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The use of mercurated "strong stop" complementary DNA (complementary to
the 5'-terminal 101 nucleotides of Rous sarcoma virus RNA) in the isolation of
virus-specific RNA from infected chicken embryo fibroblasts is described. Strong
stop Rous sarcoma virus complementary DNA was mercurated chemically, and,
as a result of the low complexity of this DNA, short hybridization times (up to 15
min) and heating in the absence of formamide were found to be adequate
conditions for the isolation of virus-specific RNA. The purity of the isolated RNA
was demonstrated by analysis of labeled RNase Ti-resistant oligonucleotides by
two-dimensional polyacrylamide gel electrophoresis. The isolated RNA could be
translated in the in vitro protein synthesis system derived from rabbit reticulo-
cytes, and an analysis of polypeptides programmed by isolated RNA before and
after immunoprecipitation further demonstrated both the purity of the isolated
mRNA and the quantitative nature of the isolation procedure.

The analysis of virus-specific RNA in cells
infected with RNA tumor viruses has until re-
cently been based on an indirect approach,
namely, the hybridization of radiolabeled DNA
(complementary to the viral genome) to an ex-
cess of total or fractionated infected-cell RNA
(see, for example, Fan and Baltimore [13]). Al-
though limited to the analysis of steady-state
levels of virus-specific RNA, this procedure has
yielded extensive data concerning the quantity,
size distribution, intracellular location, and se-
quence content of virus-coded RNAs (1, 12, 14,
16,20,28).
The analysis of newly synthesized virus-spe-

cific RNA has been perfonned by using pulse-
labeling of infected-cell RNA and hybridization
of this RNA to an excess of viral complementary
DNA (cDNA) (22). A similar approach was used
to analyze the in vitro mechanism of viral RNA
synthesis, using the polymerase activity of iso-
lated nuclei (26; Bromley, unpublished data).

Procedures for the isolation of virus-specific
RNA (6, 7, 21, 23) have been slower to develop,
due mainly to the relatively low levels of virus-
specific RNA in the infected cell combined with
the fact that RNA tumor virus infection does
not turn off the synthesis of host cell mRNA's.
We have published (2) the results of applying
the use of mercurated cDNA (8) to the isolation
of radioactive virus-specific RNA, and physical
analysis of the RNA by finger-printing indicated
a high degree of purity of isolated RNA, a result
confinned by others using different cDNA-based
isolation techniques (7, 21, 23).

In this paper we describe the use of mercur-
ated, so-called strong stop (SS)-cDNA of Rous
sarcoma virus (RSV) for the isolation of virus-
specific RNA; the low complexity of this SS-
DNA (101 nucleotides [11]) has permitted the
isolation ofvirus-specific RNA in high yield after
short periods of hybridization in the absence of
formamide. The isolated RNA is capable of ef-
ficiently directing in vitro protein synthesis.
The high degree of conservation of SS-DNA

sequences and their presence on subgenomic
viral RNAs (7, 18, 21) make this isolation pro-
cedure attractive as a general method of isolat-
ing avian tumor virus-specific RNAs.

MATERIALS AND METHODS
Cells and viruses. The LA23 mutant of RSV,

which is temperature sensitive for cell transformation,
was obtained from J. Wyke, Imperial Cancer Research
Foundation, London. The virus was grown in second-
ary cultures of gs- Chf- chicken embryo fibroblasts
(Valo eggs, SPAFAS Co., Cuxhaven, Germany) as
previously described (9).

Isolation ofRNA. Virion 70S RNA was isolated as
previously described (9). Total RNA was extracted
from chicken embryo fibroblast cells labeled with 200
pCi of 'Pi (carrier-free, Radiochemical Centre, Amer-
sham, England) per ml after phosphate starvation for
4 h; labeling was for 5 h at 41°C. Cells were lysed in
0.15M NaCl, 10 mM Tris (pH 7.8), 1% sodium dodecyl
sulfate, and 200 pg of proteinase K (Merck) per ml,
and the lysate was incubated at 37°C for 15 min. The
RNA was extracted twice with phenol saturated with
0.15 M NaCl-10 mM Tris (pH 7.8) and precipitated
from the aqueous phase with 2.5 volumes of ethanol
at -20°C. After a second precipitation with ethanol,
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ISOLATION OF RSV-SPECIFIC RNA 87

