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DNA (unpublished results of J. R.). Thus the origin of
these molecules as well as the DNA-dependent DNA
polymerase remainsg an open question,
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templates.

THE recent reports by Temin! and Baltimore?® of an RNA-
directed DNA polymerase in oncogenic RNA viruses have
been confirmed and extended?. We established that the
DNA synthesized 18 complementary to the viral RNA
and that DNA-RNA hybrids appear as early intermedi-
ates of the renction.  Both features argue compollingly
that viral RNA functions ns a template in the synthesis
of the DNA,

The RNA-DNA hybrids detected as presumptive inter-
mediates are not likely to be integrated as such into the
genome, an event necessary to explain the heritably
stuble state of the transforiration induced by these onco-
genie virnses, The required conversion of the RNA-DNA
hybrid imto a DNA-DNA duplex demands a DNA-
dirceted DNA polymerase,  We already had? suggestivo
evidence that DNA strands synthesized late in the reac-
tion were identical rather than complementary to the
viral RNA. We set out to find the DNA-dirceted DNA
polymerase implied by these observations and deteeted?®
the relevant activity in all six oncogenie viruses examinoed.
The DNA-dirceted polymerase activity thus revealoed
had o number of interesting properties. There was a
clear preference for double-stranded DNA and, except for
covalently linked eireles, virtually any double-stranded
DNA was accepted as a template.  In cach ease, it could
be shown by appropriate hybridizations that tho DNA
synthesized was complementary to the DNA used as the
initinting template,

We were still left with the problem of identifying the
polymerization reaction which converts the DNA-RNA
hybrids into the DNA-DNA duplex. To synthesize

Six RNA viruses have now been shown to contain DNA polymerase
activities directed by single-stranded RNA, double-stranded RNA
and double-stranded DNA.
RNA hybrids, such as synthetic dC'rG, act as even more effective

It Is further demonstrated that DNA-

natural DNA-RNA hybrids in amounts adequate for
enzymatic test is still a formidable task. To avoid the
logistic problems involved we decided to use synthetic
polynucleotide duplexes. There is ample evidence®* of
their usefulness in studies of DNA and RNA synthesis,
and the DNA polymerase of E. coli has been shown to
use the synthetic ribopolymer rA-«xU to synthesize the
deoxyribopolymer dA-dT (ref. 8), We have found that
certain of the synthetic duplexes are not only functional,
but ere superior to natural templates by almost two
orders of magnitude in stimulating polymerization. This
finding leads to an extraordinarily useful tool for detecting
the enzyme activity, We summarize here the results of
our investigations.

Comparison of Templates

Tho virnses used in the preparation of enzymes were
avinn myeloblastosis virns (AMYV), feline leukaepin viros
(FellV), Moloney sarcoma virus (MSY), Rauscher leuk-
nomia virus (RLV), mouse mammary tumour virus (MTV)
and a rat mammary tumour virus (RMTV). Table 1
illustrates the responses of the six RNA oncogenie viral
prepavations to the resident RNA templates (column 1),
exogenous DNA (column 2), and to the hybrid duplex
(column 3) formed from polydeoxyadenylate and poly-
riboguanylate (dC-r(3),

The stimulation observed with CEF-DNA i3 not maxi-
mal beeause for purposes of comparison it was held at the
same level (4 'ml.), at which the reaction with the
dCrG is aphmn% . For all six viruses there is clear evidence
of a hybrid direccted DNA synthesis that is dramatically
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superior to the reactions proviously studied. The kinetics
of DNA synthesis with the three templates (Fig. 1) empha-
size the magnitude of the difference in template eapabili-
tics.  When plotted on the same scale, tho synthetic activi-
ties observed with the resident virnl RNA and CEF-
DNA are almost trivial compared with dC-rG.

We examined the template capabilities of as many
synthetic polynncleotides as possible, Table 2 shows tho
responge to single homopolymers. It should be noted
that in this, as in the tables to be discnssed, all measure-
ments involved examinations over 20-30 min periods with
samples taken every 5-7 min. The 5 min values are
recorded to permit better comparison with those cases in
which the kineties diverge from linearity after 10 min.,
In all cases shown in this and subsequent tables, both
complementary deoxyriboside triphosphates were included
in the assay, one being identified by an «-*P label, and
the other by a *H lnl:v?

