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The enzymatic transcription of DNA from the 70S RNA of Rous sarcoma virus
(RSV) is initiated on the 3' terminus of a molecule of 4S RNA which is hydrogen
bonded to the viral genome. We labeled this primer with radioactive deoxynu-
cleotides, and demonstrated that its release from 70S RNA by thermal
denaturation was accompanied by a reduction in the template activity of the
viral RNA. Two-dimensional electrophoresis in polyacrylamide gels separated
the 4S RNAs associated with the 70S RNA of RSV into approximately eight
fractions, each of which appeared to contain a discrete species of tRNA. The
RNA in one of these fractions served as the principal primer for initiation ofDNA
synthesis by both detergent-disrupted virions of RSV and purified RNA-directed
DNA polymerase with RSV 70S RNA as template.

The natural template-primer for the DNA
polymerase of RNA tumor viruses is the viral
70S RNA (1, 18, 27, 30), a complex containing
three to four high-molecular-weight subunits
(about 35S; 7, 11) and several low-molecular-
weight RNAs (4, 10, 12). The latter RNAs in-
clude a 5S RNA (70Sa-5S RNA; ref. 12), and 4S
RNAs (70Sa-4S RNA) which have structural
(10, 12, 25) and functional (24) properties of
tRNA. Transcription in vitro of the genome of
avian RNA tumor viruses initiates by covalent
attachment of DNA to the 3' terminus of a low-
molecular-weight RNA (17, 29, 31). This pri-
mer may be a special fraction of the total 7OSa-
4S RNA (4, 14). We have developed techniques
to identify and purify primer molecules asso-
ciated with the genome of Rous sarcoma virus
(RSV) (2, 14, 26), and now present further evi-
dence that these primers are part of a limited
fraction of the total 7OSa-4S RNA. The ac-
companying manuscript describes structural
features which indicate that the principal 4S
primer on the RSV genome is probably a single
species of tRNA (13).

MATERIALS AND METHODS

Reagents. Unlabeled deoxynucleoside triphos-
phates were purchased from Calbiochem. [3H]dATP
(15 Ci/mmol) was purchased from Schwarz BioRe-

I Present address: Department of Microbiology, Univer-
sity of Michigan, Ann Arbor, Mich. 48104.

search. [a_-32P]dATP (150 Ci/mmol) was synthesized
according to our modification of the procedure of
Symons (27; personal communication). Uracil arabi-
noside triphosphate (araUTP) was a gift from D.
Shannahoff and S. Hendler. Carrier-free [32P]ortho-
phosphate was obtained from International Chemical
and Nuclear Corp. Nonidet-P40 was a gift from Shell
Chemical Co.

Purification of Rous sarcoma virus and its DNA
polymerase. The propagation and purification of the
Schmidt-Ruppin strain (subgroup A) of RSV, the
purification of RNA-directed DNA polymerase, and
the conditions for enzymatic synthesis of DNA have
all been described (3, 15). Standard reaction mixtures
for purified polymerase contained 0.2 U of enzyme per
ml (15), template RNA (2 ug/ml, unless otherwise
indicated), 0.1 M Tris-hydrochloride (pH 8.1), 0.01 M
MgCl2, 0.01% (vol/vol) Nonidet-P40, 2% (vol/vol)
,B-mercaptoethanol, and deoxynucleoside triphos-
phates (10-5 M). Reaction mixtures with purified
virus were identical, except that purified enzyme and
template were replaced by virus (200 to 400 ,ug of
protein/ml). All reactions were carried out at 37 C.
Preparation of viral RNA. RNA was extracted

from purified RSV with sodium dodecyl sulfate-
phenol and fractionated by rate zonal centrifugation
as described previously (3). [32P]70S RNA was pre-
pared from virus propagated as follows. Confluent
monolayers of chick fibroblasts transformed by and
producing RSV were washed twice with PO4-free
medium 199 containing calf serum (5%, vol/vol) and
dimethylsulfoxide (1%, vol/vol) and then exposed to
fresh medium of the same composition for 2 to 3 h,
followed by medium containing carrier-free [32P lor-
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thophosphate at 100 gCi/ml. The medium containing
32P was harvested and replaced with fresh medium
containing 32P every 12 h for 3 to 5 days, and stored at
-70 C until further processing. RNA prepared from
virus labeled in this manner had a specific activity of
about 106 dpm/ug at the time of extraction 1 week
after the virus was harvested.

