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A sensitive and quantitative nucleic acid hybridization assay for the detection
of radioactively labeled avian tumor virus-specific RNA in infected chicken cells
has been developed. In our experiments we made use of the fact that DNA
synthesized by virions of avian myeloblastosis virus in the presence of ac-
tinomycin D (AMV DNA) is complementary to at least 35% of the sequences of
70S RNA from the Schmidt-Ruppin strain (SRV) of Rous sarcoma virus.
Annealing of radioactive RNA (either SRV RNA or RNA extensively purified
from SRV-infected chicken cells) with AMV DNA followed by ribonuclease
digestion and Sephadex chromatography yielded products which were charac-
terized as avian tumor virus-specific RNA-DNA hybrids by hybridization com-
petition with unlabeled 70S AMV RNA, equilibrium density-gradient centrifu-
gation in Cs2SO4 gradients, and by analysis of their ribonucleotide composition.
The amount of viral RNA synthesized during pulse labeling with 3H-uridine could
be quantitated by the addition of an internal standard consisting of 32P-labeled
SRV RNA prior to purification and hybridization. This quantitative assay was
used to determine that, in SRV-infected chicken cells labeled for increasing
lengths of time with 3H-uridine, labeled viral RNA appeared first in a nuclear
fraction, then in a cytoplasmic fraction, and still later in mature virions. This
observation is consistent with the hypothesis that RNA tumor virus RNA is syn-
thesized in the nucleus of infected cells.

Production of RNA tumor viruses by permis-
sive host cells is sensitive to inhibition by
actinomycin D at all times following infection
(3, 46). The sensitivity of virus production to
this antibiotic has suggested that viral progeny
RNA is transcribed from a viral DNA template
(47). Although a considerable number of biologi-
cal experiments support this model (for refer-
ences see review by Temin, reference 48),
direct biochemical evidence is lacking. The
investigation of viral RNA replication in in-
fected cells requires a method for the direct
measurement of newly synthesized viral RNA.
A number of techniques have been reported
recently to measure overall levels of virus-spe-
cific RNA within tumor virus-infected cells or
cellular fractions (10, 22, 29). These techniques
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are based on the conversion of radioactive
virus-specific DNA, prepared in vitro with
viral RNA-directed DNA polymerase (2, 49),
into an RNA-DNA hybrid by viral RNA. How-
ever, these methods do not allow the detec-
tion and characterization of newly synthesized
pulse-labeled viral RNA within the cell. We
report here the development of an RNA-DNA
hybridization method that allows the detection
and quantitation of newly synthesized virus-
specific RNA in chicken embryo fibroblasts
infected with Rous sarcoma virus. The method
has been used to determine the distribution of
labeled viral RNA in Rous sarcoma virus-
infected chicken cells following pulse-labeling
with 3H-uridine. Radioactive viral RNA was
found initially in a nuclear fraction and only
subsequently in a cytoplasmic fraction. The
time course of appearance of viral RNA in the
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nuclear and cytoplasmic fractions is consistent
with the proposal (48) that viral RNA is synthe-
sized within the nucleus and later transported
to the cytoplasm.

MATERIALS AND METHODS
Cells and viruses. Primary cultures of chicken

embryo fibroblasts were prepared by trypsin treat-
ment of 10- to 11-day-old White Leghorn embryos
(Haager Brutzentrale, Haag, Switzerland). Cultures
were transferred every 5 to 7 days. After treatment
with 0.08% trypsin (National Biochemicals Co.,
Cleveland, Ohio) 0.01 M sodium phosphate (pH 7.0)
and 0.15 M NaCl (PBS) for 5 min at 37 C, the cells
were removed from the dishes into an equal volume of
modified Eagle medium (obtained as a x10 concen-

trate from Flow Laboratories, Inc., Rockville, Md.)
with 10% tryptose phosphate broth (ET medium) and
5% calf serum (Flow Laboratories, Inc.). The cells
were centrifuged, resuspended in 1 ml per culture of
ET medium with 5% serum, and plated at a concen-
tration of 2 x 106 cells per 100-mm culture dish (A/S
Nunc, Roskilde, Denmark) in 10 ml of ET medium.
The next day, 0.5 ml of calf serum was added to all
cultures. The medium (ET medium with 5% calf
serum) was replaced every 3 to 5 days. All cells were

grown at 37 C in a 5% CO2 atmosphere. Secondary
cultures from all embryos were tested for resistance to
Rous sarcoma virus strains of subgroups A, B, C, and
D (15). Only cultures susceptible to all these sub-
groups were used for further experiments.

Cultures of chicken cells transformed by Schmidt-
Ruppin strain of Rous sarcoma virus were prepared as

follows. Primary cultures (or subsequent passages)
were treated with trypsin as above, and transferred to
ET medium. Schmidt-Ruppin virus (SRV) was added
at a multiplicity of approximately 0.1 focus-forming
unit per cell. The cells were immediately plated at a

concentration of 2 x 106 cells per 100-mm culture dish
in 10 ml of ET medium, and 0.5 ml of calf serum was

added to each culture the following day. Within 3
days after infection, the majority of cells in SRV-
infected cultures appeared transformed, as judged by
their altered morphology. The medium on trans-
formed cultures was changed to ET medium with 5%
calf serum every 2 to 4 days. Confluent transformed
cultures were maintained in ET medium with 0.5%
calf serum. SRV-transformed chicken cells were sub-
cultured every 5 to 7 days after dissociation by trypsin
and plated at a concentration of 2 x 106 cells per
100-mm culture dish in 10 ml of ET medium with 5%
calf serum. Confluent cultures of transformed cells
were used for further experiments 7 or more days after
infection. Where stated, parallel infected and unin-
fected cells were prepared by infecting one-half of the
cultures at the time of transfer and performing all
further transfers and medium changes at the same

time for both types of cells.
In all experiments reported here, SRV of subgroup

D (1) was used. Stocks of this virus did not contain an

excess of non-transforming virus capable of interfer-
ing with SRV in an end-point interference assay (41).
SRV was harvested daily from confluent infected

cultures, starting about 7 days after infection. SRV
was concentrated from tissue culture fluids by differ-
ential centrifugation (9). For the preparation of RNA,
concentrated SRV was used without further purifica-
tion.

Avian myelobastosis virus, BAI strain A (AMV)
was originally obtained from J. Beard. White Leghorn
chickens were infected at 1 day of age (6), and plasma
was harvested from diseased birds at 14 to 21 days.
Pooled plasma was clarified by centrifugation at
10,000 x g, and the virus was concentrated by
centrifugation at 78,000 x g for 30 min in a Beckman
type 65 rotor. Concentrated AMV was purified by
equilibrium centrifugation in 15 to 65% sucrose den-
sity gradients (9). To obtain 32P-labeled AMV,
chicken embryo fibroblast cultures were infected with
0.5 ml of AMV-containing plasma diluted 1:40 in ET
medium as described for SRV-infected cultures; these
were transferred once before labeling.