Table 2 demonstrates that of the ribohomopolymers,
only r(C possecsses detectable template activity and here
the synthesis lasts only for 5 min. In the case of the
deoxyribopolymers, poly dC supports extonsive and
prol synthesis of poly dG, and some later incorpora-
tion of dC, Although much smaller, both poly dA and

Table 1, RESPONSES VIRAL RNA POLYMERASES TO ADDED
nYBRID

OF ONCOGENTO
DNA An A SYNTHETIO RNA-DNA
pmoles nucleotide ted In 10 min/10 pg of
hﬂon' /10 pg

protein
Polymerase Template
None CEF-DNA acrG
AMY 28 53 11400
FelV 21 20 a7
M8V 12 12 300
RLV 16 3 1620
uIV 01 10 a5
RMTV 01 o8 214

A standard Incubation mixture of 0-26 ml. contains 12-56 smoles Tris- HCL
(pH 23); 3 pmoles MgCl,: 10 pmoles KCI; 25 pmoles dithiothreitol; 0-04
smoles of each of the deoxyribonucloos) e triphosphates.  To monitor the
reaction, o-*P-AGTP was used at a specific activity of 65 c.p.m./pmaole,
Reactions that were stimulated by ndded templates were earrlod out by
inchuding the template at a level of 10 pg per 025 ml In the standard
incubation mixture, The Ineorpontlomuou lbow n Ihmeoh-mvad
in 50 pl, aliquots corresponddicg to 10 gr &rx rmclc-
suspended In 001 M Tris (pH 8 3)=01 M NaCl—0002 M BDTA (T ata
voncentration of 2% mg of viral protein per ml. were preincabated for 1
at 0" Cin the cent* Nonidet P-40° and 01 M dllhlo(hnlw
Incubation mixture at n

nee of 0-2

particles designated here as were

of rat ma tumour®, w in vilro at Charles izer Co,, Ma 'ood
New Jersey, mm of the ouur vlmn and thelr me of

have heen mlnmmnyu
e mot:n m" ro (100 '0 'l‘h 0-01 M Tris b 4),
amoun " m b h &
ma ba 0: Im ;: nnd the uﬂm o
«tand n-h- mmn. 'nnc F DNA was made from
1 eell from chick embryos necording to the prooedure of Glllesple

Table 2. RESPONSE OF AMV-POLYMERASE TO EINGLE-STRANDED HOMO-
POLY MERS

1 thon |
6 min/10 pg ﬁmm)

Tempiate

rA dT (<01) dA (<0

1C aG (38) 4C (<01)

i AC (<01) dG (<0))

1l dC (<01) 4G (<01)

U dA (<01) AT (<01)

aA dT (1'2) dA (o-2)

(¥ a6 (110) ¢ (0-5)

aG dC (<01) dG (<o)

a1 ac (1-2) a6 (<o)

ar dA (<01) dT (<01
The composition of the reaction mlxllmmnldnuandfor'l'nhh 1,
except that In each upnmmlluly the two MM tes wore
need which corresponded to the ldentity and the ment of bases In
moluurl-lo mu hmrullonml 25 ml. of the Incuba-
uuc - )-Mo'rr {60 .p.m.fpmote), and WEATTE (110 €./
i e R o
mmuher 7 C
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0 10 20 30
Min
Fig. 1. Kincties of lnanﬁn“on of P dGTP by RLY rase,
A 025 ml. standard lnixm wis med TM specific radio-
activity of o-"I'-dO'l'l' was 00 o hods of m mtlon of
0':’?- NA nnd dC - rQ are Ind the hwml to Table At the

les were withdrawn and the nckd precipit-
M‘:uuvb y was determined ns deseribed?,

poly dl stimulate the incorporation of the corresponding
complementary nucleotides.