the nucleic acids were dissolved in 0.5 M NaCI-50 mM
MgC12-2 mM CaC12-10 mM Tris (pH 8.5); pancreatic
DNase (RNase-free, Worthington Biochemicals
Corp.) was added to a concentration of 20 ug/ml, and
the solution was incubated at room temperature for
15 min with constant pipetting. Proteinase K (50 pg/
ml) and sodium dodecyl sulfate (1% final concentra-
tion) were then added, and the incubation was contin-
ued for 15 min, after which RNA was precipitated with
ethanol. Polyadenylic acid [poly(A)]-containing RNA
was selected by passing heat-denatured RNA twice
over columns of polyuridylic acid-Sepharose (Phar-
macia Fine Chemicals).
RSV DNA-polymerase reactions. The recon-

structed reaction using purified avian myeloblastosis
virus DNA polymerase (courtesy of J. Beard, Life
Sciences Inc.) and 70S RSV RNA was used for the
synthesis of SS-DNA in a 6-min reaction as previously
described (11).
The endogenous DNA polymerase reaction was car-

ried out with tissue culture-grown LA23 virus purified
by differential centrifugation, after initial concentra-
tion in a Millipore virus concentration unit. The re-
action conditions used were those of Cashion et al. (4).
The SS-DNA was purified as described (11), and the
alkali-treated DNA samples were labeled at their 5'
ends with y-t[PJATP (1,200 Ci/mmol) and T4 poly-
nucleotide kinase (Miles Laboratories). Labeled DNA
samples were analyzed on 8% polyacrylamide slab gels
in 50 mM Tris-borate-EDTA, pH 8.3 (15), as previ-
ously described (11).

Fingerprint analysis. Analysis of the products of
Ti RNase digestion of 3P-labeled RNA samples was
performed by using two-dimensional polyacrylamide
gel electrophoresis and direct autoradiography, as pre-
viously described (9).
In vitro protein synthesis. Messenger-dependent

rabbit reticulocyte lysate was prepared as described
(24). In vitro translation and immunoprecipitation us-
ing antiviral polymerase, anti-LA23 virus, and protein
A-Sepharose (Pharmacia) were performed as previ-
ously described (11), except that rat liver tRNA was
included in the translation mixture at a concentration
of 0.1 mg/ml and the reaction products were analyzed
on 10% acrylamide-0.25% bisacrylamide gels contain-
ing 0.1% sodium dodecyl sulfate and 0.375 M Tris, pH
8.7. 3S-labeled polypeptides were detected by auto-
radiography of dried gels, using fluorography as de-
scribed (19).

'4C-labeled protein markers were obtained from
New England Nuclear Corp. and have the following
molecular weights: phosphorylase B, 92,500; bovine
serum albumin, 69,000; ovalbumin, 46,000; carbonic
anhydrase, 30,000; cytochrome c, 12,300.

RESULTS
Synthesis of mercurated SS-DNA. SS-

DNA was synthesized in an endogenous reac-
tion, using tissue culture-grown LA23 RSV un-
der the conditions described in Materials and
Methods. An analysis of 5'-end 3P-labeled prod-
uct DNA is shown in Fig. 1 (lane 1). Although
the labeled DNA migrates fairly heteroge-
neously on the gel, a major band is seen at the
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FIG. 1. Autoradiograph of32P5T-end-labeled DNA
synthesized in (1) an endogenous DNA polymerase
reaction. (2) A reconstructed reaction using LA23
virus or LA23 70S RNA (see text); the DNA was
analyzed on an 8% acrylamide gel slab as described
in the text, and the autoradiograph was obtained
after an exposure time of 2 h. The indication of the
position of a 100-nucleotide-long DNA is taken from
direct sequence analysis (11).

