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The viral RNA of the Harvey strain of murine sarcoma virus (Ha-SV), which
does not encode for any known viral structural polypeptides, has been translated
in a nuclease-digested, cell-free system. The major protein product of the in vitro
translation reaction has a molecular weight of 21,000 and is initiated faithfully
with [355]formylmethionine from formyl-[35S]methionyl-tRNAFMET. This poly-
peptide is clearly distinct from the products of reactons translated in parallel
experiments from the RNA of the Moloney strain of type C helper virus used to
pseudotype the Ha-SV. The intensity of the 21,000-dalton polypeptide on gels
correlates well to the concentration of Ha-SV RNA in different viral RNA
preparations. These experiments indicate that a polypeptide marker for Ha-SV
is now available for the first time. The possibility that this protein is the product
of the rat portion of the Ha-SV genome is discussed.

Harvey sarcoma virus (Ha-SV) was the first
isolate of a mammalian type C virus with the
ability to produce the rapid formation of sarco-
mas in inoculated mice (6). Since the isolation
of Ha-SV was accomplished by passaging Molo-
ney leukemia virus (Mo-MuLV) in a Chester
Beatty rat, the initial stocks of virus were com-
posed of two viruses, namely, Mo-MuLV and
Ha-SV. Subsequently, the Ha-SV was shown to
transform fibroblasts (FT+) in vitro and was
cloned free from Mo-MuLV in transformed
mouse and rat nonproducer cells (15, 29). Thus,
as in the case of all mammalian FT+ viruses,
Ha-SV was shown to be a replication-defective
virus and to be responsible for the focus-induc-
ing capacity of the viral complex isolated from
rats. In nucleic acid hybridization studies, the
Ha-SV genome was shown to be smaller than
that of Mo-MuLV and to be comprised of two
distinct sets of nucleic acid sequences in a re-
combinant form (16, 17, 29). One set of se-
quences derived from a portion of the parental
Mo-MuLV, and a second set consists of rat ge-
netic sequences (1, 24, 29, 30, 34). Subsequent
experiments have suggested that the rat ge-
netic information represents a novel class of rat
type C viral information (28) and plays an im-
portant role in the acquisition of the ability of
Ha-SV and Kirsten sarcoma virus (Ki-SV) to
transform cells (25).
Up to now, no proteins coded for by Ha-SV

have been identified as markers for Ha-SV-
transformed nonproducer cells, for basically
two reasons. First, the recombinational events
that formed Ha-SV were associated with an 80
to 90% deletion of the Mo-MuLV genone, and

the residual Mo-MuLV sequences did not en-
code for any known structural proteins of Mo-
MuLV, as judged by the inability to detect
cross-reacting polypeptides by radioimmunoas-
says in Ha-SV-transformed cells (21). Second,
no known protein marker exists for the rat
genetic information that comprises the major-
ity of the Ha-SV genome (31).

In an attempt to identify protein(s) coded for
by the Ha-SV genome, we have developed an in
vitro translation system in mouse cells that is
stimulated by Ha-SV RNA. A protein has been
identified, faithfully initiated on Ha-SV RNA,
that has a molecular weight of 21,000.

MATERIALS AND METHODS
Viruses and cells. The Mo-MuLV pseudotype of

the Ha-SV grown in NIH 3T3 cells was described
previously (17). This culture produces approxi-
mately 106.0 focus-forming units of Ha-SV and 10 0-

XC PFU of Mo-MuLV. Moloney helper virus, Mo-
MuLV, was prepared from the parental NIH cells
without the Ha-SV. Cells producing these viruses
were maintained in plastic roller bottles (Corning)
with 10% calf serum (Colorado Serum Co.) in Dul-
becco modified Eagle medium and grown at 370C.

Preparation of S10. Actively growing NIH 3T3
cells producing Mo-MuLV were rinsed three times
with cold (4WC) HEPES (N-2-hydroxyethyl pipera-
zine-N4-2-ethanesulfonic acid)-buffered saline (0.14
M NaCl 0.05 M HEPES [pH 7.8]) and then removed
from the plastic rollers by scraping with a rubber
policeman into the same buffer. After three washes
in the HEPES-buffered saline, cells were collected
by centrifugation at 500 x g and resuspended in
buffer A (0.06 M KCl-0.003 M magnesium acetate-
0.02 M HEPES [pH 7.8]-0.006 M fB-mercaptoetha-
nol).
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After 10 strokes with loose- and tight-fitting glass
Dounce homogenizers, respectively, the resulting
extract was centrifuged at 10,000 x g for 15 min in a
JA21 rotor (Beckman) at 40C. The upper 80% of the
resulting supernatant (S10) was dispensed in 0.3-ml
amounts and immediately frozen at - 170'C. No
dialysis step or Sephadex purification was used in
preparation of the S10.

