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The small RNAs contained in virions of avian leukosis and sarcoma viruses are
a virus-specific subset of the total small RNA population of the host cell. The
reverse transcriptase protein must be present in the budding virion for this
selection to take place. Virions of the a form of the Bryan strain of Rous sarcoma
virus, which lack detectable reverse transcriptase, incorporated an unselected
population of small RNAs identical to total chicken cell small RNA. Virions of
reticuloendotheliosis virus, which contain a reverse transcriptase unrelated to
that of the avian leukosis and sarcoma viruses, contained a distinctly different
population of small RNAs although both the avian leukosis and sarcoma and the
reticuloendotheliosis viruses were grown in chicken cells. Because the primer for
avian leukosis and sarcoma virus RNA-dependent DNA synthesis is a host cell
tRNA, the differences in reverse transcriptase small RNA selection may help
explain the failure of different species of retrovirus to complement for the reverse
transcriptase.

Virions of Rous sarcoma virus (RSV) contain
two major size classes of RNA: a 70S genomic
RNA and a mixture of 4 to 7S RNA species. The
majority of the small-sized RNAs in the virion
are not associated with the 70S complex when
RNA is extracted from virions with sodium do-
decyl sulfate alone or with phenol (1-3, 7, 8, 12,
37). The 70S RNA itself is a complex of two
identical 35S subunits that can be dissociated
upon heating. Heat denaturation also releases
small amounts of 4 to 7S RNAs from the 70S
complex (10, 14, 37).'One of the 70S-associated
small RNAs has been identified as the major
primer for in vitro RNA-dependent DNA syn-
thesis catalyzed by the viral reverse transcrip-
tase (6, 13, 15). The virion small RNAs can be
separated into about 10 discrete species by two-
dimensional (2-D) polyacrylamide gel electro-
phoresis (23, 37). Nucleotide sequence analysis
of individual species of 4 to 7S RNA isolated in
this manner has shown them to be identical to
molecules found in normal chicken cells and led
to the conclusion that both the 70S-associated
and free virion small RNAs are of host rather
than viral origin (11, 21, 38). One of these RNAs
acts as the major primer in vitro for the reverse
transcriptase of avian leukosis and sarcoma vi-
ruses (ALSV) and has been identified as a cel-
lular tryptophanyl tRNA (tRNATRP) (21). The
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small RNAs present in virions, however, are not
a random population of host cell small RNAs.
Rather, the major species of small RNA pack-
aged into RSV virions are a very specific subset
of the total host small RNAs (39). However,
little is known about the mechanism by which
only certain host small RNA species are pack-
aged into virions.
Two observations prompted us to examine the

role of the polymerase in the selection of small
RNAs for packaging. First, Panet et al. demon-
strated that when purified avian myeloblastosis
virus polymerase was mixed with total chicken
cell tRNA only tRNATRP was bound in substan-
tial amounts (31). Second, we had observed that
virions of the a form of the Bryan strain of RSV
(BH-RSVa), a polymerase mutant apparently
lacking any polymerase protein (17, 18, 35),
seemed to contain less 4 to 7S RNA in relation
to the 60 to 70S RNA than did the polymerase-
positive BH-RSV (unpublished data).
We shall present evidence in this paper that

the ALSV polymerase molecule is primarily re-
sponsible for determining which small RNAs are
to be packaged and that a different species of
retrovirus when grown on the same cell type
selects different small RNAs.