level of the 100-nucleotide position. This DNA
comigrates with the SS-DNA ofknown sequence
synthesized in a reconstructed reaction on two-
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88 BROMLEY, SPAHR, AND DARLIX

dimensional gel electrophoresis (25) (results not
shown).
An analysis of the DNA synthesized in a 6-

min reconstructed reaction, using RSV 70S RNA
and avian myeloblastosis virus DNA polymer-
ase, and end labeled as described above is shown
in Fig. 1, lane 2. The 101-nucleotide-long SS-
DNA is the slightly slower running band, as has
been established from direct sequence analysis
(11); the slightly faster moving DNA is a sub-
species of SS-DNA of sequence identical to the
first 85 nucleotides starting from the tRNA
primer (Darlix, unpublished data).
For the experiments reported in this paper,

the SS-DNA preparations synthesized in both
endogenous and reconstructed reactions were
utilized without further purification.
SS-DNA was mercurated by a modification of

the procedure of Dale and Ward (8); DNA at a
concentration of 5 to 10 ,ig/ml in 50 mM sodium
acetate (pH 6.0) was incubated at 80°C for 7 min
in the presence of 20 mM mercuric acetate. The
reaction was stopped by the addition of 0.5 vol-
ume of 4 mM Tris-hydrochloride (pH 7.5)-0.4 M
NaCl-40 mM EDTA, followed by ethanol pre-
cipitation. The DNA was redissolved and chro-
matographed on a column of Sephadex G-75 as
previously described (11); the DNA was again
precipitated with ethanol and finally dissolved
in water at a concentration of 100 jig/ml. Mer-
curated cDNA was used immediately for hybrid-
ization experiments. These conditions of mer-
curation resulted in a level of mercuration suf-
ficient to allow binding to SH-Sepharose col-
umns of 80 to 100% of the DNA; subsequent
elution was performed with 0.1 M ,3-mercapto-
ethanol.
Hybridization of SS-DNA to poly(A)-con-

taining RNA isolated from cells infected
with RSV. The low complexity ofSS-DNA (101
nucleotides) and the presence of the sequence
complementary to this DNA on RSV genomic
and subgenomic RNA species (7, 18) allow the
use of relatively short hybridization times for
the formation of hybrids between mercurated
SS-DNA and virus-specific poly(A)+ RNA. We
have therefore used hybridization at 67°C in the
presence of 0.3 M LiCl-5 mM EDTA-10 mM
Tris (pH 7.5)-2 ,uM /-mercaptoethanol for short
time periods (0 to 15 min). These conditions
were chosen to preserve both the physical integ-
rity of the RNA and the stability of the mercur-
ated DNA. In addition, the use of formamide
can be avoided in these experiments.
Physical characterization of virus-spe-

cific RNA isolated with mercurated SS-
DNA. To compare the isolated virus-specific
RNA with authentic viral RNA, we have chosen

to select poly(A)+ RNA from the infected cell
that sediments on a sucrose gradient with S
values between 30 and 40; virus-specific RNA of
this size class should consist mainly of full-length
subunit RNA with a fingerprint essentially the
same as that of virion 70S RNA.

32P-labeled 30-40S poly(A)+ RNA from RSV-
infected chicken embryo fibroblasts was pre-
pared as follows. Total RNA (see Materials and
Methods) was fractionated by sucrose gradient
sedimentation (Fig. 2), the appropriate fractions
containing RNA of 30-40S were pooled as
shown, and the RNA was precipitated with
ethanol. The poly(A)+ RNA was selected as
described in Materials and Methods and concen-
trated by ethanol precipitation.
A total of 1.4 x 106 cpm of this RNA was

hybridized with 1 ,ug of mercurated SS-DNA for
15 min at 67°C in a volume of 5 ,ul under the
conditions described above. At the end of the
reaction, 400 jil of ice-cold 0.2 M LiCl-10 mM
Tris-hydrochloride (pH 8.0)-4 mM EDTA
(LITE buffer) was added, and the mixture was
passed over a 0.5-ml column of SH-Sepharose,
which was then washed with the same buffer;
the column was then washed with 2 ml of the
same buffer containing 0.1M/3-mercaptoethanol
to elute the mercurated SS-DNA and any 32p_
labeled RNA hybridized to it. Since some 32p
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FIG. 2. Total RNA, prepared as described in the
text, was centrifuged at 37,000 rpm for 7 h at 8°C on

linear 15 to 30%o sucrose gradients containing 0.05M
NaCl, 0.01 M Tris-hydrochloride (pH 7.4), 0.01 M
EDTA, and 0.2%o sodium dodecyl sulfate. Fractions
containing 30-40S RNA were selected by reference to
28S and 18S rRNA's run on a parallel gradient and
pooled, and the RNA was precipitated with ethanol
at -200C.
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ISOLATION OF RSV-SPECIFIC RNA 89

