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Temin' and Baltimore® recently reported the existence of
an ENA-directed DNA polymerase in oncogenic RNA
viruses, We confirmed these findings with six oncogenic
viruses and further established?® the following features of
the reaction: (a) physical and chemical characterizations
proved that the product was in fact & DNA heteropolymer;
(b) molecular hybridization showed that the DNA syn-
thesized was complementary to the viral RNA contained
in the enzyme preparation; and (¢) RNA-DNA complexes
were detected as early components in the polymerization.
The specific complementarity of the synthetic DNA to
viral RNA and the early ap co of RNA-DNA
hybrids implied that the viral RNA functioned as a
template in the synthesis of the DNA.

The heritably stable state that characterizes cells
transformed by these oncogenic agents seems to require
integration of the newly synthesized DNA into the genome
of the cell. It is unlikely that the RNA-DNA hybrids
detected as presumptive intermediates in the reaction
can serve this purpose. It is more likely that the single-
stranded DNA has to be converted into its double-stranded
equivalent for integration, s conversion that would
necessitate a DNA.directed DNA polymerase. We
thorefore pointed® to the need to search for such an
enzyme, either in the virion or in the infected cell, which
would presumably be characterized by its ability to use
duplexes to generate duplexes, We have now examined
six o nic RNA viruses—Rauscher loukaemin virus
(RLV), Rous sarcoma virus RSV-(RAV-1), avian myelo-
blastosis virus (AMV), murine mammary tumour virus
(MTV), Moloney sarcoma virus (MSV) and the feline
leukaemia virus (FeLV)—and encountered a DNA.
directed DNA polymerase in the virions of all of them.
We report here some of the properties of the reactions
nnd the products formed.

Proviously?, we alluded to two observations in pro-
longed syntheses that could not be explained solely by the
RNA . directed DN A polymerase activity we were studying.
The base composition of the product of an extensive
synthesis seemed to be more identical than complementary
to the viral RNA. This implied that the DNA comple-
ment made early in the reaction was subsequently used
as a template for the formation of a complement to itself,
In addition, although carly products are all hybridizable,
late DNA components a r that do not complex to
viral RNA (unpublished o pgrrvnmom) The implieation
is that these late DNA products are either duplexes or
single strands identioal mn sequence to the viral RNA.
All this suggests the presence of o DNA-directed DNA
synthesis in which the DNA formed initially serves as a
template for subsequent polymerization.

Evidence for a DNA-directed DNA Polymerase

In the experiment documented in Table 1, the addition
of either Escherichia coli DNA or mouse embryo fibroblast

Besides having RNA-dependent DNA polymerase activity, onco-
genic RNA viruses possess a DNA-directed DNA polymerase
which is distinguished from previousl
this type in preferring double-strande
ylelding a principally double-stranded product,

described enzymes of
DNA as template and

(MEF) DNA results in a striking stimulation of *H-dATP
incorporation. A trivial explanation of this would invoke
protection by the added DNA against nucleolytic degrada-
tion of the DNA synthesized by the RNA-directed poly-
merase. To test—and eliminate—this, and at the same
time provide a more convenient system for studymg the
DNA-directed step, it was necessary to eliminate the
RNA.directed activity. This can be done by destroying
the resident viral RNA by previous treatment of the
disrupted virions with a suitable nuclease. Microcoeeal
nuclease is convenient because it requires Ca®t, Its
activity can consequently be readily neutralized by the
specific chelating agent ethyleneglycol-bis-(aminoethyl
ether)tetraacetic acid (EGTA). Fig. 1 shows the kinetics
of DNA synthesis in four oncogenic viral preparations
that had been pretreated with micrococeal enzyme. There
15 little residual activity in the absence of added exogenous
nucleie acid; the addition of DNA leads to an excellent
response in all four enzyme preparations.

Table 2 shows that the DNA-stirmulated reaction
requires all four deoxyriboside triphosphates as well as
Mg®*+. The last control recorded in Table 2, omission of
the viral enzyme, was included to eliminate the unlikely
possibility that the enzyme we were detecting was present
as a contaminant of the micrococcal nuclease used to
eradicate the RNA-directed step.

Table 1. ETIMULATION OF THE AMV POLYMERASE BY DNA
o.pat.

