. Cheung, K.-S,, R. E. Smith, M. P. Stone, and W. K.
Joklik. 1972. Comparison of immature (rapid harvest)
and mature Rous sarcoma virus particles. Virology 50:
851-864.

8. Collett, M. S., and A. J. Faras. 1976. Evidence for
circularization of the avian oncornavirus RNA genome
during proviral DNA synthesis from studies of reverse
transcription in vitro. Proc. Natl. Acad. Sci. U.S.A. 73:
1329-1332. .

9. Diacumakos, E. G. 1973. Methods for micromanipulation
of human somatic cells in culture, p. 287-311. In D. M.
Prescott (ed.), Methods in cell biology, vol 7. Academic
Press, New York.

10. Duesberg, P. H. 1968. Physical properties of Rous sar-
coma virus RNA. Proc. Natl. Acad. Sci. U.S.A. 60:1511-
1518.

11. Faras, A. J. 1975. The methionyl transfer RNAs of Rous
sarcoma virus. Virology 63:583-588.

12. Hanafusa, T., T. Miyamoto, and H. Hanafusa. 1970. A
type of chick embryo cell that fails to support formation
of infectious RSV. Virology 40:55-64.

13. Haseltine, W. A, A. M. Maxam, and W. Gilbert. 1977.
Rous sarcoma virus genome is terminally redundant:
the 5’ sequence. Proc. Natl. Acad. Sci. U.S.A. 74:989-
993.

14. Hayward, W. S. 1977. Size and genetic content of viral
RNAs in avian oncornavirus-infected cells. J. Virol. 24:
47-63.

15. Ikawa, Y., J. Ross, and P. Leder. 1974. An association
between globin messenger RNA and 60S RNA derived
from Friend leukemia virus. Proc. Natl. Acad. Sci.
U.S.A. 71:1154-1158.

16. Joho, R. H., M. A. Billeter, and C. Weissmann. 1975.
Mapping of biological functions on RNA of avian tumor
virus. Proc. Natl. Acad. Sci. U.S.A. 72:4772-4776.

17. Kung, H.-J., J. M. Bailey, N. Davidson, M. O. Nicol-



956

18.

19.

21

STACEY

son, and R. M. McAllister. 1975. Structure, subunit
composition, and molecular weight of RD-114 RNA. J.
Virol. 16:397-411.

Mellon, P., and P. H. Duesberg. 1977. Subgenomic,
cellular Rous sarcoma virus RNAs contain oligonucle-
otides from the 3’ half and 5’ terminus of virion RNA.
Nature (London) 270:631-634.

Naso, R. B, C. S. Wang, S. Tsai, and R. B. Arling-
haus. 1973. Ribosomes from Rauscher leukemia virus-
infected cells and their response to Rauscher viral RNA
and polyuridylic acid. Biochem. Biophys. Acta 324:346-

.Pnnert,A.,W A. Haseltine, D. Baltimore, G. Peters,

F. Harada, and J. E. Dahlberg. 1975. Specific binding

of tryptophan transfer RNA to avian myeloblastosis

virus RNA-dependent DNA polymerase (reverse tran-

scriptase). Proc. Natl. Acad. Sci. U.S.A. 72:2535-2539.
Paterson, B. M., D. J. Marciani, and T. S. Papas. 1977.

Cell-free synthesis of the precursor polypeptide for

avian myeloblastosis virus DNA polymerase. Proc.
Natl. Acad. Sci. U.S.A. 74:4951-4954.

. Purchio, A. F., E. Erickson, J. S. Brugge, and R. L.

Erickson. 1978. Identification of a polypeptide encoded
by the avian sarcoma virus src gene. Proc. Natl. Acad.
Sci. U.S.A. 75:1567-1571.

. Robinson, W. 8., A. Pitkanen, and H. Rubin. 1965.

The nucleic acid of the Bryan strain of Rous sarcoma
virus: purification of the virus and isolation of the
nucleic acid. Proc. Natl. Acad. Sci. U.S.A. 54:137-144.

. Sawyer, R. C,, F. Harada, and J. E. Dahlberg. 1974.

Virion-associated RNA primer for Rous sarcoma virus
DNA synthesis: isolation from uninfected cells. J. Virol.
13:1302-1311.

. Schwartz, D. E., P. C. Zamecnik, and H. L. Weith.

29.

3L

J. VIRoL.

1977. Rous sarcoma virus genome is terminally redun-
dant: the 3’ sequence. Proc. Natl. Acad. Sci. U.S.A. 74:
994-998.

Stacey, D. W, and V. G. Allfrey. 1976. Microinjection
studies of duck globin messenger RNA translation in
human and avian cells. Cell 9:725-732.

Stacey, D. W., V. G. Allfrey, and H. Hanafusa. 1977.
Microinjection analysis of envelope-glycoprotein mes-
senger activities of avian leukosis viral RNAs. Proc.
Natl. Acad. Sci. U.S.A. 74:1614-1618.

Staeey, D. W., and H. Hanafusa. 1978. Nuclear conver-
sion of microinjected avian leukosis virion RNA into an
envelope—glyeoprotem messenger. Nature (London)
273:779-782

Taylor, J. M., and R. Illmensee. 1975. Site on the RNA
of an avian sarcoma virus at which primer is bound. J.
Virol. 16:553-558.

Temin, H. M., and D. Baltimore. 1972. RNA-directed
DNA synthesis and RNA tumor viruses. Adv. Virus
Res. 17:129-186.

von der Helm, K., and P. H. Duesberg. 1975. Transla-
tion of Rous sarcoma virus RNA in a cell-free system
from ascites Krebs II cells. Proc. Natl. Acad. Sci. U.S.A.
72:614-618.

. Wang, L.-H., P. H. Duesberg, S. Kawai, and H. Han-

afusa. 1976. Location of envelope-specific and sarcoma-
specific oligonucleotides on RNA of Schmidt-Ruppin
Rous sarcoma virus. Proc. Natl. Acad. Sci. U.S.A. 73:
447-451.

Weiss, 8. R., H. E. Varmus, and J. M. Bishop. 1977.
The size and genetic composition of virus-specific RNAs
in the cytoplasm of cells producing avian sarcoma-leu-
kosis viruses. Cell 12:983-992.