Protein synthesis conditions. Each reaction mix-
ture was incubated at 30 to 320C for 2 h and con-
tained in 0.025 ml: 0.02 M HEPES (pH 7.8); 0.075 M
KCl; 2 x 10-3 M magnesium acetate; 2 x 10-3 M
dithiothreitol; 8 x 10-4 M ATP; 8 x 10-5 M GTP; 8
mM creatine phosphate; 4 gg of creatine phosphoki-
nase (rabbit muscle; Sigma Chemical Co.); 1.2 x
10-5 M [35S]methionine (680 Ci/mmol; Amersham/
Searle); 1 x 10-4 M 19 other nonradioactive amino
acids; 0.8 A260 (absorbance at 260 nm) units of S10;
and 0.02 A260 units of viral RNA. After incubation at
30'C for specified times, a 0.005-ml portion was re-
moved, treated with 0.1 N KOH for 10 min at 370C,
and then precipitated with 10% trichloroacetic acid.
Pancreatic RNA (5 ug) was added to the remainder
of the reaction mixture and incubated for 30 min at
37°C prior to preparation for gel electrophoresis.

Micrococcal nuclease digestion of S10 extracts
was performed as described by Pelham and Jackson
(23) with 10 ,ug of micrococcal nuclease (Boehringer-
Mannheim) per ml, except that the nuclease diges-
tion was performed at 25°C for 15 min at 4 mM
CaCl2; EGTA [ethyleneglycol-bis(,3-aminoethyl
ether)-N,N-tetraacetic acid] was added to a final
concentration of 8 mM to terminate the nuclease
reaction. The final molarity of EGTA added with the
nuclease-treated S10 to the actual in vitro synthesis
reactions was 3.2 mM.

Viral RNA purification. High-molecular-weight
viral RNA was purified from virions disrupted with
1% sodium dodecyl sulfate (SDS) and digested with
Pronase as described in the legend to Fig. 2. Viral
subunits were isolated from various portions of the
55 to 70S peak (see below) after heating high-molec-
ular-weight RNA at 80°C for 2 min. Centrifugation
of heated RNA was in 15 to 30% sucrose gradients
containing 0.01 M NaCl-0.01 M Tris-hydrochloride
(pH 7.5) in an SW27 rotor (Beckman) at 24,000 rpm
for 14 to 16 h. Gradient fractions were collected from
below and pooled by comparison with 4, 18, and 28S
[3H]uridine cellular RNA markers in parallel gra-
dients. Samples were precipitated with ethanol, col-
lected by centrifugation at 104,000 x g for 30 min,
resuspended in sterile distilled water, and stored at
- 170°C. Encephalomyocarditis virus RNA was
kindly supplied by Robert Thach, Washington Uni-
versity, St. Louis, Mo. Rabbit hemoglobin mRNA
was purchased from Searle Diagnostics, Amersham,
England.

Preparation of 3H-labeled cDNA's. The comple-
mentary DNA (cDNA) used to detect the RNA of
Mo-MvLV was fraction 3 of Mo-MuLV as previously
reported (21). This fraction represents the sequences
in Mo-MuLV that are deleted from either S+L -
Mo-SV or Ha-SV and thus could be used to detect
specifically Mo-MuLV in the presence of Ha-SV. The
cDNA used to detect Ha-SV represents the rat ge-

netic sequences in common among Ki-SV, Ha-SV,
and the endogenous rat genetic sequences (27, 30,
31). The Ha-SV-specific probe hybridized only 3.5%
to Mo-MuLV RNA as opposed to 100% with Ki-SV,
Ha-SV, or endogenous rat sarcoma virus RNA. The
specific activity of each probe, labeled with
[3H]dCTP, was 2 x 107 cpm/,ug.