Isolation of high-molecular-weight viral RNA.
All steps in the isolation of nucleic acid were carried
out by using nuclease-free glassware, heated 4 h at 140
C, and autoclaved buffers. Concentrated AMV from
approximately 30 ml of plasma was suspended in 5.0
ml of 0.1 M NaCl, 50 mM Tris-hydrochloride (pH
7.5), and 10 mM EDTA (virus suspension buffer).
Sodium dodecyl sulfate (SDS) was added to a final
concentration of 0.5%, and the solution was extracted
with an equal volume of water-saturated phenol for
5 min at room temperature. The phases were sep-

arated by centrifugation at 3,000 x g at room tem-
perature, and the phenol was reextracted with an

equal volume of 0.1 x SSC (0.15 M NaCl, 0.015 M
sodium citrate, pH 7.0). The RNA was precipitated
from the combined aqueous phases with 2.5 volumes
of cold ethanol, collected by centrifugation at 17,000
x g, and dissolved in 0.1 ml of 0.1 x SSC. To isolate
high-molecular-weight viral RNA, the RNA was cen-

trifuged at 4 C in a 5 to 23% sucrose gradient (in 50
mM Tris-hydrochloride, 5 mM EDTA, pH 7.5) for
70 min at 55,000 rpm in a Beckman SW 65 rotor. Un-
der these conditions, the high-molecular-weight
AMV RNA sedimented 2.2 times as far as Q,B RNA
added as an internal standard (30S; reference 18),
and will be designated as 70S viral RNA. The RNA
in the 70S peak was precipitated with 2 volumes of
ethanol and 120 volume of 20% potassium acetate
(pH 5.4). The RNA was collected by centrifugation
and dissolved in 0.1 x SSC. Virus from 30 ml of in-
fected chicken plasma yielded approximately 10 to
15 gg of 70S RNA. S2p_ or 3H-labeled RNA was

prepared by a procedure similar to that described
above with the exception that, after phenol extrac-
tion and ethanol precipitation, low-molecular-weight
material was removed by chromatography on a col-
umn (10 x 0.5 cm) of Sephadex G-50 (Pharmacia
AB, Uppsala, Sweden) in 0.1 x SSC. The excluded
RNA was then centrifuged in a 5 to 23% sucrose

gradient as described above. Qf, RNA was prepared
as described (51).

Labeling of cell cultures with 32P-phosphate or
3H-uridine. The medium on confluent cultures was

replaced by 10 ml (per 100-mm culture dish) of
phosphate-free medium 199 (Wellcome Reagents
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Ltd., Beckenham, England) containing 5% dialyzed
calf serum and 0.5% dimethylsulfoxide (14). Approxi-
mately 12 h later the medium was replaced by 6 ml of
the same medium containing 50 jCi of 32P-phosphate
(carrier free; Eidg. Institut fur Reaktorforschung,
Wiirenlingen, Switzerland) per ml. 32P-labeled cells
were harvested after trypsin treatment and 24 h of
labeling, washed twice with PBS, and stored frozen.
For the preparation of 32P-labeled virus (AMV or
SRV), virus-infected cultures were labeled as above;
the medium was collected after 24 h, replaced with
6 ml of the same 32P-phosphate-containing medium
and harvested once more after another 24 h of label-
ing. Virus was recovered from the combined super-
natant extracts as described above. RNA from virus
labeled under such conditions had a specific activity
of about 4 x 10' counts per min per jug. Viral RNA
of higher specific activity (> 101 counts per min per
ug) was prepared from virus grown by the same pro-
cedure with 200 juCi of carrier-free 32P-phosphate
per ml of medium. Virus labeled with 3H-uridine was
obtained from infected cells grown in 5 ml of Eagle
medium containing 5% calf serum and 250 jCi of [5-
3H] uridine per ml (29 Ci/mmol; Amersham, Buck-
inghamshire, England). The medium on such cultures
was changed every 24 h for 1 to 3 days, and virus was
prepared from the pooled harvests. The specific ac-
tivity of the RNA was > 101 counts per min per jg.

For the preparation of 3H-uridine-labeled cell frac-
tions, cultures were incubated for the times indicated
with 3 ml per 100-mm culture dish of Eagle medium
containing 5% calf serum and 0.4 mCi of [5-3Hjuridine
per ml. Labeling was stopped by washing the cultures
twice with cold PBS, the cells were suspended after
trypsin treatment, counted, and washed with 1 ml
of PBS per culture.

Fractionation into "nuclear" and "cytoplas-
mic" fractions. Trypsin-treated, washed cells were
suspended in a solution containing 10 mM Tris-hydro-
chloride (pH 7.4), 10 mM NaCl, and 1.5 mM MgCl,
(RSB), at a concentration of 2.5 x 107 cells per ml. Af-
ter 10 min at 4 C, the cells were centrifuged and re-
suspended in 0.2 ml of RSB per culture (approxi-
mately 107 cells). A step gradient was prepared in a
centrifuge tube (7 by 1 cm) by layering successively
(i) 0.5 ml of 65% sucrose in RSB, (ii) 2.0 ml of 10%
sucrose in 10 mM Tris-hydrochloride (pH 7.4), 0.2 M
NaCl, and 1.5 mM MgCl2, and (iii) 0.2 ml of 1% Triton
X-100 in 0.2 M NaCl, 10 mM EDTA. The cell sus-
pension was layered onto the gradient. After 10 min
at 4 C the gradient was centrifuged at 7,000 x g for 20
min at 4 C in a Sorvall HB-4 rotor. The upper layers
down to 2 mm above the 65% sucrose layer were
collected in one portion, and the particulate fraction
sedimenting to the interface of the 10% sucrose and
the 65% sucrose layers was drawn off with a Pasteur
pipette.
The interface material consisted of whole and

disrupted nuclei with less than 1% intact cells and will
be referred to as the "nuclear" fraction. The superna-
tant material will be called the "cytoplasmic" frac-
tion.

Purification of cellular RNA. Cells (5 x 10' to 10
x 106) were suspended in 1.5 ml of 0.1 x SSC, and
SDS and Pronase (grade B, Calbiochem, Los Angeles,

Calif.; predigested for 90 min at 37 C) were added to
final concentrations of 0.5% and 0.01%, respectively.
The suspension was incubated at 37 C for 30 min and
then extracted at room temperature with two volumes
of water-saturated phenol. The phenol phase was
re-extracted with 0.5 volume of 0.1 x SSC; 0.5% SDS
and the nucleic acids were precipitated with 2.5
volumes of ethanol. The precipitate was dissolved in
0.2 ml of 0.1 x SSC and chromatographed on a
Sephadex G-100 column (0.5 x 10 cm) in 0.1 x SSC to
remove low-molecular-weight material.
The fractions containing the excluded nucleic acid

(0.5 to 1 ml) were adjusted to 0.5 M NaCl, 50 mM
MgCl2, 2 mM CaCl2, 10 mM Tris-hydrochloride (pH
7.4; HS buffer; reference 37). Electrophoretically
purified DNase (Worthington Biochemical Corp.,
Freehold, N.J.) was added to a final concentration of
50 Ag per ml, and the mixture was incubated at 37 C
for 15 min. The solution was then extracted with
phenol, and the nucleic acid was precipitated with
ethanol, redissolved, and chromatographed on Seph-
adex G-100 as described above. The excluded nu-
cleic acid (0.5 ml) was heated in a sealed tube at 100
C for 5 min to denature any RNA-DNA hybrids pres-
ent, cooled in ice, adjusted to the salt concentration
of HS buffer, and treated again with 50 jig of DNase
per ml for 30 min at 37 C. Phenol extraction, ethanol
precipitation, and chromatography on Sephadex G-
100 were repeated as described above. The excluded
nucleic acid (0.5 ml, 20-40 jug per ml) was adjusted
to 2 x SSC and annealed for 16 h at 66 C to convert
any complementary RNA strands present into a dou-
ble-helical form. To separate single- from double-
stranded RNA, the annealed nucleic acid was ad-
justed to 35% ethanol and applied to a 5-ml cellulose
column (Whatman CF 11, W.R. Balstone, Ltd., Maid-
stone, England; reference 19). The column was
washed with 20 ml of 35% ethanol in 50 mM Tris-
hydrochloride (pH 7.4), 0.10 M NaCl, and 10 mM
EDTA (STE). Single-stranded RNA was eluted with
10 ml of 15% ethanol in STE, and double-stranded
RNA was eluted with 10 ml of STE. The 15% ethanol
fractions which contained 90 to 95% of the input nu-
cleic acid were pooled, and the nucleic acid was
precipitated with ethanol. The precipitate was col-
lected by centrifugation and dissolved in 0.1 x SSC,
and the specific radioactivity was determined. Ap-
proximately 50% of labeled cell RNA was recovered
by this procedure. The purified RNA obtained by this
procedure was analyzed by hybridization with viral
DNA as described below. RNA was prepared from cell
fractions by the same procedure except that all
fractions were adjusted to 2.5 ml RSB before the
initial phenol extraction.