MATERLALS AND METHODS
Cels and viruses. Chicken embryo cells used in

these studies were obtained from fertile eggs (SPA-
FAS, Inc., Norwich, Conn.). All primary cultures were
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tested for group-specific (gs) antigen and chicken
helper factor (chf) expression and were of the C/E
phenotype (19, 20). Chicken cells (gs'chf+) trans-
formed by BH-RSV(-) were prepared by infection in
the presence of UV-treated Sendai virus as described
by Hanafusa et al. (19, 25). Cultures of BH-RSVa
(polymerase negative)-transformed gs+chf+ chicken
cells were grown from individual soft-agar colonies as
follows. Secondary cultures of chicken embryo cells
(7 x 106 cells in a 100-mm plate) were inoculated with
100, 200, or 400 focus-forming units of BH-RSVa-
Rous-associated virus type 1 (RAV-1). After a 4-h
adsorption, the cells were trypsinized, divided into six
plates, and cultured in soft agar medium containing
antiserum against RAV-1 to prevent the spread of the
helper virus. After 12 to 17 days, individual colonies
were picked from plates containing less than 50 colo-
nies and incubated for 10 to 15 min at room tempera-
ture in 0.1 ml of trypsin-EDTA solution (0.05% tryp-
sin-0.02% EDTA in Tris-saline buffer: 0.025 M Tris-
hydrochloride [pH 7.4]-0.1 M NaCl-0.005 M KCI-
0.003 M NaH2PO4-0.006 M glucose). The ceUs were
then plated on 35-mm plates containing 4 x l0') normal
(gs+chf') chick ceUs. Cultures were kept under soft
agar medium and transferred periodically until they
contained primarily transformed cells. BH-RSVa-
transformed cultures were identified by a lack of in-
fectious transforming virus and virus-associated RNA-
dependent DNA polymerase activity in the culture
fluid and by positive rescue of infectious sarcoma virus
after superinfection with RAV-1 (15, 16). The media,
conditions for tissue culture, and preparation of RAV-
1, RAV-2, and BH-RSVa(RAV-1) pseudotypes have
been described previously (20, 25). RAV-1 and RAV-
2 were grown on gs-chf chicken cells. BH-RSVa is
routinely grown in gs+chf+ chick cells to enable us to
test for low levels of BH-RSV(-) polymerase-positive
contamination by focus assay on quail cells. The focus
assay is much more sensitive than the polymerase
assay. Spleen necrosis virus and reticuloendotheliosis
virus (strain T) (REV-T) were kindly supplied by H.
Temin, University of Wisconsin, Madison, and were
grown on gs-chf chick cells. Spleen necrosis virus and
REV-T stocks were determined to be free from con-
taminating leukosis virus by testing for interference
with BH-RSV pseudotypes of various subgroups.
Polymerase assay. Virus-associated RNA-de-

pendent DNA polymerase activity was determined
with virus pellets obtained by centrifuging 10 ml of
culture fluid in a Beckman type 40 rotor. The reaction
mixture in 0.1 ml contained: 7.5 jug of (rC). (dG)12-18
(7:3), 0.1% Nonidet P-40, 5.0 gLmol of Tris-hydrochlo-
ride (pH 8.3), 2.0 ,umol of NaCl, 1.0 ymol of magesium
acetate (for ALSV) or 0.2 umol of manganese chloride
(for REV), and 500 pmol of [3H]dGTP (500 cpm/
pmol). The reactions were incubated at 37°C for 60
min, and then trichloracetic acid-precipitable radio-
activity was determined.

Preparation of 3'P-labeled RNA. Cultures of the
Schmidt-Ruppin strain of RSV (SR-RSV)-, BH-
RSV-, and BH-RSVa-transformed chicken cells and
RAV-2, REV-T-infected chicken cells were grown in
100-mm plastic culture plates. For 32PO43 labeling the
regular culture medium was replaced with phosphate-
free modified Eagle minimal essential medium con-
taining 1 mCi of 32PO43 per plate and supplemented

with 2% calf serum or 2% fetal calf serum. After 48 h
of phosphate labeling the 32PO43-containing medium
was replaced, and labeling was continued for an addi-
tional 24 h. In some experiments the cells were first
grown in P043--free medium for 24 h prior to the
addition of 32P. In these experiments the first harvest
of 32P-labeled virus was done after 24 h of labeling and
at 24-h intervals thereafter. RNA was prepared im-
mediately from each harvest individually without
pooling, as previously described (37). Briefly, the pu-
rification procedure included a low-speed spin to re-
move cellular debris, a high-speed spin to pellet virus,
banding of the virus in a linear sucrose gradient (10 to
65%), treatment with Pronase and sodium dodecyl
sulfate, phenol extraction, chloroform-isoamyl alcohol
extraction, and ethanol precipitation. In some experi-
ments with virions other than BH-RSVa, the sucrose
gradient step was eliminated and RNA was prepared
directly from pelleted virions. We could detect no
difference in the small RNAs prepared by either pro-
cedure.