Hybridization. Each hybridization reaction mix-
ture was incubated at 66°C and contained in 0.05 ml:
0.6 M sodium chloride, 0.02 M Tris-hydrochloride
(pH 7.2), 5 x 10-4 M EDTA, 0.10% SDS, 1 ,ug of calf
thymus DNA as carrier, and the indicated RNA.
Analysis was performed with the use of S1 nuclease
as previously described (2, 14). Hybridization kinet-
ics were expressed as Crt (moles * second per liter) as
suggested by Birnstiel et al. (3).
Polyacrylamide slab gel electrophoresis. SDS

slab gels were prepared by the method of Laemmli
(13) and run at 4 mA. Samples were prepared for
autoradiography by the method of Villa-Komaroff et
al. (35). Gels were washed, dried, and subjected to
autoradiography by using Kodak Royal Blue
X-Omat film as described previously (4). Molecular
weight markers were the Escherichia coli RNA po-
lymerase B' subunits (Boehringer Mannheim Corp.)
(155,000), bovine serum albumin (68,000), ovalalbu-
min (43,000), Moloney viral p30 (30,000), and hemo-
globin (15,500). Each marker was iodinated with 1251
by the procedure of Hunter and Greenwood (10) as
described previously (22) and located on the gels in
the autoradiograph procedure.

Preparation of F-[35S]methionyl-tRNA. Rabbit
liver tRNA was purchased from Grand Island Bio-
logical Co. Total tRNA was absorbed to benzoylated
DEAE-cellulose, and tRNAF IET was separated from
tRNAMMET by a sodium chloride gradient as de-
scribed by Kerwar et al. (12). A preparation of ami-
noacyl synthetases and formylase from E. coli
MRE600 was prepared by the procedure of Muench
and Berg (20). Formylated [35S]methionine-labeled
tRNA was prepared as described (26). Each reaction
was incubated at 30°C for 30 min and contained (per
milliliter): Leucovorin (Lederle Laboratories), 0.24
mg; tRNAFNET, 0.80 A260 unit; enzyme protein, 1.0
mg; potassium cacodylate (pH 6.9), 0.1 M; ATP, 1 x
10-3 M; magnesium chloride, 0.01 M; 2-mercaptoetha-
nol, 6 x 10-3 M; [35S]methionine, 1.6 x 10-5 M; and
the other 19 nonradioactive amino acids, 2 x 10-5 M.
The specific activity of the formyl-[35S]methionyl-
tRNAFMET was 4 x 106 cpm/,ug, and the tRNAFMET
was 7.5 to 10.0% pure, based on its methionine ac-
ceptor capacity. The formulation of the methionyl-
tRNAFMET was greater than 98% as judged by migra-
tion of the deacylated product on cellulose thin-layer
plates at pH 3.5.

RESULTS
Analytical separation of Mo-MuLV and Ha-

SV RNA. Since mammalian sarcoma viruses
required a helper virus to productively infect
cells, stocks of sarcoma virus and, therefore,
sarcoma virus RNA are generally appreciably
contaminated with helper viral RNA. To be
able to prepare quantities of Ha-SV RNA suffi-
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cient for translation, a one-step procedure was
developed to enrich for Ha-SV RNA from a
mixture of Ha-SV and Mo-MuLV RNAs. When
55 to 70S virion RNA from cultures releasing
Mo-MuLV and Ha-SV had been examined pre-
viously heterogeneity of the high-molecular-
weight RNA was noted as compared with Mo-
MuLV high-molecular-weight RNA alone (17).
Therefore, we prepared high-molecular-weight
RNA from the Mo-MuLV/Ha-SV culture and
analyzed the high-molecular-weight complex
for Mo-MuLV-specific sequences and Ha-SV-
specific sequences. As described in the legend to
Fig. 1, cDNA's were used that were specific for
Mo-MuLV or Ha-SV. Two distinct peaks of hy-
bridization were noted; the faster-sedimenting
peak hybridized to the Mo-MuLV-specific
cDNA, and the slower-sedimenting peak hy-
bridized to the Ha-SV-specific cDNA. Although
overlap between the two peaks is apparent,
appreciable separation can be achieved. Thus,
by taking fractions from the slowest-sediment-

