1026

NATURE VOQL. 227 SEPTEMBER 5 1970

Formation of Viral RNA—-DNA Hybrid Molecules by the DNA
Polymerase of Sarcoma-Leukaemia Viruses

by
MAKOTO ROKUTANDA  KEI FUIINAGA

HINAE ROKUTANDA RANIIT KUMAR RAY
MAURICE GREEN CORRADA GURGO

Institute for Molecular Virology,
St Louis University School of Medicine,
St Louis, Missouri 63104

WE have postulated that RNA tumour viruses possess a
DNA polymerase dependent on viral RNA (ref. 1} and
several laboratories have recently reported that leukaemia,
and sareoma viruses of the mouse, chicken and cat incor-
porate radioactive deoxyribonucleotides into an acid-insol-
uble form2-3. As well as showing that information can low
from RNA to DNA, this system may provide unique
information for the understanding of carcinogenesis.
Although it is clear that DNA is the reaction product,
the evidence that viral RNA is the template has been
indirect; pretreatment of virus particles with large
amounts of ribonuclease inhibits subsequent enzyme
activity ; RNA tumour viruses contain a 705 RNA com-
ponent but little DNA.

We describe here two lines of evidence demonstrating
that viral RNA is the template for the murine sarcoma
virus (MSV) DNA polymerase: first, viral RNA-DNA
hybrid molecules arc formed by the MSV DNA polymerase
and second, the DNA product formed by the MSV DNA
polymerase hybridizes with viral RNA.

Viral RNA—DNA Hybrids

We have characterized previously the DNA polymerasc
present in M3V (ref. 4). The standard assay is conducted in
a final volume of 100 pl. containing 40 mM Tris buffer
{pH 8-1), 30 mM NaCl, 5 mM dithiothreitol, 2-5 mM MgCl,,
0-01 per cent ‘Nonidet P40°, 0:1 mM dATP, dGTP, dCTP,
and 10 pCi of *H-TTP (11-4 Cifmmole). Enzyme activity

Viral RNA is the template for the DNA polymerase of
the sarcoma-leukaemia viruses: a “‘natural” RNA-
DNA hybrid is formed by the viral DNA polymerase,
and a “synthetic” RNA-DNA hybrid is formed by
annealing viral RNA with the DNA product of the
DNA polymerase reaction.

is linear with time for at least 90 min and 1s proportional
to virus eoncentration from at least 2 to 20 pg of viral
protein per 100 pl. All four deoxyribonucleotides are
incorporated into an acid-insoluble, alkali-stable, deoxy-
ribonucleasc-digestible product.

To determine whether a viral RNA-DNA hybrid is
synthesized by the viral DNA polymerase, MSV(M)
containing **P-labelled viral RN A was uscd in the standard
enzyme assay with *H-TTP as the labelled deoxyribo-
nueleotide precursor of DNA. The reaetion was stopped
after 0, 15, 30, 60, and 90 min and the products were
analysed by zone sedimentation (Kig. 1). In the conditions
used, 32P-labelled viral RNA sediments about two-thirds
down the tube. No significant amount of *H-labelled
material from the zero time reaction sediments in this
708 region, but products of increasing times of reaction
include increasing amounts of 3H-DNA co-sedimenting
with 708 RNA. At 90 min, more than 8,000 c.p.am. of the
*H-DNA product from 50 pl. of reaction mixture co-
sediments with 708 RNA.

The peak fraction containing both 708 **P-RNA and
SH-DNA were pooled as a “hybrid fraction” for further
study. The hybrid fraction was treated with pronase
(125 pg/ml. for 1 h at 37° C) and recentrifuged in a sucrose
density gradient. Again the SH-DNA and 32P-RNA
sedimented in the same 708 position, indicating that the
DNA and RNA were not held together by a protein link.
Stronger evidence for the hybrid nature of the produet
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Fig, 1

. Zone sedimentation of the product of the MSV DNA polymerase reaction.
MSV(M), purified from the growth medinm of the MSV(M) transtormed rat cell line, 78A14, was used in these experiments.

The Moloney isclate of murine sarcoma virus,
#P-Jabelled

MSV(M) was purified from the media‘ of fifty 78A1 monolayer cultures (250 ml. Falcon plastic) grown for 24 h in Eagle's minimal
essential medium (containing one-fourth the normal phosphate concentration) with 10 per cent foetal calf sernm containing 50 #Ci/mi.

of carrier-free 3P0

of protein) were made up to 500 ul. confaining the standard assay mixture with 50 uCi of ®

Purified virus was dialysed for 3 h against 0-01 M Tris-HCl (pH 8-1). F¥ive 200 ul. amounts of virus (34-5 pg

30, 60 and 8¢ min of

H-TTP, At 0, 15,

incubation at 87° C, one assay tube was removed, and the reaction stopped by the addition of 10 mM EDTA and 0-6 per cent SDS.
The preparations were layercd over 114 ml, jinear 15-30 per cent sucrose gradients in 0-01 M Tris-HCl (pH 7:4)—0-1 M NaCl—

0:001 M. EDTA,

, and centrifuged at 4° C for 8:-56 h in the Spinco ‘SW41’ rotor at 36,000 r.p.m.