radioactivity was still bound to the column, a
final wash with 99% formamide-10mM Tris (pH
8) was performed. Table 1 shows the quantita-
tive recovery of 3p radioactivity in successive
washes.
A sample of the RNA before hybridization

and RNA from the combined flow-through and
LITE buffer wash, LITE buffer-,B-mercaptoeth-
anol wash, and formamide elutions were di-
gested with Ti RNase and fingerprinted; the
results obtained, together with an authentic
LA23 RSV 70S RNA fingerprint and scheme of
large Ti oligonucleotides, are presented in Fig.
3. It can be seen that the RNA eluted by the
LITE buffer-,B-mercaptoethanol wash (Fig. 3c)
gives a fingerprint very similar to that of 70S
RNA (Fig. 3e). The fonnamide wash elutesRNA
that is clearly enriched for virs specificity (see
fingerprint in Fig. 3d), although some streaking
and/or contaminating RNA digest products are
also present. It should be noted that the virus-
specific RNA fingerprint pattern is essentially
invisible on the fingerprints of total (Fig. 3a) and
unbound (Fig. 3b) RNA.
Thus, hybridization of infected-cell RNA to a

mercurated DNA able to hybridize to the ter-
minal 5' 100 nucleotides of a 30408 RNA can
clearly be used to isolate intact RSV-specific
RNA, as seen from the fingerprint data of Fig. 3
and as further substantiated by the translatabil-
ity of isolated RNA.

Isolation of RSV-specific RNA from the
infected cell and its translation in vitro.
Total RNA from cells infected with the LA23
mutant of RSV was purified as described in
Materials and Methods, and the poly(A)-con-
taming RNA fraction was purified by successive
chromatographies on columns of polyuridylic
acid-Sepharose as described in Materials and
Methods. For these experiments no size fraction-
ation of infected-cell RNA was used other than

TABLE 1. Chromatography on SH-Sepharose
columns ofhybridization mixtures between
mercurated SS-DNA and 32P-labeled 30-40S

poly(A)+ RNA from infected cells
aP radioac- % Of

Sample (tivity total(cpm)
Load 1.4 x 106 100
Flow-through 6 x 105 41.4
LITE buffer wash 5.13 x 105 35.3
LITE buffer-fi-mercaptoetha- 1.15 x 105 7.9

nol
99% fornamide 1.5 x 105 10.3

Total recovery 94.9
Bound fraction recovered 18.2

to remove RNA and DNA fragments smaller
than 88 by sucrose gradient centrifugation. Ap-
proximately 2 jig of SS-DNA (from a recon-
structed reaction, see Materials and Methods)
was hybridized to 200 jug of poly(A)-containing,
infected-cell RNA in a volume of 100 Asl under
the conditions described above. At zero time
(mixing at 67°C and rapid cooling on ice) and
after 5 and 10 min of reaction at 670C, samples
were removed and diluted 50-fold in LITE buffer
followed by chromatography on columns of SH-
Sepharose as described above. The flow-through
RNA and LITE wash from each time point of
hybridization as well as the f-mercaptoethanol
RNA eluate for each were precipitated twice
with ethanol. Each RNA was further purified by
G-75 Sephadex chromatography and ethanol
precipitation as described (11).
A sample of each RNA was translated in the

reticulocyte lysate, and the in vitro products
synthesized were analyzed on sodium dodecyl
sulfate-polyacrylamide gels as described in Ma-
terials and Methods. The results of the zero-
time, 5-min, and 10-min flow-throughs and
bound RNA translation products are shown in
the autoradiogram of Fig. 4, lanes 2 to 7. Part of
the in vitro translation products of each RNA
sample were immunoprecipitated with antisera
against total RSV and against the DNA polym-
erase as described in Materials and Methods,
and the results obtained are shown in Fig. 4,
lanes 9 through 14, respectively.
A polypeptide comigrating with Pr76 (cf.

translation products from 70S LA23 RNA, Fig.
4, lane 15) is seen in the translation products of
the bound and eluted RNA. Apart from the
major band at about 53,000 daltons which co-
electrophoresed with the major polypeptide syn-
thesized by total infected-cell RNA (cf. Fig. 4
lane 2), one polypeptide of 60,000 molecular
weight is seen in the direct isolate translations
(Fig. 4, lanes 5 and 7). This polypeptide has the
molecular weight expected for the product of the
SRC gene (3).