The abilities of various synthetie double-stranded DNA
and RNA homopolymers to serve as templates are recorded
in Table 3. Except for vCr(3, all stimulate some mcorpora-
tion of one of the complementary nucleotide pairs. Of
those tested, rI-rC is clearly the best, followed by dC-dG
and dC-dI. It is intercsting to note that, with the excep-
tion of rC-r(G, the polyribopolymers are superior to the
corresponding deoxypolymers os templates. Table 4
compares the template capabilitics of a variety of syn-
thetic DNA-RNA hybrid duplexes, Some of these are
the best templates, notably dC-rG and dI-rC.

Table 3. RESPOXSE OF AMV-POLYMERASE TO SYSTHETIC DOUBLE-STRANDED
DNA A¥D KNA poLvMERS

Incorporation (pmoles/
Tempiate b lnlnllo e viral protein)
1A U dT  (160) dA  (04)
00 dG (<01) dC (<01)
e daG (1280) a0 (z1)
dA - AT dT  (08) dx ()
ae - dG a6 (260 dC  (04)
de - dat a6 (24¢m JAC 0

The reaction mixtures and conditions of reactions were as deseribed for
Tahle 1. The duplexes were by using the appropinte polymer come
ponents, tho melhml for dC rti (oo legendd to Table 1). The

he deoxyriboside triphosplntes nsed were the same as

for Table !. -WOQ complomentary palr of *H and *P-
Iabelled nucloonide t were present In each reaction.

Table 4. nesroxNse oF AMV-POLYMERASE TO SYNTHETIC HYBRIDS

Incorporation (pmoles/
Templale & min/10 g viral protein)
dA < rU AT (08) dA (<01
dn -G AG (o) a¢ (1-0)
dort aa (s e (.
g -t e (<00 dii (<) "
al dc (e ad (1046)
dY rA A Way AT (10%)

The reaction mixtares aml romlltlom of reactions were the snme ne dess

cribed In the Jegend to Table 1. The hybrids were peepared using the method

described for making dC - rfi in the lmunl fo Tahle 1, AN other details are as
described in the legends to Tablos 2 and 3,

There 18 a striking preferenco for dGTP and rGTP as
substrates. This recalls nn analogous situntion observed
with the QB replicasc® and the DNA-.dependent RNA
polymerase’, bothofvhmhuynﬂmupolyﬂtfprowded
with poly C as a template. The preference for dG may
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Tabdo 5. TESY o; AMYV POLYMERASE TO INCORPORATE
WITH SYNTHETIO POLYNUCLROTIDE TEMPLATES

T e sl 3 it 2

Template

iU U (<01) tA (<01) dT  (73:0)

rl 0 i (<01) rd (<02) dG (3260)

dA - dT tU (<01) rA (<00) T ()

JdC - da 3 (<01) i (<01) dG (1o00)

e ey G (<01) i (<01) 4G (3220)

AT rA rA (<01) U (<01) darT (109
The reaction mixtures and the conditions of experiments were as for
Table 1. Here, hovnn r, riboside triphosphates were used together with their
deoxy anuslogues. Reoactlons In the absence of deox; triphosphates
gave the same results, c"l'llhl.d doax:ti l;l}*nph-tu and
*H-labelled riboside triphosphates o monitor the bonuckeotide

synthesis, and the lp.clle -cllvmu aw lb rATP, rGTP, rCTP, and rUTP
were all 8t 120 c.p.n.f| The o-*P-d TPM-—"I‘MP used to
follow the DNA tyullm': were at 60 c.pm./pm

indicate that guanosine is the 5’ terminus and is thercfore
the first nucleotide inserted. This is in faet the ease with
the Q% replicase,