For quantitation of 'H-uridine-labeled RNA in the
course of purification, 25-jiliter samples were spotted
on Whatman 541 filter paper which had been pre-
treated with 25 uiliters of 0.1 M sodium pyrophos-
phate. The filters were washed once in cold 10%
trichloroacetic acid containing 1% sodium pyrophos-
phate for 10 min, twice in cold 5% trichloroacetic acid
for 5 min, and twice in cold 96% ethanol for 5 min.
Dried filters were counted by a modification of the
method of Birnbaum (4). The filters were treated for
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30 min at room temperature with 0.5 ml of NCS
solubilizer (Amersham-Searle Corp., Arlington
Heights, Ill.) diluted 1 to 3 in scintillation fluid. Five
milliliters of scintillation fluid containing 0.1% glacial
acetic acid were added, and the samples were count-
ed. This procedure solubilized 3H-labeled RNA al-
most completely, as indicated by the fact that more

than 90% of the radioactivity remained in the vial
after removing the filter. Counts were corrected for
relative quenching by recounting the samples after
the addition of approximately 1.5 x 105 counts per
min of 3H-uridine as an internal standard. 3H count-
ing efficiency did not vary by more than 10% between
samples in one experiment.

Synthesis of virus-specific DNA. Virus-specific
DNA was prepared by using endogenous RNA-
directed DNA polymerase from purified AMV. Reac-
tion mixtures contained in 1 ml: 40 ,mol of Tris-
hydrochloride (pH 8.0), 5 Mmol of MgCl2, 0.1 ,mol
each of dATP, dGTP, and dCTP, 30 Mmol of' NaCl,
5 ,mol of dithiothreitol, 0.1 umol of' labeled dTTP
(either [53H1dTTP, Amersham, or a-32P-dTTP; spe-

cific activities, 2,000-50,000 counts per min per
nmol), 0.1% Triton X-100, 25 Mg of actinomycin D
(Merck, Sharpe and Dohme Research Lab., West
Point, Pa.), and purified AMV (1.0-1.5 mg of' viral
protein; reference 20). The incorporation of labeled
dTMP was linear for 40 to 60 min at 37 C. DNA syn-

thesis was routinely carried out for 60 min, and the
reaction was stopped by the addition of SDS to a f'inal
concentration of 0.5%. The reaction mixture was

treated with 250 Mg of Pronase per ml for 15 min at
37 C, and then extracted with an equal volume of'
water-saturated phenol. The phenol phase was re-

extracted with one volume of 0.1 x SSC and the com-

bined aqueous phases were mixed with 2.5 volumes of
ethanol. The precipitated nucleic acids were col-
lected by centrifugation, dissolved in 0.1 x SSC, and
chromatographed on a Sephadex G-50 column (10 x
0.5 cm) in 0.1 x SSC to remove unreacted substrates.
The excluded nucleic acid was precipitated with
ethanol and dissolved in 0.1 ml of 0.1 N KOH. After
20 to 24 h at room temperature the solution was neu-

tralized with HCI and chromatographed on a Sepha-
dex G-100 column (10 x 0.5 cm) in 0.1 x SSC. The
labeled DNA from the excluded region of the column
was pooled for use in hybridization experiments. Virus
purified from about 40 ml of infected chicken plasma,
containing approximately 25 mg of virus protein,
yielded about 8 to 10 4g ot' labeled DNA. The virus-
specific nature of this DNA was established by the
following experiment. 32P-labeled AMV DNA (2,000
counts per min, specific activity 300,000 counts per
min per nmol) was annealed for 2 h with either 1.0
4g of 70S AMV RNA or 1.4 Mg of Q3 RNA. The
samples were centrifuged to equilibrium in Cs2SO4
density gradients. More than 88% of the labeled DNA
which had been annealed with AMV RNA banded at
a density greater than 1.53 g per cm3 (10, 13, 40),
whereas 90 to 95% of the DNA annealed with Q,B
RNA banded at a density lower than 1.51 g per cm3.
These data, in conjunction with the known ability of
actinomycin D to block double-stranded DNA syn-
thesis by tumor virus RNA-directed DNA polymerase
(32, 33), support the conclusion that the preparation
consisted largely of AMV minus-strand DNA.

RNA-DNA hybridization. RNA-DNA hybridiza-
tion was routinely carried out in 50 ,uliters of 2 x SSC
at 66 C for 14 to 16 h. After annealing, the samples
were adjusted to 100 ,liters with 2 x SSC and 25M,g of
Escherichia coli RNA; 4 ,g of RNase A (Worthington
Biochemical Corp.; heated at 90 C for 10 min) and 2
,ug of RNase T1 (40 units) were added. The samples
were incubated for 30 min at 37 C, and SDS was

added to a final concentration of 0.2%. The samples
were passed through Sephadex G-100 columns (10
x 0.5 cm) equilibrated with 2 x SSC containing 0.2%
SDS. Fractions (0.1 ml each) were collected, and
acid-insoluble radioactivity was determined. Twenty
micrograms of yeast RNA and 0.1 ml of 60% tri-
chloroacetic acid were added to each fraction. After 10
min at 0 C, the samples were collected on membrane
filters (Millipore Corp.), washed with 6% trichloroa-
cetic acid, dried, and counted in a toluene-2,5-
diphenyloxazole-1, 4-bis-2-(5 phenyloxazoly) benzene
scintillation fluid. Where necessary, a correction for
spillover of 32P in the 3H channel (2.9%) was subtract-
ed. Recovery of labeled DNA from the hybridization
assays was 80% or greater.

Cs2SO4 density gradient centrifugation. Cs2SO4
(British Drug House Ltd., Poole, England) was recrys-

tallized from boiling water before use. Samples were

centrifuged in 3 ml of' 10 mM Tris-hydrochloride (pH
7.5) and 1 mM EDTA with Cs2SO4 added to a density
of' 1.54 g per cm3.