Finally, the gels of the immunoprecipitates of
flow-through and,-mercaptoethanol elutions at
each time point (Fig. 4, lanes 9 through 14)
indicate a progressive, and at 10 min essentially
complete, transfer of at least themRNA for Pr76
from flow-through to elution, indicating the
quantitative nature of the isolation of active
messenger by the procedure described in this
paper. It should be noted that for both the
physical and biological characterization of the
isolated RNA, reactions were performed in the
presence of the mercurated DNA after denatur-
ing the isolated hybrids by heating at 1000C for
30 s. The presence of mercurated DNA had no
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FIG. 3. Fingerprint analysis of 32P-labeled RNA samples carried out as described in the text. The nature
of the samples is as follows. (a) 30-40S poly(A)+ RNA from RSV-infected cells; (b) 30-40S RNA that flows
through an SH-Sepharose column after hybridization of the RNA to mercurated SS-cDNA (endogenous
reaction product); (c) 30-40S RNA bound to the SH-Sepharose column after hybridization and eluted with 0.1
M ,3-mercaptoethanol; (d) 30-40S RNA eluted after the /3-mercaptoethanol elution, using 99% formamide at
room temperature; (e) 70S LA23 viral RNA; (f) scheme of (e). The numbering system and the order with respect
to the 3' poly(A) tail and sequence analysis of large Ti oligonucleotides have been reported (10).
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ISOLATION OF RSV-SPECIFIC RNA 91

inhibitory effect on either the Ti RNase diges-
tion or the in vitro translation. If necessary, the
DNA can be removed by passage of the dena-
tured RNA-DNA hybrid over an SH-Sepharose
column as described above.

DISCUSSION
The use of mercurated DNA for the isolation

ofcomplementary RNA was originally described
by Dale and Ward (8). Our previous work using
mercurated cDNA representative of the entire
RSV genome indicated that virus-specific RNA
could be isolated from infected cells (2). How-
ever, the relatively long hybridization times re-
quired to drive the reaction to completion and
the use of fornamide to lower the required an-
nealing temperature did not allow the efficient
isolation of biologically active mRNA. In our
hands, the long exposure of mRNA to formam-
ide has frequently reduced the biological activity
of the RNA.

-3 4 5 6 7 8 9 iC0

In this paper, the use of the mercurated SS-
DNA (the sequence complexity of which repre-
sents only 1% of that of the RSV RNA genome)
allowed us to carry out the hybridization reac-
tion for short times and in the absence of form-
amide. Our results show that a 100-nucleotide-
long DNA can hybridize to the 30-40S (10,000
nucleotides long) virus-specific RNA to form a
hybrid stable enough to bind to SH-Sepharose
columns. Compared with our previous work (2),
this result suggests that the application of the
mercurated DNA-RNA hybridization procedure
to the isolation of any mRNA can be improved
if a specific cDNA fragment of low complexity is
available.

Until now only physical and chemical analyses
have been performed on virus-specific RNA iso-
lated by methods other than the one described
here (7, 21, 23), and we are not aware of any
report of template activity of such isolated
RNAs. Using the method described in this pa-
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FIG. 4. Analysis on 10% polyacrylamide gels of the products of in vitro translation of total poly(A)J RNA
from chicken embryo fibroblasts infected with the LA23 mutant ofRSV (see text). Lanes 1, 8, and 16 show the
molecular weight protein markers described in the text, and their molecular weights (x103) are indicated on
both sides of the figure. Lanes 2, 4, and 6 show the products of translation of the RNA that flow through an
SH-Sepharose column after hybridization oftheRNA to mercurated SS-DNA (reconstructed reactionproduct)
for zero time, 5 min, and 10 min, respectively. Lanes 3, 5, and 7 show the translation products ofRNA initially
bound and subsequently eluted with 0.1 Mf3-mercaptoethanol, at the same time points ofhybridization. Lanes
9 through 14 show the products that are precipitated with a combination of antiviral DNA polymerase and
anti-LA23 virus antisera from translation offractions corresponding to the total translation products shown
in lanes 2 through 7, respectively. Lane 15 presents a parallel immunoprecipitate of the products of in vitro
translation ofLA23 70S RNA. The gels were subjected to fluorography (19) and were exposed at -70°C for 3
days, using Kodak XR 5 film.
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per, we show that the fingerprint analysis of
RSV-specific RNA isolated from 30-40S
poly(A)+ RNA in infected cells indicates the
high degree of enrichment achieved. Further-
more, both the purity of the isolated RNA and
its biological activity are demonstrated by the
relatively simple polypeptide pattern of the in
vitro translation products (Fig. 4).
The results shown in Fig. 3 and 4 provide a