FRACTION NUMBER

FIG. 1. Separation of high-molecular-weight
RNA ofMo-MuLV and Ha-SV. Six 75-cm2 flasks of
NIH 3T3 cells infected with Mo-MuLV and Ha-SV
were fed with 10 ml of medium. After 14 h the me-

dium was collected, clarified at 3,000 rpm for 10 min
at 4°C, and pelleted for 3.0 h at 100,000 x g through
a 5.0-ml cushion of 20% sucrose in a type 30 rotor
(Beckman) at 4°C. The pelleted virus was suspended
in 1.0 ml of buffer containing 0.1% diethyl-pyrocar-
bonate, 1.0% SDS, and TNE (0.1 M NaCl-10-3 M
EDTA-0.02 M Tris-hydrochloride [pH 7.5D) and lay-
ered onto a 15 to 30% sucrose gradient in TNE. After
centrifugation for 3.0 h at 39,000 rpm in an SW41
rotor (Beckman) at 16°C, fractions of approximately
0.5 ml were collected by puncturing from below.
Each fraction was concentrated fivefold by ethanol
precipitation and resuspended in 0.02 M Tris-hydro-
chloride (pH 7.5). A 0.005-ml portion of the indi-
cated fractions was hybridized as described in the
text for 24 h with approximately 3,000 cpm of each
[3H]cDNA. The source ofcDNA probes is given in the
text. One hundred percent hybridization was approx-
imately 2,500 cpm for each probe. Symbols: 0,

[3H]cDNA from rat sequences of Ha-SV; *,

[3H]cDNA from S +L - minus fraction ofMo-MuLV.

ing 20 to 30% of the high-molecular-weight
RNA, a marked enrichment for Ha-SV is possi-
ble. These results are consistent with earlier
work that indicated that heterodimers appar-
ently do not form between helper virus RNA
and the defective sarcoma virus RNA (5).
Preparative scale isolation of viral RNA. To

prepare adequate quantities of viral RNA for
cell-free translation studies, larger quantitities
of freshly harvested, purified virus were then
used. The 55 to 70S RNA from a typical prepa-
ration of approximately 7 liters of supernatant
fluid from the culture releasing Mo-MuLV and
Ha-SV was prepared as described in the legend
to Fig. 2. The absorbency profile of this RNA is
shown in Fig. 2. A broad peak of absorbency,
with a peak at fractions 13 to 15 and a second
peak at fractions 18 to 20, was observed. As will
be shown subsequently, the higher-molecular-
weight peak (fractions 6 to 12) represented
helper Mo-MuLV, and the lower-molecular-
weight peak (fractions 16 to 20) was predomi-
nantly the defective Ha-SV RNA component,
which is consistent with the results of the ana-
lytic gradient (Fig. 1). Furthermore, an addi-
tional enrichment for the Ha-SV RNA could be
achieved by starting with the slightly lighter
fractions from the sucrose gradient banding of
the viruses. It was noted that the Ha-SV RNA-
containing particles banded at a slightly lower
buoyant density in sucrose (1.155 g/cm) than
did the Mo-MuLV (1.16 g/cm). Although the
reasons for this buoyant density separation are
not yet apparent to us, the combination of se-
lecting slightly lower-buoyant-density virus
fractions and the slowest-sedimenting portions
of the high-molecular-weight RNA allowed a
significant enrichment for Ha-SV RNA.