Asymmetric Copying

Tables 3 and 4 show a marked asymmetry in the use
of the substrates provided. In no case are the two com-
plementary nucleosido triphosphates incorporated with
equal facility. The asymmetry, however, is not absolute,
oven in the 5 min results recorded in Tables 3 and 4. \We
found that although there was an initial preference for the
incorporation of *P.dT, "H-dA is polymerized. A very
stiinilar phenomenon is observed (Fig. 2) with *P-dG
and *H-dC in polymerizations by dIl'rC. In some cascs,
synthesis prolonged for 90 min or more leads to eventual
equalization of the incorporation of the two substrates.
It should be noted that the uso of the preferred substrate
(for example, dTTP by dT-rA or dGTP by d1-rC) is not
strikingly influenced by the presenco of the complementary
nucleoside triphosphate in the reaction mixture. As
expected, there is symmetrieal usge and a requirement for
the presonce of both complomentary substrates when an
alternating copolymer is used as a template (Fig. 3).
Here both complementary nueclootides are incorporated
from the very onset at almost oqual rates and molarities,
Further, unlike tho homopolyinerie duplexes, leaving out
cither one of the complemontary substrates leads to the
éomplete loss of synthetic netivity.

o/.
o 100 - /
'3 -
?' . 32
g K PdT
S
=} -
-~
80 >
UL
gl
3
¥ H dA
i '/.x X
,-..--X""-
o -‘-x i A 'y
0 5 10 15 20

Fie, 2. llnhofnm oMPTTP and *H-AATP by AMV

th dT - rA template, A 0-256 ml atandard reaction mixture

m:‘nd. Tbm‘dn‘mlﬁdhuuﬂﬂuot- P-Tl’l’nd'll-oul'rng
p.m./pmole c.pm./pmole, respectively. The method

preparation of the hybrid tem Is described In the legend to Table 1.

wero withdrawn and the acld
¥y was ned as described earlier’,
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uP dG (Singly)
e & o—H dC (Singly)

1 10 15 2
Time (min)

Fig. 3. Kinetles of Incorporation of o-**P-dGTF and *H-dCTP by AMY

ymerase with &(1-C) a8 template. A 025 ml standard reaction
mixture was used, 'l‘in radionctivities of a-*P-dGTPF and *H-
m"onwc.& MIIOcrmnmh respectively, At the
Idicated times, 60 pl. aliquots were withdrawn and the TCA precipitable
rdioactivity wuda:‘ammhed by enllc'r' A Rn:zl:n are Ce)xn::ud
s /10 pg vieal protein and x
mﬂ'&"' the Immum"‘wmd when both deoxyribonucleoside
phosy are pr & and @ refer to the incorporation ubtained

when one luclooahle only s preseut,

pmoles/10 ug viral proteln
T

=
<

Inability to Incorporate Ribonucleotides

It has already been noted'? that the oncogenic polymer-
ascs do not synthesize ribopolymers using the viral RNA
as o templato.  In view of the vastly superior template
capabilities of some of the synthetic polymers, this ques-
tion was ro-examined and the results are recorded in
Table 5. Even after 90 min, no signs of ribonucleotide
incorporation could be detected with any of the templates
during a period in which excellent polymerization (last
column of Table 5) was occurring with the deoxyribo-
nucleotides.

Uses for Synthetic Templates

A detailed examination of the intermediates in the
reactions medisted by these synthetic duplexes should be
very uscful for the study of the chemistry of the polymer-
ization and the factors which determine its asvmmetry,
Even a casual inspection of Table 1 and Fig. 1 reveals the
obvious advantage of using templates such as dCrG for
detocting enzyme in cells or virus particles and followmg
activity during purification procedures.  We have now
established that oncogenic viruses contain DNA poly-
merase  activities directed by  single-stranded RN,
double-stranded RNA, double-stranded DN A, and DN A~
RNA hybrids. Further, all oncogenic RNA  virnses
examined contain nll these activitics. The number of
different kinds of protein molecules required to handle this
variety of templates remains to be determined.

Weo thank Drs F. Bollum, R. D. Wells and D. Brutlag
for deoxyribonucleotido polymers; Dr J. W, Beard for a
supply of AMV; Drs J. Moloney, F. Rauscher and T.
O'Connor of the Special Virus Cancer Pro (SVCP)
of the National Cancer Institute for their assistance,
and personnel of the laboratories associated with the SVCP
for cooperation. The work was supported by a contract
with the SVCP and a grant from the National Cancer
Institute,
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