70S virion RNA and free small RNAs were prepared
by rate zonal centrifugation in 5-ml or 12-ml 5 to 20%
sucrose gradients in TSE buffer in a Beckman SW50.1
or SW40 rotor, respectively. (TSE = 0.02 M Tris-
hydrochloride [pH 7.2]-0.1 M NaCl-0.001 M EDTA).
2-D polyacrylamide gel electrophoresis. The

virion or celular small RNAs were separated from
each other by a 2-D polyacrylamide gel electrophoresis
technique (23, 37). All gels were run in an EC-470 or
EC-490 cell (E-C Corp., St. Petersburg, Fla.). The first
dimension was subjected to electrophoresis for 3 h at
400 V, 15°C, in a slab of 10% acrylamide (9.5% acryl-
amide, 0.5% N-N'-methylene-bisacrylamide). The
samples were applied in melted agarose to a 1- by 4-
mm slot as discussed below. The buffer was a 0.5x
dilution of the TEB buffer of Peacock and Dingman
(final concentrations: 0.045 M Tris base, 1.4 mM
EDTA, 0.045 M boric acid; pH 8.3). During electro-
phoresis in the first dimension, bromophenol blue dye
was added approximately every 45 min to aid in locat-
ing the RNAs. A strip of gel approximately 10 by 1 cm
or 17 by 1 cm, containing small RNAs, was cut out
and placed in the EC cel at the origin, perpendicular
to the original direction of electrophoresis. Twenty
percent acrylamide (19% acrylamide, 1% N-N'-meth-
ylene-bisacrylamide) was poured around the first di-
mension strip. After polymerization the gel was sub-
jected to electrophoresis for 18 h at 400 V and 15°C
with 0.5x TEB buffer.

Samples were loaded on the gel in a mixture of
buffer and hot (65°C) 2% agarose which then solidified
in the sample slot. Since only RNA molecules about
300 nucleotides long or smaller entered the 10% poly-
acrylamide gel, the larger RNAs were trapped at the
origin by the agarose for quantitation.

After electrophoresis, gels were sealed in plastic,
and the small RNA patterns were visualized by auto-
radiography using Cronex II X-ray film (DuPont).

Quantitation of small RNAs. Individual small
RNAs were located in the 2-D gel by aligning the
autoradiograpm over the gel. The area of the gel
containing the RNA was cut out, and the amount of
radioactivity was determined in a liquid scintillation
counter. Similarly, the amount of radioactivity (in
counts per minute [cpm]) in high-molecular-weight
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(HMW) RNA was determined from the material re-
maining in the sample slot. The number of copies of a
small RNA relative to 70S RNA was calculated from
the formula: number of copies = cpm in spot X/[cpm
in HMW RNA x (number of nucleotides in spot X/
20,000)]. In calculating numbers of copies per virion,
each virion is assumed to contain one 70S RNA of
20,000 nucleotides. In a previous publication (37), this
quantitation was done assuming a 70S RNA of 30,000
nucleotides, which would result in larger estimates of
copy numbers.

RESULTS
To examine the role of the polymerase mole-

cule in the selection of small RNAs we prepared
cultures of gs+chf+ chicken cells transformed by
BH-RSV (polymerase positive) and BH-RSVa
(polymerase negative). The latter cultures re-
lease noninfectious particles lacking the viral
polymerase molecule (17, 18, 35). The cultures
were labeled with 32P in phosphate-free medium,
and the viral RNAs were purified and separated

5S

a. SR-RSV

by 2-D polyacrylamide gel electrophoresis as
previously described (37). 3P-labeled cellular
RNAs were prepared from secondary cultures of
normal chicken embryo fibroblasts also as de-
scribed previously (39). Figure 1 presents the 2-
D gel analysis of the free small RNAs of polym-
erase-positive and polymerase-negative virions.
Figure la shows the typical pattern of small
RNAs from a nondefective avian sarcoma virus,
SR-RSV-B. It is included to show that the gly-
coprotein defect of BH-RSV(-) does not affect
the selection of small RNAs. As can be seen
from Fig. lb, the pattern for BH-RSV is identical
to that of SR-RSV-B and previously published
patterns (37, 39). In addition, quantitation of
individual spots from gels of BH-RSV small
RNAs showed no differences in the amounts of
each small RNA relative to 70S RNA when
compared to those obtained from SR-RSV (37).
The small RNAs from the polymerase-negative
virions of BH-RSVa form a distinctly different

20%

710%

5S

0.*
.:............... .....::

b. BH-RSV po.