DNA ~DNA +DNA
E. coli (40 pg) 631 3,460
MEF (15 ) 840 4,340
A standard Incabation mixture of 1 ml. contains in : 50 Tris-HC1

(pH 8-8), MgCl,, 40 KCl, 2 dithlothreltol, 0-8 of the non-labelled
x‘oxiﬁbonucbmlde triphosphates and 0-04 labelled deox ucleotide,
In this experiment, *H-dATP was usod at a: udvlt of 8 cp.m.lpmolo
The Incorporations t those ol quo t_." n{
to 156 pg viral protein, Vieus mrtlclu-lgapandmlnom M Trin (pﬂ 83)
800 ug virnl &mnln‘m!. were 0 min at 0° eo of
02 per cent ‘Nonhde! P40dnu-rrm Om)l
wis then added 1o o standard ncubal.lon mlxtun .t a level of 130 pg/ml,
nnd incabated at 37° C for 30 min. The reaction was term bzm-«m
tion of 0-56 ml. water and 0-3 ml, trichlorcacetic seld (TCA) mix

scintillation fluld. Mouse embryo lbroblut D*A and E, coli DNA were
extracted following the procedure of Gillesple and S.8. and added to the

reaction mixtures as indieated,
Table 2, RBQUIREMENTS OF DNA-DIRECTED DNA POLYMELASR
YH-AAMP Incorpornted
Conditions (e.pan.)
Co;nplo lvz mM !lu" 40 mM K*) e
-aétp 5
~dGTP 15
~dATP 41
— Mgt a2
—Viral polymerase 30
reactions were enrried ou duer!bod!n‘hbhl The virus

n. lcroooeu ore incubation at 87° C,
The specific lcuvity of the ‘!l-dA‘l'l' was 330 c.p.m.

-

a8 In Flg. 1.
pmole.
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ton of *H-TTP l DNA-(irected DNA

M\ l) (B) ANV, ( )lu.V.nd(l)) MTV.

mixture (Table 1)

llc ndlowlhlt of 'll~‘l'l'P wis 14 % 10° e.pm./

s S D el ot
as or r - polymernses

DNA was from nizod chlck

E:psmd prev m

em| tlon, source, tion of viruses used

D'Lud-am':vmly Tonllmlnlemukdlmhd reaction,
#w-nuom were submitted to s non-lonle detergent

u'enunt(' 40" SMnCo)lhrmmln-to‘Clnmo

Y}wﬂomu)ns

mﬂlon al

of -1 M
dithiothreitol In volumes of about 25 s, The 'NP-40° conceutrations
moznmwwwumm 1 per cent for RLV,
und 017 per cent for These were then dﬂnmd to 260 ul, for

with nuclease from St ‘'orthington);
tmnbauun Wi At room tem ure for 30 min In ¢ presence of

nuclense/ml. and 0 002 On". The nuclease acthon was stopped
h IG ‘A to a final concentration of 0-004 M. Nuclecslde tri-
g‘. Mnddednndluorpouunnuu followed at 47" O,
nnmmu of viral pro

&wao 8155 B, an. C,
MD,S&O':S At In udtimu. ofa wore
witb with the presence of nth‘ eold

RNA a8 carrier, prooessed nd ooun!ad an ducrlbed in Table 1.

Nature of the Product

The product of an extensive synthesis was purified by
phenol extraction and alcohol precipitation, It was then
subjected to physical and enzymological tests, Table 3
shows that the acid-precipitable product can be degraded
by deoxyribonuclease and spleen phosphodiesterase but
not by ribonuclease or alkali. To confirm that it is DNA,
the density of the product was examined by equilibrium
density centrifugation in Cs,80, and the result is shown
in Fig. 2. E, coli DNA was included as a density marker
(1:426 g om?). The density of the DNA synthesized in
response to the addition of MEF DNA is found at the
same density (1-420) as MEF DNA. The DNA produced
by the RNA-directed reaction has? the indicated density

of 1 450.

size of the product i1s compared (Fig. 3)
vnt.h t.hst tomplate in neutral and al.Enhnn SUCPOsE
gradients. It is olear that the radioactive product is
smaller than the DNA used to stimulate the reaction;
there is no evidence of covalent attachment of the product
to the template,

Response to Various DNA Templates

Table 4 compares the response of the AMV DNA-
DNA to different DNA templates. Unlike
the thoroughly studied DNA-dependent DNA polymerase