FHractions {0-5 ml ) were coilected and

50 pl. aliquots plus 100 ug of carrier calf thymus DNA were precipitated with 06 M trichloroacetic acid and collected on membrane
filters. The acid-insoluble *H and **P ¢,p.m, were determined in a Beckman liquid scintillation spectrometer, (3P ¢.p.m. at the top of

the gradient represent viral envelope phospholipid and 4-53 RNA present In tumour viruses,

4H ¢,p.m. at the top are mostly SH-TTP

from the assay mixture and also some free *H-DNA product.) O --- O, Viral **P-RNA; ®— @, *H-DNA product.
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I'ig. 2. Equilibrium sedimentation of the viral RNA-DNA hybrid fractions in Cs,80, density gradients. The peak

fractions containing *i-DNA and/or viral #*P-RNA after zone sedimentation of the 0 and 60 min reaction products

(Fig. 1) were pooled and dialysed against 0-1 ¢ S8C (33C =0-15 M NaCl (-015 M sodium citrate). Two hundred zl. of

hybrid and 20 wg each of mouse cell DNA and RNA (absorbance markers) were made up to a final volume of 3-1 ml. in

2 x 880G, 2:60 ¢ of s,30, (Harshaw Chemical Co.) were added, and the tubes were centrifuged at 20° C for 84 h in

the Spinco ‘SW89’ rotor at 33,000 r.p.m. Fractions (0-17 mL) were collected and the refractive index, absorbance at
260 i, and acid-precipitable radioactivity determined,

was obtained using equilibrium band sedimentation in
a CUs,80, gradient which resolves DNA from RNA by
density. As shown in Fig. 2a, the 708 32P-RNA band is at
a density close to that of the cell RNA marker (p~1-68 g
cm-3) and distinet from that of the cell DNA marker
(p~1-44 g cm-?). DBut the 60 min H-DNA band is
coincident with viral 2P-RNA (Fig. 2b). Treatment of the
hybrid fraction with 0-2 M NaOH for 20 min at 80° C
before density gradient analysis—which would hydrolyse
RNA —lowers the density of the *H-DNA component to
that of free DNA (Fig. 2¢). Three additional hybrid
fractions were analysed with similar results. We conelude:
(1) that the immediate product of the MV DNA poly-
merase reaction is a viral RNA~DNA hybrid; and (2}
that only a small portion of each RNA molecule seems to
participate in hybrid duplexes, for the buoyant density of
the hybrid is close to that of viral RNA.

The RNA-*H-DNA fractions isolated by zonc sedi-
mentation of reaction mixtures after 30, 60 and 90 min
were sedimented through alkaline sucrose gradients which
free polynucleotide chains from one another. After 10 h
at 36,000 r.p.m. in the ‘SW41’ rotor (Fig. 3), “C-DNA
reloased from marker adenovirus sediments at 345 near
the bottom of the tube. The alkali-released *H-DNA from
the hybrid sediments close to 78 in six determinations.
This corresponds to a molecular weight of single-stranded
DNA of about 200,000 daltons (Table 1).

Table 1. SIZE oF DNA IN vikaL RNA-DNA HYBRID
Tneubation Sedimentation
(min) coefficient. in alkali* Mol. wt.
30 63 155,000
30 50 150,000
60 67 181,000
60 6-7 181,000
90 7 255,000
90 68 188,000

* Sedimentation coefficient in alkali determined in Fig. 3.
1 Molecular weight of single stranded DNA calculated from 8 value as
deseribed by Studier®.

Further evidence that viral RNA. is the toemplate for tho
MSV DNA polymerase was obtained by annealing wviral
708 32P-RNA with cnzymatically synthesized SH-DNA and
analysing tho product by equilibrium sedimentation in
Cs,30, density gradients. When viral RNA and DNA are
mixed but not annealed, the viral DNA band is at the
dengity of unhybridized DNA (Fig. 4e). But the incuba-
tion of viral *P-RNA with *H-DNA in annealing con-
ditions converts viral DNA to a hybrid—it again coincides
with viral RNA (Fig. 4b).

Does the Virus contain DNA?

RNA tumour viruses are assumed to contain only RNA
but because DNA might serve as a template for the viral
DNA polymerase, we attempted to determine whether
MSV(M) contains appreciable amounts of DNA. We
isolated MSV(M) from the media of 78A1 cells grown for
24 h in the presence of 2 mCi of *H-thymidine ; the purified
preparation represented 2-21 mg of protein and 41,840
c.p.m. (*H). Thus less than 120,000 daltons of DNA are
present per virus particle {on the basis of the specific
radioactivity of newly synthesized cell DNA and an
assumed virus particle content of 60 per cent protein and
2per cent RNA and a particle weight of 450 x 108daltons™#8),