-5S

c. BH-RSV pol- d. CK cells

FIG. 1. Small RNAs ofpolymerase-positive andpolymerase-negative virions ofRSV. Uniformly 3P-labeled
RNA was prepared from SR-RSV, BH-RSV, BH-RSVa, and uninfected chicken cells as described in the text.
The 4 to 7S-size RNAs were separated by 2-D polyacrylamide gel electrophoresis. The first dimension
(vertically in the figure) was in 10% acrylamide for 3 h at 400 V and 15°C. The second dimension was in 20%
acrylamide for 18 h at 400 V and 15°C. The arrows indicate a 4S RNA that has been identified as the major
in vitro primer for viral RNA-dependent DNA synthesis (tRNATRP). (a) SR-RSV; (b) BH-RSV; (c) BH-RSVa;
(d) chick cell smaU RNAs.
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pattern (Fig. ic). The autoradiogram contains
numerous spots not seen in the pattern ofpolym-
erase-positive virus and is essentially identical
to that for normal chick cell small RNAs (Fig.
ld). Thus, although BH-RSVa virions do incor-
porate some small RNA it appears that when
the polymerase molecule is absent total cellular
small RNA is packaged in a nonspecific manner.
The spots indicated by the arrow in each figure
were identified as tRNATRp by RNase Ti fin-
gerprint analysis (6, 13, 21, 37) (data not shown).
Whereas tRNATRP is a major species in polym-
erase-positive virions, it is only a minor species
in BH-RSVa, in agreement with a previous es-
timate that tRNATRP accounts for about 2% of
cellular 4S RNA (21).
70S-associated small RNAs. The 70S gen-

omic RNA is a complex of 35S RNA subunits
and a small amount of 4 to 7S RNA. These 70S-
associated small RNAs can be released by heat-
ing. When analyzed by 2-D gel they were found
to be a subset of the small RNAs that can be
found unassociated with 70S RNA (37). That is,
all species found associated with the 70S RNA
are also found in the free small RNA population,
but several species of small RNA are only found
free, never associated with the 70S RNA. Since
the available evidence suggests that all virion
small RNA is free in the particle at the time of
budding and that the 70S-associated small
RNAs become associated with genomic RNA,
perhaps because of sequence homology, during
a maturation process after budding (4, 5), it was
ofinterest to determine what, ifany, small RNAs
were associated with BH-RSVa 70S RNA. 32p_
labeled 70S RNA was purified from BH-RSV
and BH-RSVa, and the associated small RNA
was analyzed by 2-D gels. In this procedure, only
RNA of 7S or smaller enters the 10% acrylamide
first dimension gel (37). The HMW RNA re-
mains at the origin. Figure 2a shows an autora-
diogram of a 2-D gel of BH-RSV 70S-associated
small RNAs. It is identical to the previously
published pattern for SR-RSV (37, 39). The
arrow indicates the primer RNA, tRNATRp,
which is present in about two copies per 70S
RNA. This quantitation was done as described
in Materials and Methods. All the other small
RNAs are present in amounts less than one copy
per 70S RNA. Figure 2b shows the 70S-associ-
ated small RNAs from BH-RSVa. Comparison
of the two autoradiograms shows that all of the
major spots in the 2-D gel of BH-RSV 70S-
associated small RNAs are also found in the
BH-RSVa 70S-associated small RNAs. How-
ever, whereas tRNATRP is the major species of
70S-associated small RNA of BH-RSV, as
judged by the intensity of the spot in the auto-
radiogram and by actual measurement of 32P

cpm in the gel, in BH-RSVa tRNATRP is only a
barely detectable spot on the autoradiogram
(Fig. 2b, arrow). We were unable to prepare
sufficient amounts of BH-RSVa 70S-associated
small RNAs to obtain a reliable estimate of the
number of copies of tRNATRP. Thus, BH-RSVa
genomic RNA has associated with it the same
species of small RNA as does 70S RNA from
polymerase positive virions and is able to select
the "correct" molecules. However, the amount
of tRNATRp relative to other species is greatly
reduced.
Small RNAs of different species. The po-

lymerases of two different species of avian retro-
viruses, the ALSV and the REV, are not closely
related serologically, nor are the REV able to
supply a functional polymerase to BH-RSVa
(16, 24, 26-28, 38). Since it appears that the
polymerase plays a major role in selecting small
RNAs for packaging into virions, retroviruses
having different polymerases might have differ-
ent sets of small RNA. REV was grown on
gs-chf- chicken embryo fibroblasts and thus,
presumably, had the same population of host
small RNAs from which to select the virion
small RNAs. The autoradiograms of 2-D gel
patterns for REV free and 70S-associated small
RNAs are shown in Fig. 3. The patterns for
ALSV and REV free small RNAs are distinct
from each other and distinct from cellular small
RNA. Likewise, the patterns ofALSV and REV
70S-associated small RNAs (Fig. 3b), are quite
distinct from each other. This would be expected
since association of small RNA withHMWRNA
may be due to sequence complementarity, and
the HMW RNAs of these two species show little,
if any, homology (24).