Preparation of 70S complexes between template
and tagged primer RNA. Purified DNA polymerase
of RSV, 0.2 U/ml (15) and RSV 70S RNA (2 ,g/ml)
were incubated in a standard polymerase reaction
mixture (generally 1 to 2 ml) which contained dGTP,
dCTP, araUTP, and either [3H ]dATP or [a-
32P JdATP. All nucleoside triphosphates, including
the analogue, were used at 10-5 M. After incubation
at 37 C for 1 h, the reaction mixture was treated with
sodium dodecyl sulfate (0.5% wt/vol) and then puri-
fied by rate zonal centrifugation in gradients of 15 to
30% sucrose containing 0.1 M NaCl-0.001 M ED-
TA-0.02 M Tris-hydrochloride, pH 7.4 (18). The
complex between template and radioactively tagged
primer cosedimented with RSV 70S RNA (14, 18) and
was recovered from the gradients by ethanol precipi-
tation.

Denaturation of nucleic acids. Thermal denatu-
ration was carried out with the nucleic acids dissolved
in 0.01 M EDTA-0.02 M Tris-hydrochloride (pH 7.4).
On occasion, the nucleic acids were treated with
dimethylsulfoxide (85%, vt/vol) (12, 21) in order to
completely dissociate RSV 70S RNA into its 4S, 5S,
and 20-35S constituents (4, 10, 12).

Fractionation of RNA by rate zonal
centrifugation. The centrifugation of RNA through
density gradients of sucrose containing 0.1 M
NaCl-0.001 M EDTA-0.02 M Tris-hydrochloride (pH
7.4) was carried out as described previously (3). RSV
70S RNA was isolated from gradients centrifuged in a
Spinco SW41 rotor for 3 h at 40,000 rpm, 4 C. The
RNAs derived from RSV 70S RNA by thermal dena-
turation were fractionated by centrifugation in either
an SW41 rotor (15 to 30% sucrose, 40,000 rpm, 6 h,
4 C) or an SW27 rotor (5 to 20% sucrose, 25,000 rpm,
16 h, 4 C). Two populations of RNA were obtained:
high-molecular-weight subunits (2.5 x 106 to 3 x 106
daltons) as originally described by Duesberg (7) and
Erikson (11), low- and molecular-weight RNAs, in-
cluding 4S (10) and 5S (12) RNAs, which are not
resolved by this procedure. The RNAs were recovered
from the gradients by ethanol precipitation.

Electrophoresis of RNA in gels of
polyacrylamide. We have previously described our
procedures for electrophoresis in cylindrical gels of
polyacrylamide (3) and in one- and two-dimensional
slab gels (20, 26). The first dimension of the two-
dimensional procedure was in 10% polyacrylamide
(9.5% [wt/vol] acrylamide, 0.5% [wt/vol] N,N'-
methylene bis-acrylamide) for 3 h at 400 V and 15 C.
A second dimension of electrophoresis and some
single-dimensional analyses were carried out in 19%
polyacrylamide-1% N,N'-methylene bis-acrylamide
for 14 h at 400 V and 15 C. The electrophoresis buffer
was 0.045 M Tris-0.045 M boric acid-0.0014 M EDTA
at pH 8.3. [32P]RNAs were located in the slab gels by
autoradiography, appropriate regions of the gels were

cut out, and Cerenkov radiation was measured in a
scintillation spectrometer. When necessary, RNA was
eluted from the gel into 0.3 M NaCl and recovered by
ethanol precipitation.

Analysis of oligodeoxynucleotides by paper
electrophoresis. [32P loligodeoxynucleotides were re-
leased from covalent linkage with primer RNA by
hydrolysis with NaOH (0.2 N, 37 C, 18 h) and
separated by electrophoresis at pH 3.5 on Whatman
540 paper (5,000 V, 1 h). The separated materials were
then eluted and analyzed further by electrophoresis at
pH 3.5 on Whatman DE 81 paper. Identification of
the final products will be described elsewhere (J. M.
Taylor et al., manuscript in preparation).