In vitro conditions for viral RNA transla-
tion. RNA from 55 to 70S preparative gradients
was concentrated by ethanol precipitation and
employed as RNA in a mammalian cell-free,
protein-synthesizing system. The addition of
this RNA to a nuclease-digested S10 extract
from NIH 3T3 cells producing Mo-MuLV virus
markedly stimulated incorporation of [35S]-
methionine into protein. Optimal conditions
for radioactive incorporation were determined,
and representative optima are shown in Fig. 3.
Figure 3A shows a broad potassium chloride
optimum between 60 and 90 mM; however,
at lower or higher KCl concentration, in-
corporation diminished sharply. In contrast
to the rather broad KCl curve, the optimal
concentration of magnesium acetate has a nar-
row range, with an optimum of 2 mM (Fig. 3B).
Added calfliver tRNA stimulated incorporation
50 to 100% in the presence of added mRNA (Fig.
3C); apparently some loss of tRNA may occur
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FIG. 2. High-molecular-weight RNA profile from
virions released from Mo-MuLV/Ha-SV cultures.
Seven liters ofsupernatant fluid from confluent NIH
3T3 cell cultures releasing the Moloney pseudotype of
Ha-SV were collected 16 h after the addition of 100
ml/plastic roller bottle (Corning). Virus-containing
fluid was rapidly chilled at 40C and clarified in a J-CF
rotor (Beckman, Fullerton, Calif.) by centrifugation
at 12,000 rpm at a flow rate of10 to 12 liters/h in a
J21 centrifuge. Clarified supernatant fluid was then
centrifuged in a CF-32 (Beckman) continuous-flow
rotor by using a linear 15 to 60% sucrose density
gradient in 0.05 M Tris-hydrochloride (pH 7.6).
Fractions were monitored by absorbency at 280 nm,
and six individual fractions (density range, 1.10 to
1.19 g/cm3) were concentrated about 1,000-fold after
a 2- to 3-fold dilution with 0.05 M Tris-hydrochlo-
ride (pH 7.8) and centrifugation in a type 35 rotor
(Beckman) at 142,800 x g for 60 min. Without freez-
ing, fractions with the highest virus concentration
(density, 1.15 to 1.18 g/cm3) were made 1% in SDS
and incubated with self-digested Pronase (Sigma
Chemical Co., St. Louis, Mo.) (750 pg/ml) for 30
min at 370C. This mixture was then applied to a 15 to
30% linear sucrose gradient in TNE in an SW27
rotor and centrifuged for 16 h at 14,000 rpm and
240C. Tubes were punctured from below, 35-drop
fractions were collected for fractions 1 to 30 and 70-
drop fractions were collected thereafter, and absorb-
ancy at 260 nm was determined. All materials were
autoclaved or rinsed with 0.1% diethyl-pyrocarbon-
ate before use.

with our nuclease digestion conditions. As
shown in Fig. 3D, the digested extract without
added message shows a very low background
that does not increase with time; in the pres-
ence of added Mo-MuLV and Ha-SV RNA, in-
corporation increases with time for at least 2 h.
Thus, when a nuclease-digested S10, pro-
grammed with Mo-MuLV and Ha-SV RNA,
was used, clearcut stimulation of [35S]methionine
incorporation over background was noted.

Autoradiographic analysis of in vitro prod-
ucts. After treating the extracts with RNase to
degrade acylated tRNA, radioactivity incorpo-
rated in the in vitro reactions described above
was precipitated in acetone, dissolved in SDS,
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FIG. 3. Conditions for protein synthesis. Reac-
tions were performed as indicated in the text. Sym-
bols: 0, plus mRNA; 0, no added mRNA. (A) Po-
tassium chloride dependence; (B) magnesium acetate
dependence; (C) tRNA dependence: (a) plus tRNA
plus mRNA, (0) no added tRNA plus mRNA; (D)
kinetics of incorporation.

and analyzed by polyacrylamide slab gel elec-
trophoresis. The results of a representative
7.5% acrylamide slab are shown in Fig. 4. The
nuclease digestion procedure of Pelham and
Jackson (23) largely eliminates background in-
corporation, and only very faint bands with
approximate molecular weights of 43,000 and
98,000 were noted in in vitro reactions contain-
ing no added RNA (Fig. 4, column 1). When the
in vitro synthesis system was programmed
with Mo-MuLV RNA sedimenting at either 60
to 70S or 55S (Fig. 4, columns 2 and 3), a
predominant polypeptide with a molecular
weight of 65,000 was noted. However, addi-
tional polypeptides at much lower concentra-
tions were also noted in Mo-MuLV RNA primed
reactions. Notably high- molecular- weight
polypeptides occasionally existed as doublets at
140,000 and 82,000 and a polypeptide at 70,000.
Low-molecular-weight polypeptides also were
noted with the Mo-MuLV by itself and were
approximately 57,000, 38,000, and 25,000. The
predominant band at 65,000 to 70,000 and fainter
bands of higher molecular weight have been
noted previously by Kerr et al. with Mo-MuLV