After centrifugation in an SW65 rotor for 60 h at
38,000 rpm at 15 C, the gradients were fractionated
from the bottom. The density of each fraction was

determined by weighing a 100-Mliter sample; absorb-
ance was measured at 260 nm. After the addition of 20
,g of yeast RNA, the nucleic acid was precipitated
with trichloroacetic acid and counted. Recovery of
labeled RNA and DNA from such gradients was

routinely 70 to 90%.
Base analysis. Samples of 32P-labeled RNA or

32P-labeled RNA-DNA hybrid were mixed with 100 Mg

of Qf RNA as carrier and hydrolyzed in 1 ml of 10%
piperidine for 90 min at 100 C in a sealed tube (5). The
hydrolysate was evaporated to dryness, and the resi-
due was taken up in 50 ,liters of water. The hydroly-
sate was spotted on Whatman 3MM paper and
2',3'-nucleoside monophosphates were separated by
electrophoresis at 3,000 V for 1 h in 5% acetic acid,
0.5% pyridine, and 0.5 mM EDTA (pH 3.5). The spots
corresponding to the four ribonucleoside monophos-
phates were located with a UV lamp, cut out, and
counted in a liquid scintillation counter. Blank areas
of the paper were also cut out and counted.

Preparation of a-32P-TTP. A mixture of' a-32P-5'-
and 3-TMP was synthesized chemically by using the
procedure of Symons (44). a-32P-5'-TMP was con-

verted to a-32P-5'-TTP with a crude mononucleotide
kinase preparation from E. coli (step 2 preparation in
the purification of Qf, replicase as described by
Eoyang and August, reference 17). a-32P-5'-TTP was

separated from mono- and dinucleotides by chroma-
tography on a Dowex-1-formate column (10 x 0.5 cm),
by using an ammonium formate gradient from 1 M
formic acid, 0.45 M ammonium formate to 3 M formic
acid, and 1.35 M ammonium formate. Fractions con-

taining a-32P-5'-TTP were passed through a Dowex-
50-H+ column and evaporated to dryness. The re-
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sultant a-32P-5'-TTP was neutralized with NH4OH
and adjusted to the desired concentration. Routinely,
a-32P-5'-TTP with a specific activity of 30 x 108 to 35
x 106 counts per min per nmol was prepared; 25 to
30o of the 32P-phosphate was recovered in the tri-
phosphate.

RESULTS

Hybridization of RNA to short DNA mole-
cules (such as the product of tumor virus
RNA-directed DNA polymerase, references 13,
33) entails a number of problems. Short DNAs
are neither bound nor retained quantitatively
(21, 34) on cellulose nitrate filters, as required
for hybridization procedures such as those de-
scribed by Gillespie and Spiegelman (21). Simi-
larily, RNA-DNA hybrids formed in solution
(36) cannot be quantitatively retained on cel-
lulose nitrate filters unless the hybrid contains
overhanging single-stranded DNA regions (23,
43). Therefore most studies which utilized RNA
tumor virus-specific DNA in hybridization ex-
periments (10, 13) have used hybridization in
solution followed by a determination of acid-
insoluble radioactivity after RNase digestion.
This procedure, however, gives relatively high
backgrounds, since RNase digestion under con-
ditions necessary to preserve RNA-DNA hy-
brids leaves as much as 0.2% of a single-
stranded viral RNA such as Q, or R17 RNA
(18), or 5% of SRV RNA (10, 13) acid insoluble.
To detect low levels of labeled virus-specific

RNA in preparations of labeled RNA from
infected cells, it was necessary to develop a
sensitive and quantitative hybridization assay.
Labeled RNA is annealed with virus-specific
minus-strand DNA prepared in vitro with virion
RNA-directed DNA polymerase in the presence
of actinomycin D (32, 33). The annealed mix-
ture is digested with RNase A and T,, and the
labeled hybrid is separated from degraded RNA
by chromatography on Sephadex G-100. Since
most of the RNase-resistant, nonhybridized
RNA is too small to be excluded on Sephadex
G-100, the chromatographic analysis gives
backgrounds 5- to 10-fold lower than those
obtained by acid precipitation. The sensitivity
of the assay is thereby increased accordingly.
Quantitation is attained by the use of an
internal standard, as described below.

In all the studies reported in this paper we
have utilized SRV, a biologically well-defined
virus (1, 15). Since the hybridization assays
required relatively large amounts of minus-
strand DNA (0.03-0.1 Ag per assay), it was
desirable to use the DNA synthesized by the
endogenous RNA-directed DNA polymerase of
AMV, a virus that can be obtained in large
quantity. We, therefore, first examined the

extent of homology between AMV DNA and
SRV RNA.

32P labeled 70S SRV RNA was annealed with
a >10-fold excess of 3H-labeled AMV DNA,
digested with RNase, and chromatographed
through Sephadex G-100. As shown in the
elution profiles of Fig. 1A, the 3H-AMV DNA
and part of the 32P-RNA emerged as a peak in a
position similar to that of high-molecular-
weight 3H-labeled chicken cell DNA (Fig. 1B)
that was well removed from the peak of 32P-
labeled almost completely acid-soluble diges-
tion products. In the absence of AMV DNA, no
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acid-insoluble 32P-RNA (less than 0.5% of in-
put) was detected in the excluded column
volume (Fig. 1B). The elution profile of 3H-
AMV DNA was not significantly altered by hy-
bridization with 32P-SRV RNA (data not
shown).
The hybridization efficiency of 32P-AMV

RNA and 3H-SRV RNA to AMV DNA was
compared by annealing the three components
together and determining RNase-resistant RNA
as above. The AMV DNA was, for technical
reasons, also 32P-labeled, however at a 104-fold
lower specific activity than the 32P-AMV RNA,
so that it contributed no significant radioactiv-
ity. In Fig. 2, the proportion of labeled RNA
recovered in an RNase-resistant form is plotted
against the amount of input AMV DNA. It is
apparent that with the first increments ofDNA,
the proportion of viral RNA converted into
hybrid rose steeply up to a value of about 20%
for SRV RNA and 50% for AMV RNA, and then

AMV DNA (ug x 102)
FIG. 2. Hybridization of 70S AMV RNA and 70S

SRV RNA to increasing amounts of AMV DNA. 70S
32P-AMV RNA (0, 3,400 counts/min; specific activ-
ity > 1 x 106 counts/min/lg) and 70S 3H-SRV RNA
(0, 770 counts/min; specific activity > 1 x 106 counts!
min/Ig) were mixed and annealed with increasing
amounts of AMV DNA (labeled with 32p, specific
activity 60 counts/min/,g). All samples were analyzed
as described in the legend to Fig. 1, and the amount of
acid-insoluble labeled RNA eluting in the excluded
volume (0.3-0.6 column volumes corresponding to
fractions 6-10 in Fig. 1) was determined. In each case

the small amount of 32P-radioactivity contributed by
the AMV DNA has been subtracted. As a control
hybridization, a mixture of 32P-AMV RNA (U) and
3H-SRV RNA (0) was annealed with 0.15 ug of
sonicated denatured T4 DNA.