RESULTS
Tagging of primer RNA with radioactive

oligodeoxynucleotides. Transcription of RSV
70S RNA by the RNA-directed DNA polymer-
ase of the virus initiates with the sequence
pdApdApdT ... (2, 14; Taylor et al., manu-
script in preparation). Further transcription
beyond the initial dT can be arrested by carry-
ing out DNA synthesis with a reaction mixture
in which TTP is replaced by either dideoxy-
thymidine triphosphate or araUTP (14). (Only
dideoxythymidine triphosphate was used in the
previous study, but we have unpublished evi-
dence that araUTP is equally effective.) The
products of DNA synthesis arrested with
araUTP are the sequences pdA, pdApdA, and
pdApdAparaU, all covalently linked to the
3T-terminal adenosine of 4S RNA primer (14;
Taylor et al., manuscript in preparation). When
synthesized with radioactive dATP, these
aborted DNA chains constitute convenient
"tags" which serve to identify otherwise unla-
beled primer RNA without appreciably affect-
ing its physical properties (14).

Selective release of primer from the 70S
RNA of RSV. Denaturation of RSV 70S RNA
dissociates low-molecular-weight primer from
template with a consequent large reduction in
template activity for RNA-directed DNA po-
lymerase (9, 15). We examined the release of
tagged primer from RSV 70S RNA by thermal
denaturation and compared this release with
both the dissociation of total 7OSa-4S RNA and
the loss of template activity. Release of tagged
primer was monitored by electrophoresis in
composite gels of polyacrylamide (Fig. 1). Two
discrete stages were apparent. (i) The primer
remained attached to template at a tempera-
ture (65 C) which completely dissociated 70S
RNA into its high-molecular-weight subunits;
at this point, tagged primer and subunits mi-
grated to the interface of the composite gel (Fig.
lb). (ii) At a higher temperature (80 C), tagged
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FIG. 1. Release of primer from RSV 70S RNA. A
complex between 70S RNA and primer tagged with
[32P]dAMP was prepared as described under Mate-
rials and Methods. Samples (minimum of 2,000
counts/min) of this material were heated in 0.01 M
EDTA-0.02 M Tris-hydrochloride, pH 7.4, at various

temperatures for 2 min, quickly cooled in ice water,
and analyzed by electrophoresis in composite gels of
2.25 and 10%o polyacrylamide (6 mA/gel, 2.5 h, room

temperature). The figure illustrates results with an

unheated control and with samples heated at 65 and
80 C. The results at other temperatures are summa-

rized in Fig. 2. Arrows indicate the locations of 70S
RNA, high-molecular-weight subunits (35S), and 4S
RNAs when denatured [32P]70S RNA devoid of nas-

cent DNA was subjected to the same procedure.
Recovery of radioactivity from the gels always ex-

ceeded 85%.

primer was released from the subunits and
migrated as 4S RNA (Fig. lc). We have shown
previously that the electrophoretic mobility of
the released primer is attributable solely to the
size of the RNA (14). Further documentation of
this conclusion is presented below (Fig. 4).

Release of tagged primer and loss of template
activity occurred over an identical range of
temperatures (Tm = 69 C in 0.01 M EDTA-0.02
M Tris-hydrochloride, pH 7.4), whereas the
bulk of 7OSa-4S RNA was released over a lower
and much broader range of temperatures (Fig.
2). We conclude that the primer is a limited
fraction of the total 7OSa-4S RNA, and that
release of primer is both concomitant with and

probably the cause of the loss of template
activity. These data and conclusions are analo-
gous to those of Canaani and Duesberg (4),
except that we have directly identified the
primer by virtue of its attached radioactive
nascent DNA.

Fractionation of 7OSa-4S RNAs by two-
dimensional electrophoresis in polyacryla-
mide gels. Two-dimensional electrophoresis in
gels of polyacrylamide separates 4S RNAs of
RSV into multiple fractions which represent
discrete species of tRNA (26). We have used this
technique to determine the nature of the 4S
RNAs removed from RSV 70S RNA at different
temperatures and to further substantiate our

conclusion that a select portion of 7OSa-4S RNA
serves as primer for DNA synthesis.
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FIG. 2. Selective release of primer from the 70S
RNA of RSV. Denaturation of the complex between
template and primer tagged with ["P]dAMP was