T--
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FIG. 4. Autoradiographic analysis ofslab gel electrophoresis ofproducts of cell-free translation stimulated
with different RNAs. Conditions for reactions are described in the text. Migration is from top to bottom. (1) No
added RNA to nuclease-digested S10; (2) Mo-MuLV 70S RNA (0.65 pg)-programmed reaction products
(Table 1 RNA preparation no. 1); (3) Mo-MuLV 55S RNA (0.8 pg) reaction products (Table 1 RNA
preparation no. 2); (4) Mo-MuLV pseudotype ofHa-SV 70S peak (Table 1 RNA preparation no. 4); (5) same
as 4, 55S peak (Table 1 RNA preparation no. 7 [0.5 pg]); (6) Table 1 RNA preparation no. 8 (1.0 pg); (7)
blank; (8) Table 1 RNA preparation no. 6 (0.5 pg); (9) Table 1 RNA preparation no. 10 (0.5 pg) 28S RNA;
(10) 20S (0.5 pg) from same gradient yielding 28 and 35S RNA peaks; (11) EMC RNA (0.43 Pg)-
programmed reaction products. Molecular weight markers indicated on right-hand margin are bovine serum
albumin (68,000), ovalalbumin (43,000), Moloney p30, (30,000), and hemoglobin (15,500). The arrows on
the left-hand margin indicate the p65 product ofMo-MuLV and the p21 of Ha-SV.

RNA in an in vitro system and identified as
precursors to various structural proteins of Mo-
MuLV by immunoprecipitation and tryptic di-
gest analysis (11). We have confirmed their
identification in results to be published else-
where.

Using RNA enriched for Ha-SV sequences,
polypeptide bands noted in response to pure
Mo-MuLV RNA (columns 4 to 6) diminished in
intensity, and an additional polypeptide band

with a molecular weight of 21,000 (p21) was
noted (Fig. 4, columns 5 and 6). Several prepa-
rations of RNA were tested for their ability to
direct the synthesis of this 21,000-molecular-
weight (Table 1). Each preparation containing
Ha-SV RNA that represented slower-sediment-
ing viral RNA, as previously discussed, di-
rected the synthesis of the p21. Furthermore,
the intensity of the p21 was in direct proportion
to the concentration of the Ha-SV RNA in a
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TABLE 1. Correlation ofratios ofHa-SV and Mo-MuLV nucleic acid sequences in variousRNA preparations
and in vitro protein product

1/2 Ct with [3H]cDNA from: In vitro protein product
RNA prepna Sizea Fold excess Polypep- Relative

S+L- minus Sarc tide mol wt amt of p21
Mo-MuLV

1 60-70S 5x 10-2 65 ...

2 55S 5x 10-2 65 ...

Mo-MuLV (Ha-SV) with
excess Mo-MuLV

3 60-70S 7.6x 10-2 35x 10-2 4.8 65 ...

4 60-70S 9.Ox 10-2 14x 10-2 1.5 65, 21 +
5 60-70S 7.2x 10-2 15x 10-2 2.0 65, 21 +
6 35S JOx 10-2 15x 10-2 1.5 65, 21 +

Mo-MuLV (Ha-SV) with
excess Ha-SV

7 55S 50x 10-2 7.Ox 10-2 7.0 65, 21 +++
8 55S 36x 10-2 5.6x 10-2 6.4 65, 21 +++
9 55S 1Ox 10-2 6.0x 10-2 1.6 65, 21 ++
10 28S 13x 10-2 9.Ox 10-2 1.4 65, 21 ++
a RNA preparations were from sucrose gradients similar to that shown in Fig. 2. For example, prepara-

tions 8 and 4 were from the gradient shown in Fig. 2 and represent pools of fractions 16 to 20 and 6 to 12,
respectively. Sedimentation coefficients are estimates based on cellular rRNA markers analyzed in parallel
sucrose gradients. The 35S and 28S preparations were from RNA preparation 5, which was denatured and
respun as detailed in the text.

given preparation. When a mixture of Mo-
MuLV and Ha-SV RNA was denatured and
resedimented in a second sucrose gradient to
obtain 288 RNA (Fig. 4, column 9), a signifi-
cant change in the ratio of Ha-SV to Mo-MuLV
RNA was obtained, and correspondingly analy-
sis of the translation reaction products shows
that the p21 band intensity was increased. As
controls, different portions of a gradient of Mo-
MuLV RNA were tested in in vitro translation,
and none was found to stimulate the synthesis
of the p21 band (Fig. 4, columns 2 and 3). Fur-
thermore, in studies to be presented elsewhere
(T. Shih and E. Scolnick, manuscript in prep-
aration), oligonucleotide fingerprints of 32P_
labeled Ha-SV RNA from sucrose gradients
similar to those shown in Fig. 1 were per-
formed. Complexity analysis indicated that
the Ha-SV RNA was not detectably contami-
nated with any other species of RNA besides
the Mo-MuLV RNA indicated in Fig. 1. The
results thus indicate that the p21 protein is a

