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ABSTRACT The location of poly(A) sequences in the
RNA of mammalian RNA-tumor viruses was determined
by enzymatic analyses. The 56-64S viral genomic RNAs,
the 20-40S viral subunit RNAs, and the 4-5S poly(A)
sequences excised from these viral RNAs were subjected
to either hydrolysis with a 3’-OH specific exoribonuclease
from Ehrlich ascites tumor cells or phosphorolysis from
the 3’-termini with peolynucleotide phosphorylase from
Micrococcus luteus. Purified adenosine-labeled poly(A)
fragments, excised from genomic viral RNAs by RNase A
and T, digestion, were hydrolyzed with the 3’-OH specific
exoribonuclease for various periods of time. Poly(U) filter
binding studies of the residual poly(A) indicated that 979,
of the poly(A) fragments were hydrolyzed. Adenosine-
labeled genomic and subunit viral RNAs and excised
poly(A) fragments were phosphorolyzed from their 3’-
termini for various periods of time with polynucleotide
phosphorylase. The degree of phosphorolysis was moni-
tored by poly(U) filter binding studies, and CCl,COOH

insolubility and solubility determinations. There was an -

initial preferential rate of phosphorolysis of the poly(A)
sequences of genomic and subunit viral RNAs as com-
pared to the total adenosine-labeled viral RNAs. The data
from these two different enzymatic mechanisms of action
indicated conclusively that the poly(A) sequences were
located at the 3’-termini of genomic and subunit viral

RNAs.

Poly(A) sequences are quite ubiquitous in nature. They have
been found in the RNA of some oncogenic and nononcogenic
viruses (1-13) but not in others (14-16), in the messenger
RNA (mRNA) synthesized by some DNA and RNA viruses
and yeast cells (17-24), and in the mRNA and heterogenous
nuclear RNA of mammalian cells (25-28) with the exception
of histone mRNA (29). They have not been found in either the
mRNA of bacterial cells (30) or the ribosomal RNA (rRNA) of
mammalian cells (13, 31).

The poly(A) sequences of mRNA from mammalian cells
(27, 28, 32), of RNA from nononcogenic viruses (1, 7), and of
mRNA from DNA viruses (18) are covalently linked to the

/-termini; however, the exact location of the covalently linked
poly (A) sequences in the RNA of RNA-tumor viruses had not
been definitively established. In these studies, we determined
the location of the poly(A) sequences in the RNA of mam-
malian RNA-tumor viruses by enzymatic analyses.

MATERIALS AND METHODS

Cell Cultures and Growth Conditions. 3T3 cells chronically
infected with a murine leukemia virus isolate (MLV-IC)

Abbreviations: MLV-IC, a murine leukemia virus isolate ob-
tained from the Moloney leukemia-sarcoma virus complex;
S+H+, sarcoma positive helper positive.
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obtained from the Moloney leukemia-sarcoma virus complex,
and sarcoma positive helper positive (S+H+) cells were used
in these studies. All cells employed were mycoplasma nega-
tive. The growth and maintenance of these cells have been

described (13).

Radioisotopic Labeling of Viruses. The isotopic labeling
with [2,8-3H Jadenosine (25-50 uCi/ml, 3—6 hr) and purifica-
tion of the viruses have been described (13).

Extraction of [2,8-*H ]Adenosine Labeled RN A from Virions.
Labeled viral RNA was extracted from virions with sodium
dodecyl sulfate and phenol mixtures as described (13, 33).

Separation and Fractionation of Extracted Viral RNA. The
extracted viral RNA was separated by rate zonal sedimenta-
tion in isokinetic sucrose gradients and fractionated as de-
scribed (13).

Viral RNA Dissoctation. Viral genomes were dissociated
into subunit RNA by either heat (75-85° for 3 min), dimethyl
sulfoxide treatment (25° for 30 min), or 1.1 M formaldehyde
treatment (65° for 15 min). Dissociated viral RNAs were
ethanol precipitated and separated by rate zonal sedimenta-
tion as described (13).