increased with a 30-fold reduced slope. These
results suggest that the major part of AMV
DNA is complementary to about 50% of the
AMV RNA and 20% of the SRV RNA se-
quences, whereas only a small fraction of the
DNA is complementary to the remainder of the
RNA. By the criterion of this assay SRV RNA
formed stable hybrids with AMV minus-strand
DNA at somewhat less than half the efficiency
of AMV RNA. Hybridization of 70S SRV RNA
purified from a clonal isolate of SRV gave a
similar extent of hybridization (data not given),
showing that the homology observed was, in all
likelihood, not due to a contamination of the
SRV stock by a leukosis virus. In control experi-
ments, no hybridization (less than 0.1%) of
either AMV RNA or SRV RNA was observed
when T, DNA was substituted for AMV DNA
(Fig. 2). In another experiment less than 0.1% of
labeled Q# RNA hybridized with AMV DNA
(data not shown).
To further substantiate the conclusion that a

specific hybrid was being formed between SRV
RNA and AMV DNA, a hybridization-competi-
tion experiment was performed. A mixture of
3H-labeled SRV 70S RNA and 32P-labeled AMV
70S RNA was annealed with a constant amount
of AMV minus-strand DNA in the presence of
increasing amounts of unlabeled AMV 70S
RNA. Both labeled RNAs were diluted out of
the hybrid to the same extent within the limits
of experimental accuracy (Fig. 3). No dilution
effect was obtained with unlabeled Q6 RNA.
These experiments show that AMV DNA was
hybridizing to SRV RNA sequences common to
both SRV and AMV RNA.
The RNase-resistant product obtained by

annealing 32P-SRV RNA with AMV DNA was
further characterized as an RNA-DNA hybrid
by equilibrium centrifugation in a Cs2SO, den-
sity gradient. The 32P-radioactivity banded at
1.51 g per cm3, a buoyant density typical of an
RNA-DNA hybrid (See Fig. 6B; references 8,
45). 82P-labeled SRV RNA mixed, but not an-
nealed, with AMV DNA banded at approxi-
mately 1.65 g per cm3 (See Fig. 6C), as did the
unlabeled Qf, RNA added to all gradients as
marker. The 32P-moiety of the hybrid had a
ribonucleotide composition similar to that of
total SRV RNA, showing that the hybridized
sequences were not due to an odd fraction of the
viral RNA (Table 1).
Detection of labeled SRV RNA in SRV-in-

fected chicken embryo cells. The hybridiza-
tion assay developed above was used to search
for radioactive SRV RNA in normal and SRV-
infected chicken cells.
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the radioactive RNA from infected cells was
hybridized. The corresponding value for the
RNA from uninfected cells, 0.004% above a
background of 0.007%, did not significantly

) 13 differ from zero. Since a clear saturation pla-
teau was not reached (Fig. 4), these hybridiza-

P tion values must be considered as minimal
\* values.

D 4 1, Before proceeding to render the assay for
virus-specific RNA quantitative (see following
section), it was necessary to demonstrate that
the material we were measuring indeed was a

D_ virus-specific RNA-DNA hybrid. Figure 5 shows
a competition-hybridization experiment in
which a mixture of 3H-labeled RNA from SRV-
infected chicken cells and 32P-70S SRV RNA

0 .." was annealed with AMV DNA in the presence of
" increasing amounts of unlabeled 70S AMV

RNA. The extent of hybridization of both RNAs
,- -? was reduced to about half by the addition of

0 025 0.50 0.75 1.0 0.05 Mg, and to the background value by 1 ,g of
Unlabeled RNA (ug) unlabeled 70S AMV RNA. No inhibition of

3. Hybridization of 70S AMV RNA and 70S hybrid formation resulted upon addition of 1 ,g
RNA to AMV DNA: competition with unla- of unlabeled Q,B RNA. In a further experiment,
70S AMV RNA. 70S 32P-AMV RNA (0, 82P-labeled infected-cell RNA was annealed

counts/min; specific activity > 1 x 106 counts! with AMV DNA and the RNase-resistant ma-
g) and 70S 3H-SRV RNA (0, 2,200 counts! terial was purified and centrifuged to equilib-
specific activity > I x 106 counts/min/l;g) were rium in a Cs2SO, density gradient. The major
i and annealed with 0.025 1sg of 32P-AMV DNA part of the 32p radioactivity was found in a band
ounts/min/ug) and increasing amounts of un- pat o te broactivitywf in a band
d 70S AMV RNA. Hvbrid formation was deter- with a mean buoyant density of 1.51 to 1.52 g

mined as in Fig. 2. All values are given in percent of
the controls obtained by hybridization in the absence
of unlabeled AMV RNA (17% for 3H-SRV RNA and
24% for 32P-AMV RNA; these values are lower than
in Fig. 3 because 10-fold less AMV DNA was used
for the hybridization).

Nucleic acids were extracted from cells la-
beled for 24 h with 32P-phosphate. The prepara-
tions were treated with DNase, and degraded
DNA was separated from intact nucleic acid by
Sephadex chromatography. To destroy residual
DNA and RNA-DNA hybrids, the nucleic acid
was heat-denatured, treated once more with
DNase and purified by Sephadex chromatogra-
phy. To remove double-stranded RNA known to
occur in chicken cells (11, 35), the preparation
was chromatographed on cellulose by the proce-
dure of Franklin (19). It will be shown below
that this purification procedure did not entail
specific losses of either labeled host or viral
RNA. Hybridization of the 32P-labeled RNA
preparations was carried out with increasing
amounts of AMV DNA. Figure 4 shows the
results obtained with two independent RNA
preparations from infected cells, and with one
from uninfected cells. At the highest level of
input DNA, 0.08% and 0.09%, respectively, of

TABLE 1. 32P-ribonucleotide composition of
'2P-labeled RNA from SRV, and of the products

obtained by annealing AMVDNA with 32P-labeled
RNA from SRV or SR V-infected ceilsa

Mol % '2P in

Source ofRNA 2', 3' 2,3' 2',3' 2',3'
CMP AMP GMP UMP

SRV 70Sb 22.4 25.5 27.9 24.1
SRV RNA an- 20.1 25.7 29.0 25.2

nealed with
AMV DNAC

RNA from SRV- 23.9 26.7 27.2 22.2
infected cells an-
nealed with
AMV DNAC

a The preparations were digested with piperidine
and analyzed by paper electrophoresis as described in
Materials and Methods. More than 80% of the radi-
oactivity of the starting material was recovered in
nucleoside monophosphates. Less than 5% of the
radioactivity applied to the paper was located at the
origin of the electropherograms. Each analysis was
carried out on 1,400 counts/min or more.

h Prepared as described in Materials and Methods.
c Prepared as described in the legend of Fig. 6.
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FIG. 4. Hybridization of SRV-infected chicken cell
RNA to AMV DNA. 32P-labeled RNA was isolated
from SRV-infected chicken cells and uninfected cells
labeled in parallel for 24 h. A constant amount of
32P-RNA was annealed with increasing amounts of
3H-AMV DNA, or T4 DNA as a control. All experi-
mental details are as described in the Methods section
and legend to Fig. 2. (A), (B), and (C) show acid-
insoluble radioactivities in fractions from the Se-
phadex G-100 columns. The annealing mixture con-
tained (A) no DNA (1,700 counts/min of 3'H-chicken
embryo fibroblast DNA was added to the hybridiza-
tion mixture after annealing, as a marker) and 32p_
RNA from SRV-infected chicken cells (2.9 x 106
counts/min, 4.1 ug); (B) 0.08 ug 3H-AMVDNA (2,800
counts/min) and 32P-RNA from SRV-infected chicken
cells (2.9 x 106 counts/min, 4.1 ug); and (C) 0.08 Mg
AMV DNA (2,800 counts/min) and 32P-RNA from
uninfected chicken cells (5.2 x 106 counts/min, 17 4g).
32P-RNA (0); 3H-DNA (0). (D) The fraction of
32P-RNA converted into hybrid as function of the
DNA concentration in the annealing reaction. The
assay was carried out as above using the 32P-RNA
purified from uninfected chicken cells (0) or SRV-
infected chicken cells (a) described above, or a
separate preparation of 32P-RNA from SRV-infected
chicken cells (0). A control annealing experiment was
carried out with "2P-RNA purified from SRV-
infected cells and 0.3 ;ig of T4 DNA (x).

per cm3 (Fig. 6A), the same position in which
the 32P-SRV RNA-AMV DNA hybrid was found
(Fig. 6B). The small amount of 32p label band-
ing at a density around 1.63 g per cm3 (Fig. 6A)
could be due to residual double-stranded host
cell RNA.
The base composition of the 32P-RNA moiety

of the hybrid isolated after annealing "P-
labeled RNA from SRV-infected cells with
AMV DNA was similar to that of the hybrid

obtained after annealing 32P-SRV RNA and
AMV DNA (Table 1) as well as to that of 70S
SRV RNA itself. This excludes the possibility
that the RNase-resistant RNA consists of poly
A sequences such as those which are known to
occur in eukaryotic mRNA and RNA tumor
virus RNA (12, 25, 27, 28).