MSV (*H-thyrmudine pre-labelled) was wused in the
standard enzyme assay with 32P.TTP as the labelled
deoxyribonucleotide precursor of DNA. The reaction
mixture was treated with 0-5 per cent sodium dodeeyl
sulphate and analysed by zone sedimentation. Most of the
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Fig. 3. Zoue sedimentation of "H-DNA from RNA-SH-DNA hybrids in

alkaline sucrose density gradients. The 30 min {200 ul,), 80 min (156 z1.),
and 90 min (100 xl.) hybrid fraction, isolated as described in Fig. 1, plus
3 pl. of ¥C-thymidine labeiled adenovirus type 7 were layered on 11-3 ml.
linear 5-20 per cent sucrose gradients in 0-3 M NaOH-0-7 M NaCi-
0-001 M EDTA, and centrifuged at 4° C for 10 h in the Spinco *SW4L”
rotor at 86,000 r.p.m. Fractions (0-75 ml.) were collected and the acid-
insoluble, alkali-stable radioactivity was deterinined®t, Q--- (.
Adenovirus DNA marker ; .;.b! 'dDNA product from RNA-DNA
yhrid.
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32P.DNA product sedimented to the position of the RNA—
DNA hybrid but *H c.p.m. from pre-labelled virus did not
co-sediment with the DNA product. Thus the 3H-thy-
midine-labelled material in M8V does not seem to partici-
pate in the formation of the *H-DNA-containing hybrid.
The small amount of *H-thymidine present in the virus
preparation may represent DNA in structures contaminat-
ing the virus preparation, or possibly the natural DNA
product of the viral DNA polymerase.

Significance of the DNA Product

Our experiments strongly argue that viral RNA is the
template for the DNA polymecrase present in the murine
sarecoma virus for (1} a *natural” viral RNA-DNA hybrid
is formed during the enzymatic reaction, and (2} a “syn-
thetic’” RNA-DNA hybrid is formed by annealing the
DNA produet with viral RNA. The viral RNA-DNA
hybrid is probably the initial product of the MSV DNA
polymerase reaction for only small amounts of free DNA
produet are found even after 90 min of reaction.

NATURE VOL. 227 SEPFTEMBER 5 1970

produce hybrid structures longer than about 2-7 per cent
of the viral genome would then have to be explained.
Nuclease activities might degrade the rest of the chain
formed #n witre, or perhaps hoss cell or viral induced gene
products are required to transcribe the cntire viral
genome into DNA. The second alternative opens up
geveral possibilities: this piece(s) of DNA may, for
example, code for critical protein(s) in viral development.
The distinction between these two possibilities 1s espec-
ially important, for the role of viral DNA appcars, on the
basis of inhibitor studies, to be essential for both viral
replication and cell transformation!. The mechanism of
carcinogenesis by sarcoma-leukaemia viruses may even
provide & model for possible reversal of RNA transcription
during normal cell function, such as the intriguing ex-
pression of RNA tumour wvirus genctie information by
cellular genes during embryonic development in the
mouse!’.

‘We thank Miss Mary Beranek, Miss Maria Cartas, and
Mrs Clara Boudreau for assistance and Dr David
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Fig. 4.

s3IP-RNA was prepared from ¥ P-labelled M8V(M) and *H-DNA was prepa.

Hybridization of viral 32P-RNA with the *H-DNA product of the MSV DNA polymerase.

ared from a 60 min reaction mixture

as follows: after the addition of -5 per cent sodiam dodecyl sulphate, the preparationa were extracted three

times with phenol saturated with 0-1 M NaCl-0-01 M Tris-HCl (pH 7-4)-0-001 M
layer was dialysed against 0-1 x SSC. The *H-DNA

for 20 min and neutra.hzed to denature the DNA and

EDTA. The aqueous
greparutwu was treated with 02 N NaOH at 80° C
estroy unlabelled viral RNA. Denatured *H-DNA

(4,400 ¢,p.m,) and 58 pg of viral 3*P-RNA (40 500 c.p.m./ug) in 400 ul. of 2 x S8C were annealed at 60° C

for 9 h. An identical mixture of *H-DNA and

The DNA component in an individual hybrid duplex
moves at 78, corresponding to a molecular weight of
200,000. A similar value is obtained for the average
amount of DNA formed per virug particle in a 90 min
enzyme reaction (see Fig. 1, caleulated from 3-45 pg of
viral protein per 50 pl. reaction mixture, 8,000 c.p.m.
incorporated into DNA, assuming equimolar amounts of
A, G, C and T in the DNA product and a 60 per cent
protein content and 450 x 10° particle weight for the
virus?®), These findings confirm the correspondence
between the RNA-DNA hybrid and the free 708 viral
RNA: apparently only a small fraction of each RNA
molecule is in hybrid form.

Further experiments must resolve whether (1) the
complete viral genome is transcribed to DNA 4n wvivo
or {2) the production of a specific short piece(s) of DNA is a
true function of the polymerase. According to the first
alternative, the hybrid may be an intermediate in the
replication of virus or in the production of transforming
DNA, but the failure of the in vitro enzyme reaction to

B2P.RNA
were centrifyged to equilibrium in Cs,80, gradients and proceqsed as described in Fig. 2

, not annealed, served as a control, Both samples
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