DISCUSSION

Packaged within virions of RSV is a popula-
tion of small RNAs including host cell tRNA, 5S
rRNA, and 7S RNA (1-3, 7, 8, 11, 12, 34, 36).
Most, if not all, cellular tRNA species are prob-
ably incorporated into virions to some extent.
As shown by amino acid-tRNA acylation exper-
iments, virion low-molecular-weight RNA can
be charged with almost every amino acid (29, 33,
36,40,41,43). However, only about eight tRNA's
as well as 5S rRNA and 7S RNA are present in
sufficient quantities to be detected as major
spots in the autoradiograms of 2-D gel electro-
phoresis of 32P-labeled RNA (37). These small
RNAs are of host cell origin but represent a very
specific and reproducible subset of total cellular
small RNA (39). Until now little was known
about the mechanism of this selection process.
Homology with the virion genomic RNA prob-
ably does not play a role in the initial selection,
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FIG. 2. 2-D separation of 70S-associated small RNAs of polymerase-positive BH-RSV and polymerase-
negative BH-RSVa. Uniformly uP-labeled RNA was prepared from BH-RSV and BH-RSVa as described in
the text. 70S RNA was isolated by sucrose gradient centrifugation. The 70S-associated small RNAs were
released by heating (85°C, 3 min) and then analyzed by 2-D polyacrylamide gel electrophoresis as described
in the text and Fig. 1. The arrows indicate tRNATH,e, the major primer molecule for in vitro viral RNA-
dependent DNA synthesis. (a) BH-RSV; (b) BH-RSVa (polymerase negative).

since all the small RNA appears to be free in the
virion right after budding (4, 5). Association of
small RNA with the genomic RNA is thought to
take place concurrent with the conversion to a
70S species, a process that occurs after budding
for tissue culture-grown virus. Likewise, several

small RNAs of RSV are found only free in the
virion, never associated with the 70S RNA (37).
One of the virion small RNAs, a cellular

tRNATRP, is the most abundant small RNA in
ALSV virions and has been identified as the
major primer for in vitro RNA-dependent DNA
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FIG. 3. Small RNAs of REV. Uniformly ;'P-labeled RNA was prepared from virions of REV. The free

small RNAs were separated from 70S RNA by sucrose gradient centrifugation. Free small RNAs and 70S-
associated small RNAs were separated by 2-Dpolyacrylamide gel electrophoresis as described in the text and
Fig. 1. (a) REV free small RNAs; (b) REV 70S-associated smaU RNAs.

synthesis (6, 13, 15, 21, 39). If it serves this
function in vivo, then its presence in the virion
would be a biological necessity, requiring the
virus to develop some mechanism for preferen-
tially packaging a specific tRNA species that
comprises no more than 2% of total cellular
tRNA (21). The data obtained in this study
strongly suggest that this mechanism is specific
binding by the polymerase. Three lines of evi-

dence support this conclusion. First, purified
avian myeloblastosis virus polymerase, when
mixed with total chicken cell tRNA, bound only
tRNATRP, its primer RNA, and a small amount
of tRNAf.met, one of the other six major tRNA
species found in avian myeloblastosis virus and
RSV virions (30). Second, examination of the
small RNAs of virions lacking polymerase pro-
tein revealed both a reduced amount of small
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RNA and nonpreferential packaging oftotal host
cell small RNA. Third, an unrelated species of
avian retrovirus, REV, has a quite different
small RNA composition.
The 2-D gel pattern of small RNAs of BH-

RSV, the polymerase-positive form, were indis-
tinguishable from those of nondefective SR-
RSV-B and D and two different leukosis viruses,
RAV-1 and RAV-2. However, the pattern of the
small RNAs of BH-RSVa resembles not that of
BH-RSVbut total cell tRNA. tRNATRP is one of
the predominant species found in polymerase-
positive virions, whereas it is but a minor com-
ponent in BH-RSVa, no more than is found in
the cell. Thus, in the absence of polymerase
molecules, RSV virions will still package some
small RNA, but this RNA is an unselected mix-
ture of total cellular tRNA. As judged by the
intensity of spots in the autoradiograms, the
amount of 5S RNA relative to 4S RNA is in-
creased in BH-RSVa as compared to BH-RSV
or SR-RSV, more closely resembling the relative
amounts seen in cellular small RNA.
When we examined the 70S-associated small