Quantitative analysis of SRV RNA syn-
thesis in SRV-infected cells. The hybridization
experiments presented so far (Fig. 2, Fig. 4)
suggest that a plateau value for hybrid forma-
tion could only have been reached at a very
large excess of virus-specific minus-strand DNA
over viral RNA. Furthermore, the amount of
radioactive virus-specific RNA synthesized
under certain experimental conditions may be
small compared to the pre-existent, unlabeled

Unlobeled RNA (jig)
FIG. 5. Hybridization of RNA from SRV-infected

chicken cells to AMV DNA; competition with unla-
beled 70S AMV RNA. A mixture of 'H-labeled RNA
from SRV-infected chicken cells (3.7 x 105 counts!
min; 4.5 /ug) and 32P-labeled 70S SRVRNA (3.2 x 103
counts/min; specific activity > 1 x 106 counts/min/
ug) was annealed with 0.05 Mgg of 32P-labeled AMV
DNA (specific activity 16 counts/min/ug) and increas-
ing amounts of unlabeled 70SAMVRNA. The amount
of 'H (0) and "2P (0) hybrid formed was determined.
Background values obtained by annealing the RNA
mixture with T4 DNA instead of AMV DNA (60
counts/min of 'H; 1 count/min of "2p) were subtracted.
The amounts of radioactive 'H- and "2P-hybrid
(370 and 1,700 counts/min, respectively) in the sam-
ple with no added AMV RNA were taken as 100%. A
hybridization carried out in the presence of 1.4 Ag of
Q6 RNA gave 95% of the control.
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trifugation of products obtained by annec
DNA with SRV RNA or SR V-infected c)
RNA . (A ) 32P-labeled RNA from SR
chicken cells (9 x 106 counts/min. 24 li
nealed with 0.1 ,ug of 3H-AMV DNA (35.(
min/,gg) and treated as described in the
Fig. 2. 7he RNase-resistant material was
chromatographv on Sephadex G-100. Q,#
added as carrier and marker, and the nu
were extracted with phenol and precip'i
ethanol. The purified nucleic acids ( 1,
min Of 32p, 3,500 countslmin of 3H), were (

in a CS2SOI gradient as described in Ma
Methods. (B) Centrifugation of a prod
counts/min of 32p, 3,000 countslmin of 3h
bv annealing 70S 32P_SR V RNA (70,000 c,
400,000 counts/min/,ug) and 3H-AMV DP
35,000 counts/min/,ug), was carried out as
under (A).- (C) 70S 32P_SRV RNA (2,000 cl
and 3H-AMV DNA (1,800 counts/min) w,
but not annealed, and centrifuged as descri
Acid-insoluble radioactivityv and absorbar
nm were determined for all fractions. R
32P-RNA and 3H-DNA was, in all cases, gi
80s77o. Arrows indicate the position of the
marker. Svmbols: O, 32P-RNA; O, 3H-A,

viral RNA in the infected cell. Thus, one cannot
B be certain that particular amount of viral

a, DNA added to an annealing assay is, in fact, in
_3 X the required excess unless a saturation experi-

E ment is carried out for each unknown sample.

.iQ This problem can be overcome by adding an

_2.> internal standard to the assay, i.e., a small
Q quantity of SRV RNA labeled with an isotope

\ different from that present in the sample. The
proportion of internal standard converted into

. hybrid is a measure of the overall efficiency of
hybridization and the values obtained for the

16 20 unknown can thus be corrected accordingly.

The assumptions underlying this use of an
internal standard are set forth in the discussion
(cf. also reference 51 for a detailed discussion
of double-isotope hybridization assays).
We shall discuss the use of the internal

- standard in the quantitative determination of
x SRV RNA by considering part of the more
EEL complex experiment of Table 2. Chicken cells,
i' either uninfected or infected with SRV, were
>% labeled with 3H-uridine for 60 min. The cells

were collected after trypsin treatment, lysed
with SDS, and digested with Pronase. 32P-

.° labeled SRV RNA was added prior to the
tc purification of the cell RNA and thus served to

monitor the recovery of viral RNA throughout
CY the preparative procedure and the hybridiza-

tion assay. As shown in Table 2 (lines 4 and 10)
the yields of 3H and 32P radioactivity were

similar, indicating that no preferential loss of
either RNA had occurred during purification.

lient cen- Hybridization of the sample from infected cells
hiing AMVel with AMV DNA yielded 26% of the 32P-labeled
V-infected SRV RNA and 0.13% of the 3H-RNA as hybrid
g) was an- (after subtracting blanks of 0.1% and 0.04%
900 counts! respectively, obtained by annealing a sample
legend to with T4 DNA). Correcting for the difference in

isolated by recovery of 3H- and 32P-RNA during purifica-
RNA was tion, and taking into account the efficiency of

icleic acids the annealing reaction as indicated by the
t0oteduwith hybridization of the 32P-RNA, the proportion of
0counts 3H radioactivity present in virus-specific RNA
cterials and is: 100 x (0.13 x 53/26 x 55) = 0.46%. The
iuct (1.600 corresponding (corrected) number for unin-
0) obtained fected cells was 0.02%, but the measured hy-
ounts/min. bridization value was, in fact, not significantly
VA (0.1 g higher than the blank value which had been
s described subtracted from it (cf. line 10 of Table 2).
ounts/min) Distribution of labeled SRV RNA between

ere maxed, nuclear and cytoplasmic fractions after short
bed abt260e and long labeling periods. It has been pro-
ecoverv of posed that RNA of RNA tumor viruses is
reater than synthesized from a template of virus DNA
Q, RNA integrated into the host-cell DNA (47, 48). If
MV DNA. this hypothesis is correct, then SRV RNA in
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TABLE 2. Distribution of total and SRV-specific 3H-labeled RNA between "nuclear" and "cytoplasmic"
fractions after different times of labeling with 3H-uridinea

Recovery
after puri- Hybridization Radioactivity in
fication (% inputb hybrid (% of input) Virus-

Labeling Number 'H-Uridine of input) specific
time | of cells Fraction incorporated

3| 3HoRnAtmime x 0 (counts/min 'H (co'H-RNA(mm)x 1O~~~~~~~ /cell) (counts (counts (corece
'H "2P /min /min 3Hc 2pd

x x
10-'1) 10-')

15 8.3 Total 0.92 51 49 1.1 6.0 0.17 (0.10) 46 (0.3) 0.37
Nuclear 0.60 43 28 2.6 5.1 0.20 (0.09) 53 (0.6) 0.58
Cytoplasmic 0.042 35 49 0.14 7.4 0 (1.6) 39 (0.4) Of

60 11 Total 4.5 53 55 10 8.7 0.13 (0.04) 26 (0.1) 0.46
Nuclear 2.9 33 39 17 7.9 0.17 (0.03) 33 (0.1) 0.42
Cytoplasmic 0.67 44 35 4.1 5.5 0.16 (0.11) 33 (0.1) 0.60