Toble 3. FROPERTIES OF DNA-DIRECTED PRODUCT OF THE AMV POLYMERASE
TOA vndpiuhln te

Troatment ..
None 510 100
%‘3&"?@'53‘!«“’:%‘}‘.. ks e %
Doaxyribonuclesse (120 pg/ml.) 177 22
Sphln phosphodiestorase (0-25 units/ml.) " 7

rmdnct DVA made on dooble-stranded MEF DNA template was
syntheslzed the standard Incubation mixtare on o 1 ml seale,  The
spocifie vltyoﬂhn YH-ATP used wis 4,000 ¢, pon,/praoke,  After reaction
at :7' C for 2 pronlum was holated by nukln the reaction mix
4 M with mnact to NGl and 1 per oent sodlum dodecy] sulphate (SDS)
lml extracting for & min at room tempersture with an nal volumc of n
mlxum of Khenol-cmol {10 : 1), The aquoous phase was
‘Se 50" coluin (0- x 100 om} uut the purified mnurhl E‘clﬁ
wit ukv»hnl It was then dissolved in 0-01 Tris-0-1 M Nal 83)
(TN buffer) and portions of this solution were used for the dmnml u
ments, The digestion with ribonuclease was oarried out in 0~ TN buffer
roroomln ot 47 C. Digestion with bonuclease 'uthtlh 87'0

in TN bulfer > &tr'
nmmnnlum ncetate buffer (pH 6-0) st 57° C °5hln01 ml,

wak in 000
The alkall treatment wis in 20 4l in 033 M KOH for 18 h st §7° C

of Kornberg!, these oncogenic viral DNA polymerases
prefer double to single-stranded DNA. A particularly
mteresting example is tho f1 DNA, a single strand DNA
quite similar to that found in the DNA bacteriophage
X174 which has been shown® to be an excellent template
for the Kornberg enzyme. We have seen no signs of
template function even in extensive incubations with
f1 DNA. The f1-RF DNA, a covalently linked double-
stranded circular DNA, is nlso inactive, This is not
surprising because at least one of the two strands would
have to be nicked before replieation could eommenoce.

Table 4. REspoNsE OF AMV DNA-DNA POLYMERASE TO VARIOUS DNA
TEMPLAYES

ep *H-TTPF Incorpornted

Double- Singlo-stranded
DNA None stranded or denatared
B, eoli — 1,000 249
MEV 136 638 135
CEF 70 880 400
™ 120 2,320 460
r 50 — 19
l’l-B.l" 50 128 —
ronctions were in the standard conditions and processed as in Table 1.
The 'H-dA‘l'P had a l*clﬂc aotivity of 360 c.p.m./; . Incubations were
for 30 min at 37° C. A concentrntions were about 3 4g/0-25 ml,

Proof by Hybridizztion

The response to quite disparate DNA templates pro-
vides an excellent opportunity of deciding by molecular
hybridization whether the DNA added is in fact serving
as an instructive agent in the polymerization. The
required DNA-DNA hybridization can readily be per-
formed using the Denhardt® modification of the Gillespie
and Spiegelman® method for hybridizing RNA to DNA
fixed to membrane filters. We have found (Horowitz
and 8.8., unpublished observations) that including the
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alkaline wash used in the procedure of
Warnaar and Cohen® yields acceptable
backgrounds.

Table 5 shows the results of hybrid-
izing each of three DNA products to
the threse DNA templates used in the 16
synthetic reactions. The data are
clear cut: the hybridizubilitv of each
product is much superior when chal-
lenged with the DNA actually used in
its synthesis, The percentages of the
input counts hybridized in the homo-
logous hybridizations of Table 5§ are
quite considerable: 10, 16 and 59 per
cont for the mouse, K. coli and T6,
respectively. For the mouse the value
i8 surprisingly high in view of the
complexity of the genome. We have
obtained similar results with chicken
DNA. Such data suggest that the 0 -
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DNA polymerase of the oncogenio 0 10
viruses is not copying random seg-
ments of these vertebrate DNAs.
Clearly it would be desirable to identafy

are being chosen selectively for ampli-
fication.