quantitative demonstration of the purity of iso-
lated virus-specific RNA, as is provided by visual
inspection of the fingerprint and in vitro trans-
lation patterns and coriparison with virus RNA
and virus-specific polypeptides.
The experiments presented do not provide a

quantitative analysis of the purity of isolated
RNAs; such quantitation can only be provided
by measuring radioactivity in each large Ti oli-
gonucleotide and by accounting for all of the
radioactivity applied to the gel. The error in-
volved is considerable when relatively low
counts are available in RNA isolates, as was the
case in the experiments shown in Fig. 3. We are

at present studying the quantitative aspects of
the purity of RNA isolated by the procedure
described in this paper.
The translation experiments shown in Fig. 4

indicate an enrichment of the messenger for
Pr76 and for a polypeptide of 53 kilodaltons, and
immunoprecipitation and time course analysis
indicate the progressive transfer of the Pr76
mRNA from the flow-through to the bound frac-
tion ofRNA on the SH-column. Again, these are
essentially qualitative results; more work will be
needed if we are to demonstrate a quantitative
relation for translatable virus-specific mRNA's.
In lane 5 of Fig. 4 it can be seen that after 5

min of hybridization, under the conditions de-
scribed in the text, the mRNA for a protein of
76,000 molecular weight is present in the isolate.
A major protein at 53,000 daltons, which comi-
grates with the major cellular peptide made in
vitro, is seen in addition to polypeptides of about
60,000 and 55,000 daltons. After 10 min of hy-
bridization, the isolate shows essentially the
same translation pattem. Immunoprecipitation
of translation products (Fig. 4, lanes 9 through
15), using antiviral and antiviral DNA polymer-
ase antisera, demonstrates the virus-specific na-

ture of most of the polypeptides translated from
the isolated RNA (cf. lanes 12 and 5 of Fig. 4).
The exceptions are that the major translation
product from isolated RNA (53,000 daltons) im-

munoprecipitates rather poorly, whereas the
60,000-dalton product does not immunoprecipi-
tate. These results suggest that the 53,000-dalton
product may be mainly cellular in origin,
whereas the 60,000-dalton product could be the

gene product of the SRC gene, whose molecular
weight is of this order (3).
The synthesis ofp180, which has been variable

in our experience, is weak or absent using either
70S RNA or total cellular mRNA (Fig. 4, lanes
15 and 9) and is not seen on translation of the
isolated virus-specific RNA. A clear candidate
for the ENV precursor is not evident but may
be demonstrated if one were to use immunopre-
cipitation by a monospecific antibody raised
against the ENV protein.

It should be noted that immunoprecipitation
of viral 70S translation products (Fig. 4, lane 15)
closely resembles that of the products of isolated
RNA. In addition, the demonstration that the
76,000-dalton protein is seen by immunoprecip-
itation to be programmed by an mRNA that is
progressively transferred from the flow-through
to the eluted fraction of the SH column is indic-
ative of the overall efficiency of the isolation
procedure we describe here.
Of more general interest in the case of the

avian tumor viruses are the observations that
the SS sequence is (i) terminally repeated to the
extent of about 20 nucleotides at the 3' end of
RNA subunits (5, 18, 21). Also, (ii) the sequence
is highly conserved between strains of avian
tumor viruses (see 27), and (iii) this same se-
quence is present at the 5' end of subgenomic
viral RNA species present in the infected cell (7,
18, 21).
We are presently applying the procedure de-

scribed in this paper to the isolation and biolog-
ical and physical characterization of individual
avian tumor virus mRNA's.
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