Detection of Poly(A) Sequences in the RNA of RN A-Tumor
Viruses. Three different techniques were utilized to determine
if the [2,8-*H ]Jadenosine-labeled viral RNA extracted from

.RNA-tumor viruses contained poly(A) sequences: (a) binding

to Millipore filters (34); (b) binding to poly(U) GFC filters
(35); and (¢) RNase A and RNase Tj resistance (9, 10, 13, 36,
37). [*H]Polyribonucleotides and [**C]Escherichia coli DNA
were used as controls.

Enzymatic Analyses to Determine the Location of the Poly(A)
Sequences of the Viral RNA. Both exoribonuclease from
Ehrlich ascites tumor cells (32, 38) and polynucleotide
phosphorylase from Micrococcus luteus (39, 40) were used in
these studies to determine if the poly(A) sequences of the viral
RNA are located at the 3’-OH termini. The exoribonuclease
cleaves from the 3’-OH terminus of RNA (32) and poly-
nucleotide phosphorylase, in the presence of excess cold PO,~?,
cleaves from the 3’-terminus of the RNA by phosphorolysis
(40). Reaction conditions for both the ascites exoribonuclease
hydrolysis (32) and polynucleotide phosphorylase phosphorol-
ysis (40) have been described.

Polyacrylamide Gel Electrophoresis of [*H | Poly(A) Sequences.
iH-Labeled poly(A) sequences, excised and purified from
[2,8-*H Jadenosine-labeled S+H+ (HGT-1) viral RNA were
electrophoresed as described by Perry et al. (30).
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TABLE 1. Poly(A) sequences of mammalian leukemia
and sarcoma viral RNA

RNase A & T, Resistant Fragments

Alkaline

hydrolysis
[2,8-3H] Adenosine-labeled Fragments of fragments

viral RNA* (%)t (%)}

MLV-IC (64S) 6+ 0.5 100
MLV-IC (30—408S) 9+4+0.5 —_
S+H+ (HTG-1) (56S) 10+ 1 98 + 0.5
S+H+ (HTG-1) (20—408) 10+1 —

* [2,8-3H] Adenosine-labeled viral RNA (1000-5000 cpm) was
used per test. A minimum of nine independent tests were per-
formed for each of the experimental conditions.

t RNase A and T resistance studies. RNase A and T, assays (1
ml) were performed in both 2 X SSC (0.3 M NaCl-0.03 M Na,
citrate, pH 7.2) and 0.1 X SSC (0.015 M NaCl-0.0015 M Na;
citrate) that contained 2,000-20,000 cpm of radioactive poly-
ribonucleotide or nucleic acid in 5 ul, and RNase A (2-20 ug) +
RNase T, (50-150 units). Incubation was at 37° for 2 hr.

% resistance to RNase A and T, digestion
_ (2 X 8SC cpm — 0.1 XSSCcpm)><1
- input cpm

00.

1 RNase A and T, resistance studies followed by treatment of
the RNase A and T resistant nucleic acid fragments with 0.5 N
NaOH for 10 min at 100°.

Radvoisotopes. [2,8-*H]Adenosine (5-25 Ci/mmol) and
H;*?PO, (carrier free) were purchased from either New En-
gland Nuclear Corp. or Amersham/Searle Corp. [*H]Poly-
ribonucleotides (A, C, G, U) were purchased from either Miles
Laboratories or Schwarz/Mann. [2-1“C]Thymidine-labeled
E. coli DNA (46 uCi/mg of DNA) was purchased from Amer-
sham/Searle.

Enzymes. Exoribonuclease specific for 3'-OH termini was
isolated from the nuclei of Ehrlich ascites tumor cells and
characterized as described (38). Polynucleotide phosphorylase
(no. 0429, lot no. 3093I) was purchased from P-L Biochem-
icals, Inc.; pancreatic RNase A (no. WRAF9LB), DNase free
of RNase (no. WDPC9LB), and Micrococcal nuclease (no.
4797) were purchased from Worthington Biochemicals, Inc.,
and RNase T, (no. 556785) was purchased from Calbiochem.

Buffers, Chemicals, and Reagents. Buffers, chemicals, and
reagents used in these studies have been described (13, 32,
40).