Another feature of the hybridi-
zation experiments is exhibited in
Table 6 which examines the effect of
denaturation on the ability of the synthesized DBA tohybri-
dize to its homologous templates, Denaturation strikingly
asugments the amount of product available for hybrid
formation. The results suggest therefore that much
(70-80 per cent) of the DNA synthesized is in the double-
stranded stato.

Conclusions

While eliminating tho resident RNA template an
opportunity is presented to examine the acceptability of
other RNA molocules by the RNA-directed polymerase.
Experiments along these lines will be reported later.

The fact that the DNA-directed polymerases described
here readily accept—indeed prefor—double-stranded DNA
as templates distinguishes them from the DNA-depen-
dent DNA polymerases so far reported. If the oncogenic
viral polymerases are in fact true replicases, they should

Table b, HYBRIDIZATION OF DNA-DIREOTED PRODUOTS 10 VARIOUS DNAs
Template ror .ynu:atlc DNA
DNA on fiter Mouse To
Mouse 8, 698 (100 () 1,477 (2
E. coli ?‘) 7 72‘ & & ) 197 (0’&%)
0 152 2 (!% §4,673 (100%)
ve material in each

Radioact! hybridiza valent to 3-8 x 104

gr!t,!x(:udocxl?'e.pltg.fmb A:nylnhul‘udwl fmomo.a‘.ua:’l u:l}
o Tos] numbers represent c.p.m. found

DXA on the l::};nl mtou:r'ved

paren repressnt percentage of
in the dizgation. Products Wg&fn&u‘d ns desaribed
'l‘nbhl.lnd 1'17)"'0““ 007 x88C (1 x 16 M NaCl—0-016 M

sodium i The hybridization reactions out us
DNA lmmoNHud on mombrane fliters and product DNA in solution in 200
o{BxSSCltﬁ“'erlsh For denaturation, 100 of the prod

DNA

To
The same products and conditions are used here as Iorlbouwﬂnntof
T The * native” waa not, however, subjected !o(hallhllneuu
an in the legend of Table 5.

Fraction No,
Neutral and alkaline mctm dient centrl

In ¥ig. pg of B, coli DNA,
the components of the genome that Pl At s 0/ e product parified as deseribed in
usod ux tomplato and an l!lquo( of thc
(8-22 per oont suorose-0-01 M T
sucmoo—(rzrv M NaOH (pH 12 l)—o
repared on & 05 mi, cushion of 70
4"Cfor55h inthe §

20 30 1] 10 20 30
Fraction No.

tion of AMV DNA-DNA pol,-
ning 188 ug of AMYV protein protrented as ribed
'u-dATP (4 x w' .p. m,/pmole) was Incubntod for
Fig. 2. 180 ug of tho K. coli DNA
uet of the reaction were layered on (4) neutral
8-8)-025 M NaCl) or (B) alkaline (8-22 per cent
M EDTA) sucroso gradients,  Each gradient was
cent sucrose, (‘enull\mnllon Wis at 40.000 r.p.m.
Spinco ‘SW.41' rotor, Fractlons were 1 from the b
the tube and processed as in Table 1.

initinte chaing, a feature that can be examined in syntheses
with y-**P-labelled deoxyribonucleotides.

All the six oncogenic RNA viruses which we have
examined possess tho DNA-directed polymerase, but this
activity could not be detected in five non-oncogenic
viruses: reo, polio, influenza, vesicular stomatitis and
Newcastle disease viruses.

It is now clear that RNA oncogenic viruses contain two
DNA polymerase activitios: one which uses single-stranded
RNA as a template and in the process generates a DNA-
RNA hybrid; and a second, deseribed here, which accepts
double-stranded DNA as a template and yields a prinei-
pally double-stranded product. The primary function of
the latter may be to amplify the oncogenic DNA duplex
once it is formed. The multiple copies so produced ecould
markedly increase the probability of a successful inte-
gration. It is, of course, still necessary to clarify how
the DNA-RNA hybrid is converted to the DNA-DNA
duplex, a necessary reaction which we believe is ocourring
in our preparations. Is a third catalytio function
or ean one of the two activities we have already identified
mediate this step? The use of suitably constructed
DNA-RNA structures should resolve this problem. It
will be necessary to purify the relevant proteins and
tackle the formidable problem of the logistics of i
purified viruses in amounts adequate for a realistic atternpt
at this kind of enzymology.
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