240 9.4 Total 13 40 43 11 9.6 0.17 (0.01) 43 (0.1) 0.36
Nuclear 3.6 24 25 5.5 5.2 0.23 (0.05) 47 (0.1) 0.46
Cytoplasmic 4.3 47 43 11 7.2 0.13 (0.03) 40 (0.1) 0.36

60 4.7 Total 6.5 53 55 16 7.1 0.0097(0.016) 46 (0.1) 0.02
(unin-
fected)_______ ___ ___

aParallel cultures of uninfected or SRV-infected chicken cells were incubated with 400 qCi of 3H-uridine
per ml under the labeling conditions described in the Materials and Methods section. At the times indicated a
culture was treated with trypsin, and the cell number was determined (column 2). One sample (about 34 of the
material) was fractionated into "nuclear" and "cytoplasmic" fractions, the rest was processed directly ("total").
After treatment with SDS and Pronase, approximately 60,000 counts/min of 32P-labeled 70S SRV RNA (specific
activity > 1 x 106 counts/min/4g) were added to each sample as internal standard. Acid-insoluble 3H (column
4) and 32P radioactivity to each fraction was measured, and the RNA was extracted and purified. The recoveries
of acid-insoluble 2p- and 'H-labeled RNA were determined (column 5). Experimental details are given in the
Methods section.

b A sample of each preparation of purified RNA, containing the radioactivities indicated in column 6 was
annealed with 0.13 gg of AMV DNA (specific 32P radioactivity, 1,200 counts/min/,ug) or with 0.15 gg of T4
DNA (control), and the radioactive RNase-resistant RNA was measured after Sephadex chromatography.

c After subtraction of the background 3H radioactivity determined in a control hybridization with T4 DNA
(given in parentheses) and correction for 2.9% spillover from the "2P channel.

d After subtraction of background "2P radioactivity determined by hybridization with T4 DNA (given in
parentheses) and subtraction of 32P radioactivity due to labeled input DNA.

e ['H hybridized (%) x 'H recovery (%)/"2P hybridized (%) x 32P recovery (%) ] 100.
' 50 counts/min over a background of 220 counts/min would have given a value of 0.63%.

infected cells would be synthesized in the nu-
cleus and subsequently transferred to the cyto-
plasm. One would, therefore, expect that after a
sufficiently short pulse of a radioactive RNA
precursor all of the radioactive SRV RNA would
be found in the nucleus and that with succes-
sively longer labeling times increasing amounts
of radioactive viral RNA would be found in the
cytoplasm. If, on the other hand, viral RNA
synthesis occurred in the cytoplasm then, after
a short labeling period, all of the radioactive
viral RNA in the cell would be found in the
cytoplasmic fraction.
To determine the distribution of SRV RNA

between nucleus and cytoplasm, SRV-infected
chicken cells were labeled with 'H-uridine for
15, 60, and 240 min, respectively. Each prepara-
tion of labeled cells was divided into two por-

tions. RNA was purified from one portion di-
rectly. The other portion was fractionated into a
"nuclear" and a "cytoplasmic" fraction prior to
extraction of the RNA. The fractionation was
carried out by disrupting the suspended cells
with Triton X-100 and centrifuging the lysate
through a preformed two-step sucrose gradient
for 20 min at 7,000 x g. The particulate mate-
rial that sedimented to the boundary between
the sucrose layers contained more than 90% of
the DNA, but little of the RNA and the protein
(cf. Table 3), and is referred to as "nuclear"
fraction. The upper part of the gradient which
contained no detectable DNA, but most of the
RNA and the protein, was pooled to give the
"cytoplasmic" fraction. 32P-labeled 70S SRV
RNA was added to each preparation as inter-
nal standard, and purification of RNA was car-
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TABLE 3. Distribution of nucleic acids and protein
between "nuclear" and "cytoplasmic" fractionsa

Determination RNAb DNAC Proteind

Experiment Ie
"Nuclear" 100 (20%) 80 (>90%) 220 ( 9%)

fraction
"Cytoplasmic" 402 (80%) 0 ( < 10%) 2260 (91%)

fraction
Experiment II

"Nuclear" 35 (15%) 60 (>90%) 360 (19%)
fraction

"Cytoplasmic" 202 (85%) 0' (<10%) 1570 (81%)
fraction

Experiment III
"Nuclear" 48 (21%) 55 ( >90%) 421 (26%)

fraction
"Cytoplasmic" 228 (79%) 0' ( <10%) 1185 (74%)

fraction
a Chicken embryo fibroblasts, infected or uninfect-

ed, were grown, harvested and fractionated on a
two-step sucrose gradient as described in Materials
and Methods. The "nuclear" fraction was recovered
from the interface of the two sucrose layers; the
remaining contents of the tube were pooled as "cyto-
plasmic" fraction. Thus, all of the DNA, RNA, and
protein was contained in the two fractions. Each
fraction was diluted to 4 ml, and the protein was
determined on a 0.4-ml sample. The remainder of
each fraction was precipitated with 0.5 N perchloric
acid, and RNA and DNA were determined in the
precipitate. Results are given in Ag per total fraction
and (in parentheses) as percent of the sum of the two
fractions.

b Determined as described by Shatkin (42).
c Determined by the method of Burton (7).
d Determined by the method of Lowry et al. (31).
eExperiment I was carried out with 15 x 106 to 20

x 106 SRV-infected chicken cells, and experiments
II and III were carried out with 107 to 5 x 107 unin-
fected chicken cells.

I No optical density above the blank was measura-
ble. As little as 5 to 6 gg could be detected in this
fraction.
ried out as described in the previous section.
The recoveries of 3H and 32P radioactivities
(Table 2, column 5) were determined and cor-
rected for quenching and spillover. Although
the yields varied between 24 and 55% from one
preparation to another, recoveries of 32P and
3H radioactivity for any one preparation were
similar in almost all cases. To measure the
amount of virus-specific RNA, a portion of each
sample was annealed with AMV DNA and with
T4 DNA, respectively, and treated with RNase.
The 3H and 32P radioactivities chromatograph-
ing in the excluded region of the Sephadex G-
100 columns were determined (Table 2, column
7) as before. The values obtained with T4 DNA
were subtracted from the values resulting from
hybridization to AMV DNA. The proportion of

`P-SRV RNA (internal standard) hybridized
in the different preparations ranged from 26 to
54% and was 100-fold or more over the back-
ground. The proportion of 3H-labeled RNA
hybridized was 4 to 17 times the background at
the longest labeling times and about twice the
background for the shortest labeling time, ex-
cept for the cytoplasmic fraction where no SRV
RNA was detected. The backgrounds tended to
be substantially higher after short than after
long labeling periods. If, as we believe, the
backgrounds were due to residual double-
stranded RNA this finding would suggest that a
larger proportion of labeled complementary
RNA is present in chick fibroblasts after short
than after long labeling periods. The total
amount of 3H-label in virus-specific RNA (on a
per-cell basis) was calculated from the data of
Table 2, correcting for recoveries during purifi-
cation and for efficiency of hybridization, as
described above. Figure 7 summarizes the re-
sults of the experiment. The incorporation of
precursor into total cell RNA (Fig. 7A) was
almost linear during the course of the experi-
ment. Net incorporation of label into the "nu-
clear" fraction leveled off at about 60 min,
whereas the rate of incorporation into the "cyto-
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FIG. 7. Distribution of total and SR V-specific radi-
oactive RNA between "nuclear" and "cytoplasmic"
fractions after different times of labeling. SRV-
infected cells were labeled with 3H-uridine for the
times indicated. At each time point a sample was
analyzed for (A) total radioactivity and (B) radioac-
tivity in SRV-specific RNA. Assays were carried out
on RNA extracted from unfractionated cells (0) as
well as from "nuclear" (0) and "cytoplasmic" (0)
fractions. 3H radioactivitv in virions in the superna-
tant medium was determined by equilibrium density
gradient centrifugation with a 32P-SRV marker (x).
All values are expressed as counts/min/cell. The data
were recalculated from Table 2, in which experimen-
tal details are described.
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plasmic" fraction was at first very low but
increased substantially during the subsequent
period of observation. These results are in
agreement with previous, more detailed ana-
lyses (38).