translational product of Ha-SV RNA.
Labeling of Ha-SV product with formylme-

thionine. As a means for establishing that the
RNA-dependent in vitro synthesis was faith-
fully initiating the p21 protein on the added Ha-
SV RNA, in vitro incubation was performed
with formyl - [35S]methionyl - tRNAFMET. Nor-
mally, methionine is incorporated from
tRNAFMET, but cleaved from the N-terminal po-

sition of polypeptides in eukaryotic systems.
However, if this acylated tRNA is formulated
by using an E. coli formylase, the incorporated
formylmethionine is not cleaved and is stably
incorporated into the N-terminal position (7,
19, 32).
Table 2 shows that mixtures ofRNA enriched

for Ha-SV RNA stimulated incorporation of for-
TABLE 2. Incorporation of [35S]methionine with

different mRNA'sa
Substrate Used (trichloroa-

cetic acid cpm)

RNA added formyl-
[35S]methio- [35S]methio-

nyl- nine
tRNAFMET

None 1,355 5,885
Hemoglobin 32,220 50,495
EMC virus 17,645 131,935
Mo-MuLV (Ha-SV) 4,418 24,840

a Reaction mixtures (0.025 ml) were essentially as
described in the text and the legend to Fig. 3, except
1 x 106 cpm of formyl-[35S]methionyl-tRNAFMET and
5 x 10-6 M nonradioactive methionine replaced the
[35S]methionine where indicated. The amounts of
added RNA were 0.5, 0.53, and 0.48 jizg for hemoglo-
bin, EMC, and Mo-MuLV (Ha-SV) (preparation no.
10), respectively, and reactions were incubated for 2 h
at 30'C. [35S]methionine incorporation represents a
0.005-ml portion, and formylmethionine incorpora-
tion represents the entire 0.025 ml.

J. VIROL.
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myl-methionine to significant levels. Hemoglo-
bin and encephalomyocarditis (EMC) RNA
stimulated more incorporation of formylme-
thionine than comparable amounts of Ha-SV
RNA. The levels of formylmethionine incorpo-
ration correlated with the levels of free
[Sm]methionine incorporation and presumably
reflected more rounds of initiation with the he-
moglobin and EMC RNAs. The products of the

1 2 3 4

STIF

.:.

4~

FIG. 5. Autoradiographic analysis of
thionine-labeled reaction mixture prod
were electrophoresed as detailed in the tex
products labeled with formylmethionyl-
Reaction mixtures added to different lane
EMC RNA (0.43 pg); (2 to 4) Table 1 RN,
tions 4 (0.5 pg), 7 (1.0 pg), and 10 (0.5 ,IA
timely. All Ha-SV preparations incorporate
[35S]methionine to levels comparable to tha
Table 2. Films were exposed for 96 h.
weight markers and arrows are as descri
legend to Fig. 4.

reactions with the Ha-SV and EMC RNAs were
analyzed on gels (Fig. 5). The EMC RNA-
primed reaction product demonstrates a pre-
dominant band at a molecular weight of 7,800
(9). Globin mRNA directs the synthesis of a
band at a molecular weight of 15,500 (not
shown). The enriched Ha-SV RNA stimulated
incorporation of formyl-[35S]methionine into
two main polypeptide bands, a p65 and p21
corresponding to the two major bands from the
Mo-MuLV RNA and the Ha-SV RNA. Too little
label was incorporated to comment on the
higher-molecular-weight bands for Mo-MuLV
RNA. Thus, the in vitro protein synthesis sys-
tem initiates properly with the various RNAs
tested and indicates that the Ha-SV encodes for
at least a 21,000-dalton protein that is faithfully
initiated.

DISCUSSION
From avian and mammalian hosts, several

type C viruses have been isolated that have the
ability to induce malignant transformation of
fibroblasts in cell culture. Without exception,
such viruses have been shown to be recombi-
nants between type C viral information present
in various strains of replicating helper viruses
and additional sarcoma virus-specific informa-
tion designated "sarc." Genetic and molecular
data (18, 27, 33, 36, 37) have suggested that
these sarc sequences play an important role in
the ability of the various FI+ viruses to trans-
form cells and probably code for a protein re-
sponsible for the viral-mediated cellular trans-
formation.
Two strains of such FT+ viruses, isolated