analyzed as described for Fig. 1. In addition, samples
of uniformly labeled [32P]70S RNA were heated at
various temperatures as described for Fig. 1. Equal
amounts of RNA from each sample were then tested
as template for the purified DNA polymerase of RSV,
and the remainder was analyzed by electrophoresis in
composite gels of polyacrylamide identical to those
illustrated in Fig. 1. The radioactivity migrating as 4S
RNA was summed, normalized for the amount of
material applied to the gel, and compared with the
normalized amount of radioactivity recovered in the
same region of the gel when 70S RNA was completely
denatured by either boiling or treatment with dimeth-
ylsulfoxide (20). The data obtained from the experi-
ment illustrated in Fig. I were subjected to the same
computations and are plotted here. The template
activities of various heated samples were compared
with the activity of an unheated sample (20,000
counts/min of [3H]TMP incorporated into DNA in I
h). The percentage decrease in template activity as a

function of temperature is plotted on the same scale
as the dissociation of the RNAs. Symbols: 0, 4S
RNA; 0, tagged primer; A, template activity.
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The bulk of 70Sa-4S RNA can be removed
from high-molecular-weight subunits at a tem-
perature (about 63 C) below the range of tem-
peratures (65 to 80 C) required to disrupt the
template-primer complex (Fig. 2). We therefore
heated 70S RNA sequentially at 63 and 80 C,
isolated the 4S RNAs released at each tempera-
ture, and analyzed these RNAs by two-dimen-
sional electrophoresis in polyacrylamide (Fig.
3). The set of 4S RNAs released from RSV 70S
RNA at 63 C was representative of total 70Sa-
4S RNA (compare Fig. 3a and b), although the
relative recovery of the rapidly migrating RNA
which we have denoted "spot 1" (26) was
greatly reduced (Fig. 3b). The remainder of spot
1 RNA (and only spot 1 RNA) was released from
high-molecular-weight subunits during subse-
quent heating at 80 C (Fig. 3c). Each of the
individual 4S RNAs identified by electrophore-
sis of total 70Sa-4S RNA (Fig. 3a) yielded a
characteristic and unique set of oligonucleotides
when hydrolyzed with Ti RNase (26); the 4S
RNAs of spot 1 obtained at 63 and 80 C are
identical by this criterion (unpublished obser-
vations and ref. 13).
We conclude that all but one of the 70Sa-4S

RNAs (and 5S RNA as well) are released from
70S RNA at a temperature (63 C) which does
not reduce template activity. By contrast, the
bulk of the RNA contained in spot 1 can only be
removed by conditions which disrupt the tem-
plate-primer complex. It is therefore likely that
the RNA of spot 1 includes primer molecules.
We also examined the electrophoretic mobili-

ties of 7OSa-4S RNAs obtained after initiating
DNA synthesis in the presence of araUTP (Fig.
4). The denatured RNAs were subjected to a
single dimension of electrophoresis in 20% poly-
acrylamide, a procedure which permits direct
comparison of several samples in the same gel.
The 4S RNAs released at 63 and 80 C were
analyzed separately, with results identical to
those obtained with RNA which had not partici-
pated in a polymerase reaction (Fig. 4). As
before, a single species of 4S RNA was obtained
in the 80-C fraction, and the presence of deox-
ynucleotides on an appreciable portion of this
RNA (about 50%; see ref. 13) had no effect on its
electrophoretic mobility when compared with
the 4S RNA released from 70S RNA in a

FIG. 3. Analysis of low-molecular-weight RNAs by
two-dimensional electrophoresis in polyacrylamide
gels. RSV [32P]70S RNA was heated for 2 min in 0.01
M EDTA-0.02 M Tris-hydrochloride, pH 7.4, at the
indicated temperatures. Two-dimensional electropho-
resis was performed as described under Materials and
Methods. The first dimension (top to bottom in the
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figure) was in 10% polyacrylamide, the second dimen-
sion (right to left in the figure) was in 20%o polyacryl-
amide. Only low-molecular-weight *RNAs (7S and
smaller) enter the 10% gel of the first dimension. In
each panel, the upper, smaller arrow marks 5S RNA,
and the lower, larger arrow marks "spot 1" 4S RNA.
(a) Total 70S-associated 4-5S RNA, released by
heating to 95 C; (b) low-molecular-weight (4-5S)
RNA released from 70S RNA at 63 C and isolated by
rate zonal centrifugation; (c) low-molecular-weight
RNA released from high-molecular-weight subunits
at 80 C; subunits were prepared by heating 70S RNA
at 63 C and subsequent rate zonal centrifugation.
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had the same electrophoretic mobility as the
7OSa-4S RNA of spot 1 (Fig. 5a). This conclu-
sion was substantiated by demonstrating that
the major species of tagged primer and the
independently isolated 7OSa-4S RNA of spot 1
migrated as a single population when mixed
and analyzed by electrophoresis in two dimen-

sions (Fig. 5b).