RNAs of polymerase-positive and polymerase-
negative virions we observed that both popula-
tions contained the same species, but while the
nonprimer-associated small RNAs of BH-RSVa
seemed to be present in about the same propor-
tion as in BH-RSV or SR-RSV, the amount of
primer was greatly reduced. This may be due to
the lack of enrichment of the free small RNAs
for primer such that the very small amount of
primer (about 2% of the BH-RSVa small RNA)
is just not enough to saturate primer binding
sites on the genomic RNA. The defect in BH-
RSVa is unlikely to involve the primer binding
site on the genomic RNA, since BH-RSVa 70S
RNA readily serves as a template for reverse
transcriptase following pseudotype formation
(15, 16).
But what of the other small RNA species? No

role requiring their specific incorporation into
virions has been postulated. Nevertheless, they
are specifically packaged only when the polym-
erase is present, suggesting that the enzyme is
involved in their selection. Whereas the original
polymerase-tRNA binding studies (31) indicated
that the enzyme only bound tRNATRP in vitro,
recent work by Panet and Berliner (30) showed
that under different assay conditions avian my-
eloblastosis virus polymerase will bind other
tRNA's from chicken liver, yeast, or Escherichia
coli. Sequence analysis beyond the RNase fin-
gerprinting stage might reveal some structural
features held in common as a possible explana-
tion. An example is the replacement of the usual
tRNA sequence GrT4iCG with G4/4CG. This se-
quence has been detected so far only in the two

tRNA's that serve as primers for a retrovirus
RNA-dependent DNA polymerase: tRNATRP for
ALSV and tRNAPRO in murine leukemia virus
(MuLV)/murine sarcoma virus (22, 32).
That the packaging of small RNAs is a virus-

controlled process is further substantiated by
the observation that two different species of
avian retroviruses, the ALSV and REV, when
grown in chicken embryo fibroblasts each have
quite different 2-D gel patterns of small RNAs.
A third distinct population of virion small RNAs
is obtained from MuLV. The 2-D gel patterns of
MuLV free and 70S-associated small RNAs are
distinct from those ofALSV or REV. The MuLV
used in these studies was grown on 3T3 cells
(32). However, the 2-D gel patterns of mamma-
lian 4S RNAs (mouse, rat, and human) are vir-
tually indistinguishable from those of avian spe-
cies (39), suggesting that MuLV selects its small
RNA from much the same population of cellular
RNAs as do the avian species. This is consistent
with this process being under virus rather than
cellular control. Further, actinomycin D parti-
cles of MuLV, which lack HMW RNA but do
contain polymerase, still contain the normal
MuLV small RNA population (J. Levin, per-
sonal communication).
Although the primer RNA(s) for the REV is

unknown, it seems unlikely to be tRNATRP since
this is a minor species in this virus. (In the two
viruses where a primer has been identified, the
primer is a major component of the small RNAs
[32, 37]). This represents a possible partial ex-
planation as to why this species, while able to
supply a functional glycoprotein for the avian
sarcoma virus (BH-RSV), is not able to rescue
the polymerase-negative a form (38). REV po-
lymerase might get packaged into BH-RSVa
virions but would not pull in the correct primer,
tRNATRP, making formation of a 70S RNA-en-
zyme-primer complex impossible.
Lack of proper primer molecules cannot be

the whole explanation for the lack of comple-
mentation by different avian retroviruses for
polymerase (38). It is, of course, possible that
REV polymerase is simply not packaged into
BH-RSVa virions, perhaps due to the significant
size difference between the ALSV and REV
enzymes (28).

Studies of rapid (3-min)-harvest virions have
shown a number of changes taking place after
budding: the viral core goes from electron lucent
to electron dense; HMW RNA changes from 40
to 50S to 60 to 70S form; small RNAs associated
with the HMW RNA and its ability to act as a
template for reverse transcriptase increase (4, 5).
This maturation process very well may be the
formation of an HMW RNA-enzyme-primer ini-
tiation complex perhaps in some form as sug-
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gested by Haseltine et al. (22). However, these
results would appear to exclude the primer as a
subunit linker, at least in the case of BH-RSVa,
since these particles do contain a 65 to 70S RNA
structure. Rather than an already hybridized
primer functioning as a 1 7ation marker for the
enzyme, the enzyme may, in fact, play an active
role in positioning the primer and the joining
together of the subunits in a 5'-5' linkage.

ACKNOWLEDGMENTS
We thank Lynn Baldassari for excellent technical assist-

ance and Randie Davidson for help in preparing the manu-
script.