RESULTS

Poly(A) sequences of mammalian leukemia and

sarcoma viral RNA

RNase A and RNase T, resistance studies indicated that
poly(A) sequences comprised 6-9%, and 109, of the [2,8-*H ]-
adenosine-labeled MLV-IC and S+H+ (HTG-1) viral RNA
respectively (Table 1). The RNase A and RNase T, resistant
nucleic acid fragments were treated with 0.5 N NaOH for 10-
min at 100° to determine if the resistance to enzymatic
hydrolysis was due only to poly(A) sequences because
[2,8-*H Jadenosine can be incorporated into both DNA and
RNA and because approximately 29, DNA has been detected
in the nucleic acid of some RNA-tumor viruses (41, 42).
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Fic. 1. Hydrolysis of [2,8-*H]adenosine-labeled poly(A) se-
quences with a 3'-OH specific exoribonuclease from Ehrlich ascites
tumor cells. [2,8-*H]Adenosine-labeled S+H(HTG-1) 56S viral
RNA (about 3.4 X 10 cpm, specific activity about 1900 cpm/ug
of RNA) was treated as described by Molloy et al. for HeLa and
L-Cell mRNA (32) with a combination of RNase A (2 ug/ml)
and RNase T; (50 units/ml) for 1 hr to excise the poly(A) se-
quences. After digestion, the [*H]poly(A) sequences were re-
extracted with sodium dodecyl sulfate—chloroform-phenol and
precipitated in 709, ethanol in the presence of highly purified
bovine serum albumin carrier. The [3H]poly(A) sequences were
re-dissolved in 50 mM NaCl-1 mM EDTA buffer and passed
through a small column of Sephadex G25 which was equilibrated
with 50 mM NaCl-1 mM EDTA. Reaction mixture (0.2-0.5 ml)
contained: 40 mM Tris- HCI at pH 7.4 at 25°, 4 mM MgCl,, 0.3
mM dithiothreitol, 40 ug/ml of purified RNase free bovine serum
albumin, 1 unit of ascites 3’-OH specific exoribonuclease, and
about 2500 cpm of [*H]poly(A) sequences. Incubation was at
37°. Radioactivity was determined after the indicated periods
of incubation of binding of residual [*H]poly(A) to poly (U)GFC
filters.

Ninety-eight to 1009 of the RNase A and RNase T, resistant
fragments of [2,8-*H Jadenosine-labeled MLV-IC and S+H+
(HTG-1) viral RNA, respectively, was degraded by alkaline
treatment; therefore, the resistance of these fragments was
because of their poly(A) composition and not to DNA. These
poly(A) sequences are covalently linked to the viral RNA
subunits because 20—40S viral RNA subunits isolated from
heat, dimethyl sulfoxide and formaldehyde dissociated viral
genomes also contained 9-119, RNase A and RNase T, re-
sistant poly(A) sequences. Poly(U) filter binding analyses
indicated that 53 + 109, of these subunit RNAs contained
poly(A) sequences. Having detected covalently linked poly (A)
sequences in the RNA of these RNA-tumor viruses, it became
of great interest to locate their position.
The position of the poly(A) sequences in the RNA of
RNA-tumor viruses
Enzymatic studies used to determine the position of the poly-
(A) sequences present in the RNA of RNA-tumor viruses
included hydrolysis with a 3’-OH specific exoribonuclease
from Ehrlich ascites tumor cells (32) and phosphorolysis from
the 3’-termini with polynucleotide phosphorylase (PNPase)
from Micrococcus luteus (40). Hydrolysis of [2,8-*H Jpoly(A)
sequences from S+H-+4(HTG-1) 56S viral RNA with the
-OH specific exoribonuclease was monitored by binding of
the residual poly (A) to poly(U) GFC filters. The data in Fig. 1
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F16.2. Phosphorolysis of [2,8-*H] adenosine labeled S+H+
(HTG-1) and MLV-IC viral RNA by PNPase. [2,8-*H]Adeno-
sine-labeled viral RNA extracted from [3H]S+H+4 (HTG-1)
viral RNA (specific activity about 500600 cpm/ug of RNA) and
from [*H]MLV-IC viral RNA (specific activity about 150-300
cpm/ug of RNA) were treated with polynucleotide phosphorylase
as described by Chan and Singer but without the H;**PO, (40).
The assay mixture (0.1 ml) contained: 0.1 M Tris-HCI, pH 8.3
at 25°; 10 mM K,HPO,; 5 mM MgCl;; 1 mM EDTA; 20 ug of
purified RNase free bovine serum albumin; [2,8-*H]adenosine-
labeled viral RNA (1,000-11,000 cpm in 5 ul per test); and 0.75
units of polynucleotide phosphorylase. Radioactivity was de-
termined after the indicated periods of incubation by binding of
the residual [*H]poly(A) to poly (U)GFC filters. Each time point
on the graph represents the average radioactivity from a minimum
of six individual tests. (4), [*H]S+H+(HTG-1) viral RNA:
O—0, 568 genomic RNA; A——a, 28-328 subunit RNA;
O——0, excised 4-58 poly(A) sequences. (B), [FH]MLV-IC viral
RNA; 0——O, 648 genomic RNA ; A——A, 34-358 subunit RNA;
O—0, synthetic poly(A) control.