1`0$

a

FIG. 5. Two-dimensional electrophoresis of primer
RNAs labeled with [32PJdAMP. A 70S complex of
template and tagged primer was prepared as de-
scribed in Materials and Methods by using purified
polymerase, unlabeled RSV 70S RNA (3 jAglml),
[a_32PJdATP, and araUTP. (a) The isolated complex
was denatured by treatment with 85% dimethylsulf-
oxide and subjected to two-dimensional electrophore-
sis as in Fig. 3. A sample of 32P-labeled RSV 70S
RNA was also denatured with dimethysulfoxide and
analyzed in a separate gel. The results were identical
to those in Fig. 3. (b) The RNA contained in spot 1
was eluted from the two gels, mixed in equal amounts
(measured as counts per minute), and subjected to a
second two-dimensional electrophoresis.
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Several other species of low-molecular-weight
RNA were also tagged by [32P]dAMP, albeit at
a relatively low level (not visible in Fig. 5a). The
extent of this tagging at various ratios of tem-
plate to polymerase, as well as in a reaction
carried out with detergent-activated virus, was
analyzed by a single dimension of electrophore-
sis in 20% polyacrylamide (Fig. 6). Similar
results were obtained with two-dimensional
electrophoresis (data not shown). (The number-
ing system in Fig. 6 does not conform to
previous numberings of two-dimensional gels,
and the several species of RNA migrating more
rapidly than spot 1 in Fig. 6 have not been
previously identified.) A minimum of five dis-
tinct RNAs were tagged, with spot 1 constitut-
ing the bulk of the primer (85 to 99%) (Table 1)
in reactions with either disrupted virions or
purified polymerase, and irrespective of the
ratio template to polymerase (Table 1). The
conclusions were based on the assumption that
all of the primer RNAs are tagged by approxi-
mately the same lengths of DNA. We validated
this assumption by analyzing the DNA at-
tached to each of the tagged primers illustrated
in Fig. 6. The nucleic acids were eluted from
individual spots and hydrolyzed with alkali,
and the [32P]DNAs were subjected to sequential
electrophoresis at pH 3.5 on Whatman 540 and
DE 81 papers. Each of the primer species
released pdA,' pdApdA, and pdApdAparaU in
approximately the same proportions as those
found with unfractionated primer (unpublished
data). Thus, the predominant labeling of spot 1
RNA cannot be attributed to a longer chain of
nascent DNA.
We conclude that DNA synthesis in vitro with

RSV 70S RNA as template for the DNA polym-
erase of the virus initiates predominately on a
single species of the 7OSa-4S RNAs. Several
other low-molecular-weight RNAs also serve
infrequently as primers, but the amounts of
these RNAs are inadequate to permit further
characterization at this time.

DISCUSSION
These data confirm and extend previous dem-

onstrations that 4S RNA serves as a primer for
the synthesis of DNA in vitro with RSV 70S
RNA as template (4, 14). The bulk of this
primer (85 to 99%) migrates as a single popula-
tion in two-dimensional gels of polyacrylamide
and is homogeneous as judged by analysis of its
nucleotide composition and sequence (13). This
RNA serves as the principal primer for DNA
synthesis by both virionF disrupted with Non-
idet-P40 and purified DNA polymerase of RSV
with 70S RNA as template. We have not identi-