This work was supported by Public Health Service research
grant CA-14935 from the National Cancer Institute and by
grant VC-225 from the American Cancer Society. R.C.S. was
a fellow of the Jane Coffin Childs Memorial Fund for Medical
Research.

LITERATURE CITED

1. Bishop, J. M., W. E. Levinson, N. Quintrell, D. Sulli-
van, L. Fanshier, and J. Jackson. 1970. The low
molecular weight RNA's of Rous sarcoma virus. I. The
4S RNA. Virology 42:182-195.

2. Bishop, J. M., W. E. Levinson, D. Sullivan, L. Fan-
shier, N. Quintrell, and J. Jackson. 1970. The low
molecular weight RNA's of Rous sarcoma virus. II. The
7S RNA. Virology 42:927-937.

3. Bonar, R. A., L. Sverak, D. P. Bolognesi, A. J. Lan-
glois, D. Beard, and J. W. Beard. 1967. Ribonucleic
acid components of BAI strain A (myeloblastosis) avian
tumor virus. Cancer Res. 27:1138-1157.

4. Canaani, E., K. V. D. Helm, and P. Duesberg. 1973.
Evidence for 30-40S RNA as precursor of the 60-70S
RNA of Rous sarcoma virus. Proc. Natl. Acad. Sci.
U.S.A. 72:401-405.

5. 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.

6. Dahlberg, J. E., R. C. Sawyer, J. M. Taylor, A. J.
Faras, W. E. Levinson, H. M. Goodman, and J. M.
Bishop. 1974. Transcription ofDNA from the 70S RNA
of Rous sarcoma virus. I. Identification of a specific 4S
RNA which serves as primer. J. Virol. 13:1126-1133.

7. Davis, N. L., and R. R. Rueckert. 1972. Properties of a
ribonucleoprotein particle isolated from Nonidet P-40-
treated Rous sarcoma virus. J. Virol. 10:1010-1020.

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

9. Erikson, E., and R. L. Erikson. 1970. Isolation of amino
acid acceptor RNA from purified avian myeloblastosis
virus. J. Mol. Biol. 52:387-390.

10. Erikson, E., and R. L. Erikson. 1971. Association of 4S
ribonucleic acid with oncornavirus ribonucleic acids. J.
Virol. 8:254-256.

11. Erikson, E., R. L. Erikson, B. Henry, and N. R. Pace.
1973. Comparison of oligonucleotides produced by
RNase TI digestion of 7S RNA from avian and murine
oncornaviruses and from uninfected cells. Virology 53:
40-46.

12. Erikson, R. L. 1969. Studies on the RNA from avian
myeloblastosis virus. Virology 37:124-131.

13. Faras, A. J., J. E. Dahlberg, R. C. Sawyer, F. Harada,
J. M. Taylor, W. E. Levinson, J. M. Bishop, and H.
M. Goodman. 1974. Transcription of DNA from the
708 RNA of Rous sarcoma virus. II. Structure of a 4S
RNA primer. J. Virol. 13:1134-1142.

14. Faras, A. J., A. C. Garapin, W. E. Levinson, J. M.
Bishop, and H. M. Goodman. 1973. Characterization
of the low-molecular-weight RNAs associated with the
70S RNA of Rous sarcoma virus. J. Virol. 12:334-342.

15. Faras, A. J., J. M. Taylor, W. E. Levinson, H. M.
Goodman, and J. M. Bishop. 1973. RNA-directed
DNA polymerase of Rous sarcoma virus: initiation of
synthesis with 70S viral RNA as template. J. Mol. Biol.
79:163-183.

16. Halpern, M. S., E. Wade, E. Rucker, K. L. Baxter-
Gabbard, A. S. Levine, and R. R. Friis. 1973. A study
of the relationship of reticuloendotheliosis virus to the
avian leukosis-sarcoma complex of viruses. Virology 53:
287-299.

17. Hanafusa, H., and T. Hanafusa. 1968. Further studies
on RSV production from transformed cells. Virology
34:630-636.

18. Hanafusa, H., and T. Hanafusa. 1971. Noninfectious
RSV deficient in DNA polymerase. Virology 43:313-
316.

19. Hanafusa, T., H. Hanafusa, T. Miyamoto, and E.
Fleissner. 1972. Existence and expression of tumor
virus genes in chick embryo cells. Virology 47:475-482.

20. 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.

21. Harada, F., R. Sawyer, and J. Dahlberg. 1975. A
primer ribonucleic acid for initiation of in vitro Rous
sarcoma virus deoxyribonucleic acid synthesis. J. Biol.
Chem. 250:3487-3497.