Figure 7B shows that the 3H-labeled SRV
RNA behaved similarly to the total 3H-labeled
RNA: there was an initial, rapid accumulation
of labeled virus-specific RNA in the "nuclear"
fraction, and a delayed appearance of this RNA
in the "cytoplasmic" fraction. There was an
even longer delay in the appearance of radioac-
tivity in mature virus particles. The ratio of
radioactivity in SRV RNA in the "nuclear"
fraction to that in the "cytoplasmic" fraction
diminished from more than 30 at 15 min to 3.5
at 1 h and 1 at 4 h. These findings are
compatible with the hypothesis that SRV RNA
is synthesized in the "nuclear" fraction and is
subsequently transferred to the "cytoplasmic"
fraction and thence to viral particles; these
findings are not compatible with the alternative
possibility that the viral RNA is synthesized in
the cytoplasmic fraction. The fact that the sums
of incorporation into "nuclear" and "cytoplas-
mic" fractions do not, in all cases, add up
exactly to the incorporation into total cell RNA
does not affect the conclusions drawn from the
experiment.

DISCUSSION
The investigation of tumor virus RNA biosyn-

thesis has been hampered by the fact that only a
very small fraction of the RNA synthesized in
the infected cell is virus specific and that selec-
tive inhibition of host RNA synthesis has not
been achieved by use of inhibitors such as
actinomycin D. Furthermore, the usually sensi-
tive hybridization assays of Nygaard and Hall
(36) and Gillespie and Spiegelman (21) com-
monly used for the measurement of specific
RNAs have not been successfully applied to
quantitation of tumor virus RNA for technical
reasons. In previous reports, tumor-virus-
specific RNA has been determined by measur-
ing the effect of the RNA sample on the
hybridization of radioactive virus-specific DNA
(10, 22, 29). This technique measures the total
viral RNA content of the sample and does not
allow the quantitation of viral RNA synthesized
during a specified labeling period.
The hybridization assay described in this

paper was designed to determine quantitatively
radioactive viral RNA in the presence of a large
excess of radioactive nonviral RNA. The readily
available AMV-specific DNA synthesized by
RNA-directed DNA polymerase in AMV vi-
rions was used for the hybridization of radioac-

tive SRV-specific RNA, since model experi-
ments showed that 35 to 50% of the labeled viral
RNA could be converted into hybrid in this
heterologous system. Background values were
reduced to a low level by (i) removing most of
the double-stranded RNA which normally oc-
curs in chicken cells (11, 26, 35) by purification
on a cellulose column (19) prior to the hybridi-
zation assay and (ii) isolating the product of the
annealing reaction by Sephadex chromatogra-
phy after RNase digestion. The labeled material
obtained by this procedure, both from purified
SRV RNA and from SRV-infected cell RNA was
characterized as a specific RNA-DNA hybrid by
equilibrium density gradient centrifugation, hy-
bridization competition with AMV RNA and
nucleotide analysis. A possible difficulty with
hybridization assays with DNA synthesized by
virion-RNA-directed DNA polymerase is that
RNA tumor viruses may contain small amounts
of DNA believed to be of host origin (30, 39).
Such DNA could contaminate the in vitro DNA
product and confuse the results of the hybridi-
zation assay by converting host-specific RNA
into a hybrid. We have excluded this possibility
by showing that conversion of in vivo labeled
RNA and purified labeled viral RNA into a
RNA-DNA hybrid was diminished to the same
extent by addition of purified nonradioactive
70s viral RNA (cf. Fig. 5). The conclusion that
the hybridization assay is, in fact, detecting
virus-specific RNA was further reinforced by
the virtually negative outcome of the assay with
RNA from uninfected cells.
To quantitate the hybridization assay, a

small amount of viral RNA labeled with an
isotope different from that present in the sam-
ple was introduced into the assay as an internal
reference for the efficiency of recovery during
purification and hybridization. It was assumed
that the distribution of sequences in the refer-
ence RNA and in the intracellular viral RNA is
similar. This assumption is probably justified if
viral RNA synthesis is asynchronous or if the
time of synthesis of an RNA strand is short
compared to the labeling period, or both. It was
furthermore assumed that the molecular
weights and, therefore, the hybridization rates
of both reference and sample RNA were similar,
a condition we strove to meet by purifying
reference and sample together. Even if the
molecular weight of intracellular viral RNA
differed substantially from that of mature vi-
rion RNA, we would expect both RNAs to be of
similar, reduced size after being subjected to
the numerous purification steps, which include
heating at 100 C. Although our quantitative
determinations were carried out on RNA that
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had not been labeled to constant specific activ-
ity, the proportion of labeled viral RNA found,
0.3 to 0.5%, is close to the value of 0.5 to 1%
determined by Leong et al. (29) on unlabeled
RNA samples from RSV-infected chicken cells.

It has been reported that cells from chickens
of all strains examined contain DNA comple-
mentary to avian tumor virus DNA (50). Our
failure to detect significant amounts of RNA
complementary to AMV DNA in uninfected
chicken cells after either 1 or 24 h of labeling
means that the rate of synthesis of such RNA is
either 10 to 20 times lower than in infected cells
or that, if it is higher, its turnover rate is
substantially less than 1 h.
The main intention of our experiments was to

defme the site of synthesis of virus-specific
RNA. Disruption of cells by Triton X-100 and
fractionation of the lysate on a two-step sucrose
gradient yielded two fractions. The rapidly
sedimenting material containing all of the DNA
and relatively little of the cell protein and RNA
was clearly derived from the nucleus. The
slowly sedimenting material, containing no de-
tectable DNA (less than 10% of the total) but
the bulk of the protein and the cell RNA, is
presumed to be mainly derived from the cyto-
plasm, although it is possible that soluble
components from the nucleus may have been
released into it. The distribution of radioactive
virus-specific RNA between these two fractions
was similar to that of the total labeled RNA at
all labeling times examined from 15 to 240 min.
Radioactive RNA was detected exclusively in
the nuclear fraction after 15 min of labeling and
later increased almost linearly in the cytoplasm
while leveling off in the nucleus. The most likely
conclusion is that SRV RNA is synthesized in
the nucleus and is subsequently transferred to
the cytoplasm.

It has been suggested (24) that RNA tumor
viruses are synthesized in the mitochondria. It
could be argued that in our fractionation proce-
dure, nucleoprotein containing nascent viral
RNA is released from the mitochondria and
aggregates with nuclear chromatin. Although
we do not consider this a likely possibility, it
will be necessary to study the distribution of
labeled viral RNA between isolated intact mito-
chondria and the cytoplasm as a function of
labeling time to completely exclude the mito-
chondrion as a site of synthesis of viral RNA.
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