show that 979 of the poly(A) sequences were hydrolyzed
from the 3’-OH termini.

Because of the 3-OH specificity of this exoribonuclease,
these studies indicated that the RNase A and RNase T,
excised [2,8-*H]poly(A) sequences were located at the 3'-OH
termini of the viral RNA subunits.

(2,8-*H Adenosine-labeled viral genomic and subunit RNA
and excised poly(A) sequences from both S+H+(HTG-1)
and MLV-IC viruses were cleaved by phosphorolysis (Fig.
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F1e. 3. Polyacrylamide gel electrophoresis of [*H]poly(A)
sequences excised from [2,8-*H]adenosine-labeled S+H+ (HTG-
1) viral RNA. (4) The marker gel contained “C-labeled low
molecular weight components from L cell ribosomes and [*C]5'-
AMP (New England Nuclear Corp.). (B) [*H]Poly(A) sequences
(1600 cpm), excised and purified from [2,8-*H]adenosine-labeled
S+H+ (HTG-1) viral RNA (specific activity about 1900 cpm/ug
of RNA) as described in Fig. 1, were electrophoresed as described
by Perry et al. (30) on 10-cm gels consisting of a 1-cm segment of
2.7% gel and a 9-cm segment composed of 14% gel. Electrophoresis
was for 3 hr at 5 mA per gel.

24 and 2B). Sixty-eight percent of the poly(A) sequences of
648 MLV-IC viral RNA were phosphorlyzed; likewise, 58%,
of the poly(A) sequences of the 568 S+H-+(HTG-1) viral
RNA was phosphorolyzed after 5 min, whereas only 109 of
the total adenosine-labeled S+H+ (HTG-1) viral RNA was
made CCLCOOH soluble. However, polynucleotides phos-
phorylase phosphorolysis is progressive from the 3’-termini
and after 5 min, some of the internal adenosine-labeled nucleo-
tides were also phosphorolyzed because 17, 45, 85, and 88%, of
the labeled 568 viral RNA was made CCl,COOH soluble at 10,
15, 30 and 60 min, respectively. The initial preferential rate of
PNPase phosphorolysis of the poly(A) sequences indicated
conclusively that they were located at the 3’-termini of
S+H+ (HTG-1) 568 viral RNA.

Estimation of the molecular weight of the 3’-OH

poly(A) sequences

The molecular weight of [2,8-*H]poly(A). sequences from
S+H+ (HTG-1) viral RNA was estimated by polysacrylamide
gel electrophoresis (Fig. 34 and B). These poly(A) sequences
exhibited a sharp peak migrating slightly slower than the 53
rRNA marker (Fig. 34). Also observed in the electrophoreto-
gram is radioactivity in the mononucleotide region and in
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regions of slightly slower mobilities. From these studies, the
molecular weight of the poly(A) sequences was estimated to be
1 X 10° which is quite similar to the poly(A) fragments
isolated from L-cell mRNA (32).