from rodent species Ki-SV and Ha-SV, have
been of particular interest to us because the
genomes of these particular viruses contain a
relatively small proportion of helper sequences
as compared with the sarcoma virus-specific
sequences as compared with other strains of
avian or mammalian sarcoma viruses that
have been reported (27). Second, consistent
with hybridization data, immunological studies
have failed to detect any murine type C struc-
tural viral proteins in cells transformed by Ki-

formylme- SV or Ha-SV (21). Thus, in an attempt to iden-
lucts. Gels tify protein(s) coded for by these viruses, a
rt using `sS method has been developed for isolating in a
'tRNAF-lET, one-step manner with high yield, large quanti-
?s were: (1) ties of the RNA of one of these particular
A prepara- strains of sarcoma viruses free from helper vi-'g), respec- rus RNA.
ted formyl- The purified Ha-SV RNA has been used to
Molecular program an in vitro protein-synthesizing sys-
cbed in the tem rendered highly dependent on added

mRNA by micrococcal nuclease treatment as
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suggested by Pelham and Jackson (23). The use
of the nuclease-digested S10 was essential since
no protein markers or sera exist that would
have allowed the detection of proteins trans-
lated from Ha-SV RNA in the absence of the
very low endogenous protein synthesis back-
ground. Thus, by utilizing this low background
system, the Ha-SV RNA has been used to direct
the synthesis of a protein that has a molecular
weight of 21,000 and is initiated properly from
Ha-SV RNA since it incorporates formylme-
thionine into stable linkage from the substrate
formyl-methionyl-tRNAMET. Thus, the pro-
tein represents a faithful translational product
of at least the N-terminal portion of a protein
coded for by the Ha-SV genome and thus should
be a useful marker for the first time for Ha-SV-
transformed nonproducer cells.

In the absence of any bona fide protein
markers for the Ha-SV genome, it is not possi-
ble to determine whether this protein is the
completed size or only the N-terminal portion of
a bona fide Ha-SV coded for protein. In this
regard, our in vitro system directed the synthe-
sis of several high-molecular-weight proteins
from both Mo-MuLV RNA and EMC viral RNA.
The p70 and p140 proteins synthesized from Mo-
MuLV RNA have also been noted by others (11)
using in vitro translation systems and shown to
be authentic precursors of viral structural pro-
teins. Furthermore, in studies not shown, only
p21 was detected in Ha-SV RNA-directed reac-
tions, even when KCl shifts in an attempt to
prevent premature termination were per-
formed (9) or when shorter incubation times
were used in an attempt to reduce cleavage
events. Thus, it seems unlikely that the p21
from Ha-SV RNA represents a prematurely ter-
minated product of a putatively larger polypep-
tide, although these results do not exclude this
possibility. In other studies (Scolnick and
Parks, unpublished data), the RNA of the
Kirsten sarcoma virus propagated in mink cells
with a feline type C helper virus (28, 31) has
also directed the synthesis of a p21 protein in
this in vitro system. Since the Ki-SV RNA
used for translation has a 20-fold excess of,
Ki-SV over FeLV RNA, it appears highly
likely that the p21 is translated from the Ki-SV
and Ha-SV genomes rather than from the
helper virus used to pseudotype either sarcoma
virus.
The relatively small size of the product of the

in vitro translation reaction also must be recon-
ciled with the molecular weight of Ha-SV,
which is approximately 1.8 x 106 (16, 17). The
genome is composed of approximately 65% rat
sequences and 35% Mo-MuLV sequences (17),

and the potential coding capacity of either se-
quence is substantially greater than that neces-
sary to code for the p21 protein. Presumably,
the translation starts from the 5' end of the Ha-
SV RNA, and it is possible that additional pro-
teins are coded for by Ha-SV from other inter-
nal initiation sites. Alternatively, a large part
of the sarcoma virus genome could be composed
of redundant sequences, and the actual coding
capacity might be significantly less. Neverthe-
less, despite the many unanswered questions,
since no protein marker has been heretofore
available for Ha-SV, the p21 polypeptide pro-
vides the first protein marker for this type of
defective RNA tumor virus with the ability to
induce malignant transformation. Further-
more, since recent studies (Young, Howk, and
Scolnick, unpublished data) indicate that the
rat sequences of Ki-SV occur within 100 nucleo-
tides of the 5'-end of Ki-SV, the p21 seems to
provide the first marker for the rat sequences
of Ki-SV and Ha-SV.
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