22. Haseltine, W. A., A. 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.

23. Ikemura, T., and J. E. Dahlberg. 1973. Small RNAs of
E. coli. I. Characterization by polyacrylamide gel elec-
trophoresis and fingerprint analysis. J. Biol. Chem. 248:
5024-5032.

24. Kang, C. Y., and H. M. Temin. 1973. Lack of sequence
homology among RNAs of avian leukosis-sarcoma vi-
ruses, reticuloendotheliosis viruses, and chicken endog-
enous RNA-directed DNA polymerase activity. J. Virol.
12:1314-1324.

25. Kawai, S., and H. Hanafusa. 1972. Plaque assay for
some strains of avian leukosis virus. Virology 48:126-
135.

26. Maldonado, R. L., and H. R. Bose. 1973. Relationship
of reticuloendotheliosis virus to the avian tumor viruses:
nucleic acid and polypeptide composition. J. Virol. 11:
741-747.

27. Mizutani, S., and H. M. Temin. 1973. Lack of serological
relationship among DNA polymerases of avian leukosis-
sarcoma viruses, reticuloendotheliosis viruses, and
chicken cells. J. Virol. 12:440-448.

28. Mizutani, S., and H. M. Temin. 1975. Purification and
properties of spleen necrosis virus DNA polymerase. J.
Virol. 16:797-806.

29. Obara, T., D. P. Bolognesi, and M. Bauer. 1971. Ri-
bosomal RNA in avian leukosis virus particles. Int. J.
Cancer 7:535-546.

30. Panet, A., and H. Berliner. 1978. Binding of tRNA to
reverse transcriptase of RNA tumor viruses. J. Virol.
26:214-220.

31. Panet, A., W. Haseltine, D. Baltimore, G. Peters, F.
Harada, and J. Dahlberg. 1975. Specific binding of
tryptophan tRNA to avian myeloblastosis virus RNA-
dependent DNA polymerase (reverse transcriptase).
Proc. Natl. Acad. Sci. U.S.A. 72:2535-2539.

:32. Peters, G., F. Harada, J. E. Dahlberg, A. Panet, W.
A. Haseltine, and D. Baltimore. 1977. Low-molecu-
lar-weight RNAs of Moloney murine leukemia virus:
identification of the primer for RNA-directed DNA
synthesis. .J. Virol. 21:1031-1041.

J. VIROL.



VOL. 29, 1979

33. Randerath, K., L. J. Rosenthal, and P. C. Zamecnik.
1971. Base composition differences between avian my-
eloblastosis virus transfer RNA and transfer RNA iso-
lated from host cells. Proc. Natl. Acad. Sci. U.S.A. 68:
3233-3237.

34. Robinson, W. S., 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.

35. Robinson, W. S., and H. L. Robinson. 1971. DNA
polymerase in defective Rous sarcoma virus. Virology
44:456462.

36. Rosenthal, L. J., and P. C. Zamecnik. 1973. Amino acid
acceptor activity of the "70S-associated" 4S RNA from
avian myeloblastosis virus. Proc. Natl. Acad. Sci. U.S.A.
70:1184-1185.

37. Sawyer, R. C., and J. E. Dahlberg. 1973. Small RNAs
of Rous sarcoma virus: characterization by two-dimen-
sional polyacrylamide gel electrophoresis and finger-
print analysis. J. Virol. 12:1226-1237.

38. Sawyer, R. C., and H. Hanafusa. 1977. Formation of

RETROVIRUS SMALL RNAs 871

reticuloendotheliosis virus pseudotypes of Rous sar-
coma virus. J. Virol. 22:634-639.

39. 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.

40. Travnicek, M. 1968. RNA with amino acid-acceptor ac-
tivity isolated from an oncogenic virus. Biochim. Bio-
phys. Acta 166:757-759.

41. Travnicek, M. 1969. Some properties of amino acid-ac-
ceptor RNA isolated from avian tumor virus BA I strain
A (avian myeloblastosis). Biochim. Biophys. Acta 182:
427-439.

42. Vogt, P. K., J. L. Spencer, W. Okazaki, R. L. Witter,
and L. B. Crittenden. 1977. Phenotypic miking be-
tween reticuloendotheliosis virus and avian sarcoma
virus. Virology 80:127-135.

43. Wang, S., R. M. Kothari, M. Taylor, and P. Hung.
1973. Transfer RNA activities of Rous sarcoma and
Rous associated virus. Nature (London) New Biol. 242:
133-135.