DISCUSSION

These enzymatic studies show that the RNAs of MLV-IC and
S+H+ (HTG-1) infectious RNA-tumor viruses contained
poly(A) sequences covalently linked to the genomic and sub-
unit RNAs at their 3’-termini.

The purified adenosine-labeled poly(A) fragments, excised
from viral genomic RNA by RNase A and T, digestion, were
hydrolyzed for various time periods with the 3’-OH specific
exoribonuclease. Subsequent poly(U) filter binding studies of
the residual poly(A) indicated that 53, 72, 91, and 979 of
these fragments were hydrolyzed at 0.5, 1, 2, and 4 hr, respec-
tively (Fig. 1). These results with the excised poly(A) frag-
ments depend upon the clearly established 3’-OH specificity
of the exoribonuclease employed (32). Poly(U) filter binding
studies indicated that 63 =109, of the 56—64S viral genomic
RNAs and 53 £ 10% of the 20—40S viral subunit RNAs
contained poly(A) sequences. Since a majority of the viral
subunits contained poly (A) sequences, they all must be at the

’-OH termini of their respective subunits.
Adenosine-labeled genomic and subunit viral RNA and
excised poly(A) sequences were phosphorolyzed from their

’termini for various periods of time (Fig. 2). Phosphorolysis
was monitored by poly (U) filter binding studies of the residual
poly(A) and CCLLCOOH insolubility and solubility studies of
the total adenosine radioactivity. 648 MLV-IC and 568
S+H+ (HTG-1) viral genomic RNAs were phosphorolyzed
68% and 58%, respectively, after 5 min, whereas only 109 of
-the total adenosine-labeled S+H+ (HTG-1) viral RNA was
made CCLCOOH soluble. The initial preferential rate of
polynucleotide phosphorylase phosphorolysis of the poly(A)
sequences when compared to the total adenosine radioactivity
indicated that the poly(A) sequences were located at the 3’-
termini of the viral RNAs. These enzymatic analyses with

'-OH specific exoribonuclease (32) and polynucleotide phos-
phorylase (40) indicated conclusively a 3’-terminus position
for the poly(A) sequences of genomic and subunit viral
RNAs.

What are the function(s) of poly(A) sequences covalently
linked to the RNA of RNA-tumor viruses? Some investigators
have suggested that the poly(A) sequences may be involved in
the synthesis of viral DNA by reverse transcriptase (8, 9, 11).
Now that it has been determined that the poly(A) sequences
are located at the 3’-OH termini of genomic and subunit
RNAs, the possibilty that the poly(A) sequences could be the
binding sites for reverse transcriptase increases. However, the
poly(A) sequences themselves are apparently not transcribed
into tracts of poly(dT) (43). Poly(A) sequences may also be
important to the structural integrity of the genomic RNA of
RNA-tumor viruses, as has been suggested by others (9-11),
by complementary hydrogen bonding between the poly(A)
sequences and possible uridine-rich segments (2, 44) in the
viral RNA but some investigators have not been able to detect
poly (U) tracts in either the genomic or subunit RNA of RNA-
tumor viruses (45). Therefore, the absolute function(s) for
these covalently linked poly(A) sequences at the 3’-OH
termini of genomic and subunit viral RNAs is apparently
unknown.
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Note Added in Proof. During the review of this manu-
script, the authors became aware of two other publications on
this subject: Stephenson, M. L., Scott, J. F. & Zamecnik, P.
(1973) Biochem. Biophys. Res. Commun. 55, 8-16 and Rho,
H. M., & Green, M. (1974) Proc. Nat. Acad. Sci. USA 71,

2386-2390.

The authors wish to thank Dr. Robert P. Perry and Ms. D. E.
Kelley of the Institute for Cancer Research, Philadelphia,
Pennsylvania for the 3’-OH specific exoribonuclease data and
for the estimation of the molecular weight of poly(A) sequences
by polyacrylamide gel electrophoresis; Ida M. Gaines, Bennie
Thompkins, Sol Del Ande Eaton, and Willie Turner for their
excellent technical assistance; and Drs. Peter J. Fischinger and
Maxine F. Singer of the National Institutes of Health for their
invaluable discussion of these studies.
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