FIG. 6. Utilization of 4S RNAs as primers for DNA
synthesis at different ratios of enzyme to template.
Enzymatic reactions (I h) were carried out with
purified polymerase as described in Materials and
Methods by using [la-32P]dATP, araUTP, and varying
amounts of unlabeled RSV 70S RNA as template. An
identical reaction was also carried out with detergent-
disrupted virions (200 /g ofprotein/ml) in place of the
purified polymerase and RNA template. The 70S
complexes between template and [32PIdAMP-tagged
primer were isolated by rate zonal centrifugation,
denatured by treatment with dimethylsulfoxide, and
analvzed by a single dimension of electrophoresis in
20% polyacrylamide (400 V, 14 h, 15 C). The samples
analvzed were as follows: (a-d) Primer tagged in a
reaction with purified polymerase, [a 32PIdA TP,
araUTP, and unlabeled 70S RNA as template at 1, 9,
27, and 3 ,ug/ml, respectiely. The preparation of
polymerase used here was saturated by template at
about 6 gg of RNA per ml; i.e., the rate of DNA
synthesis was unchanged at all higher concentrations
of template with the polymerase at the usual concen-
tration of 0.2 U/ml (15). (e) Primer tagged with
[32P]dAMP in a reaction using detergent-activated
virions of RSV, [a-32P]dATP, and araUTP.

fied the primer(s) used in either virions dis-
rupted by other means (eg., ether; cf. ref. 16) or
virions newly released from infected cells (5, 6,
16).

Several other species of low-molecular-weight
RNA also serve as primers (Fig. 6). These RNAs
are responsible for only a small fraction of the

1131VOL. 13, 1974



TABLE 1. Utilization of 4S primers in Rous sarcoma virus"

Percent of total counts/min recovered Total counts!
Sample Method of from spot number: min recoveredanalysis" rmgl

1 2 3 4 frmgl

Detergent-activated virions 1-D 88 2 5 5 1355
2-D 97 114

Purified polymerase with 70S
RNA template (qg/ml)

1 1-D 85 10 125
2-D 89 2 5 4 645

3 1-D 97 1 2 1484
9 1-D 94 3 2 1 748

2-D 85 5 7 3 1047
27 1-D 91 2 4 3 1406

a Pieces of gel containing the spots shown in Fig. 6 were cut out, and their radioactivity was determined by
counting Cerenkov radiation for 10 min. A background value of 23 counts/min was subtracted from the data in
every case. Negligible radioactivity is denoted by a minus sign.

"Radioactively tagged [32P ]dAMP primers were fractionated by electrophoresis through polyacrylamide in
either one dimension (1-D) or two dimensions (2-D), as illustrated in Fig. 6 and 5, respectively.

c Amounts of radioactivity in different samples were not constant. This accounts for the variation in counts
per minute recovered.

total initiations, and occur in such small quan-
tities that we have been unable to identify them
with demonstrable species of 7OSa-4S RNA.
The role of either the major or minor primers in
transcription of the RSV genome during the
infectious cycle cannot be ascertained from
presently available data.
The major primer fraction in vitro (i.e., spot 1

RNA) constitutes approximately 15 to 30% of
the total 7OSa-4-S RNA (26), or an average of
two to four primer molecules per viral genome
(12, 25, and present data). The DNA polymer-
ase of RSV can transcribe the entire viral
genome into DNA chains which are only 100 to
500 nucleotides long (8, 19). This is true of both
detergent-activated virions (which may or may
not contain DNase activity; see ref. 22 and 23)
and purified polymerase free of DNase (2), and
implies that DNA synthesis initiates at a large
number of sites on the RNA template. Thus,
there appear to be insufficient primers on any
single 70S molecule to provide the required
number of initiation sites. We cannot presently
resolve this paradox.
We identify primer molecules by virtue of

their covalent attachment to deoxynucleotides.
The terminal addition of tags up to three
nucleotides in length has no apparent effect on
either the electrophoretic mobility of 4S RNA or
its selective release from 70S RNA by thermal
denaturation. It should therefore be possible to
use tagging with the appropriate radioactive
deoxynucleotide in combination with two-
dimensional electrophoresis to identify primer

molecules from other strains of RNA tumor
viruses.
There are now three means by which to purify

RNA primer from 70S RNA of RSV: direct
isolation from covalent complexes with nascent
DNA (14), selective release from 70S RNA by
thermal denaturation (Fig. 2), and two-dimen-
sional electrophoresis in polyacrylamide after
denaturation (Fig. 5). By analysis of nucleotide
composition and primary structure, we have
determined that the 4S primer RNAs prepared
by each of these procedures are homogeneous
and similar if not identical to each other (13).
These observations validate the use of the
relatively convenient second and third proce-
dures for the preparation of primer RNA in bulk
for further characterization.
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