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Transcription of Ribonucleic Acid by the Ribonucleic Acid

Directed Deoxyribonucleic Acid Polymerase of Rous Sarcoma

Virus and Deoxyribonucleic Acid Polymerase I

of Escherichia coli®

J. M. Taylor,* A. J. Faras, H. E. Varmus, H. M. Goodman, W. E. Levinson,

and J. M. Bishop

ABSTRACT: The DNA synthesized in virro by the purified RNA-
directed DNA polymerase of Rous sarcoma virus (RSV),
using tumor virus RNA as template, contains both single- and
double-stranded molecules. Both forms are small and the
double-stranded form is copied primarily from particular
regions of the RNA, These same properties are found to apply
to the DNA transcribed from poliovirus RNA. The primer
(dT);s_1s augments the response of the enzyme to RSV RNA,
heat-denatured RSV RNA, and poliovirus RNA. The size of
the DNA products is still small and the portion of the RNA
template represented in double-stranded DNA is decreased.
In transcription from RSV RNA, the use of (dT)12—1s produces
additional initiation sites on the template although DNA is not

Tw RNA-directed DNA polymerase of RNA tumor
viruses has been purified in several laboratories (Kacian er al.,
1971; Duesberg er d/., 1971a; Hurwitz and Leis, 1972; Faras
er al., 1972). These preparations are entirely dependent on the
addition of exogenous template and are sufficiently free of
ribonuclease activity to allow the use of ribonuclease-sensitive
naturally occurring RNA templates. They respond to DNA
and to synthetic homopolymers (such as poly(dA-dT) and
poly(A)-oligo(dT)), but display a preference for 70S oncorna-
virus RNA as template among the naturally occurring RNAs
tested (Duesberg er al., 1971a; Faras er /., 1972). The DNA
transcribed from 70S RNA has been generally found to possess
the following properties. First, the DNA molecules are small
(4-10 S) relative to the size of the oncornavirus genome (re-
viewed by Temin and Baltimore, 1973). Secondly, transcrip-
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transcribed from regions other than those previously trans-
scribed. DNA synthesis on 70S RSV RNA template is initiated
by the formation of a phosphodiester bond between a 3’-
terminal adenosine moiety and deoxyadenosine. Addition of
(dT)12_ss stimulates the overall synthesis of DNA and does not
interfere with the formation of the above-mentioned bond.
The DNA-dependent DNA polymerase 1 of Escherichia coli
does not respond to naturally occurring RNA templates.
However, addition of (dT)i—s to poliovirus RNA and RSV
RNA, which possess poly(A) seguences, permits the synthesis
of DNA limited to poly(dA) and poly(dT) rather than hetero-
polymer.

tion into ds-DNA' occurs predominantly from very limited
regions of the genome (Gelb er al., 1971; Varmus er al., 1971,
Taylor et al., 1972). These findings led us to investigate
whether the same two properties of the DNA product apply
to other situations of RNA-directed DNA synthesis. We have
used the purified polymerase of Rous sarcoma virus (RSV) to
study the transcription of RSV and poliovirus RNAs, with
particular emphasis on the effects of an exogenously added
primer molecule (dT)._s (Duesberg er a/., 1971b). In addition,
we have analyzed the nature of RNA-directed DNA synthesis
by DNA polymerase I of Escherichia coli.

Materials and Methods

Reagents and Solutions. Deoxynucleoside triphosphates
were from Calbiochem. [*H]Deoxynucleoside triphosphates
(5-24 Ci/mmol) were from Schwarz BioResearch, Inc. [a-**P]-
Nucleoside triphosphates (4--16 Ci/mmol) were from Inter-
national Chemical and Nuclear Corp. (dT)i.is was from
Collaborative Research, Inc.

t Abbreviations used are: ds-DNA, double-stranded DNA; ss-DNA,
single-strand DNA; RSV, Rous sarcoma virus; Cof, concentration X
time, expressed as (mol secyl.
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TABLE I: Stimulation of DNA Synthesis by (dT)12-15.%

Rel Incorporation

RNA Template —(dD1o1s +(dT)e-18
RSV 1.00 4.2
RSV (denatured) 0.04 2.8
Poliovirus 0.09 10.1

¢ Standard reactions of one hour were used and the incor-
poration of [*H]TTP (at 8000 cpm/pmol) into acid-insoluble
material is expressed relative to the incorporation observed
with RSV RNA as template in the absence of added primer
0.5 pmol). The primer (dT)..—1s Was used at a concentration
of 0.1 ug/ml. The templates were used at 2 ug/ml which is
nonsaturating for the enzyme under the present conditions
(Faras et al., 1972).

Methods. We have previously described the purification of
the RNA-directed DNA polymerase of Rous sarcoma virus
(Faras er al., 1972). One unit of polymerase is defined as that
amount of activity which catalyzes the incorporation into
acid-insoluble material of 1 nmol of [*H]TTP in 2 hr at 37°,
with calf thymus DNA (200 ug/ml) as template. The standard
reaction mixture contains: 0.1 M Tris-HCI (pH 8.1), 0.01 M
MgCl,, 29, B-mercaptoethanol, three unlabeled deoxy-
nucleoside triphosphates at 5 X 1075 M each, a fourth labeled
triphosphate at 5 X 107¢ M, template nucleic acid at 2 ug/ml,
and purified polymerase at 0.2 unit/ml.

Most of the experimental procedures used have been docu-
mented elsewhere. The preparation of RSV 70S RNA,
poliovirus 35S RNA, phage R17 27S RNA, and HeLa cell
rRNA have been described by Faras er al. (1972), and the
procedures of nearest-neighbor analysis, rate zonal centrifuga-
tion, and equilibrium centrifugation have been described by
Taylor er al. (1972). The reassociation of dsDNA was per-
formed in 0.4 M phosphate buffer and assessed by fractionation
on hydroxylapatite. The kinetics of reassociation are expressed
for standard conditions (Britten and Kohne, 1968; Varmus
et al., 1971). In certain experiments reassociation was also
assessed by use of the single strand-specific nuclease of
Aspergillus oryzae (Leong er al., 1972). In such situations, the
reassociation was performed in 0.6 M NaCl because of the
inhibitory effect of phosphate buffer on the nuclease.

Results

Effect of Exogenous Primer Molecules on DNA Synthesis.
The response of the purified RNA-directed DNA polymerase
of RSV to certain naturally occurring RNA templates can be
stimulated by the addition of (dT)ip_s (Duesberg et al.,
1971b; Robert er al., 1972). The extent of this stimulation
depends on the concentration of (dT),,_1s relative to that of
template when the latter is kept at a fixed nonsaturating con-
centration (Figure 1). Such a stimulation of template response
is observed with RSV and especially poliovirus RNA (Figure
1), but not at all with rRNA or phage R17 RNA (data not
shown). (dT)..—s by itself does not act as a template nor will
it stimulate the response of the polymerase to calf thymus
DNA.

Five RNA-directed reactions were chosen for analysis:
RSV RNA without and with (dT)i._;s, denatured RSV RNA

g
S
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FIGURE 1: Stimulation of DNA synthesis by (dT);;-15. Standard re-
action mixtures (0.05 ml) containing 0.2 unit/ml of purified polym-
erase were incubated for 1 hr at 37°. The incorporation of [*H]TTP
into acid-insoluble material is shown as a function of (dT)i.—is con-
centration, when the template is calf thymus DNA (O), RSV RNA
3), poliovirus RNA (A), or in the absence of template (V). All
templates were used at a concentration of 2 ug/ml, which has been
shown to be nonsaturating for the polymerase under the present
assay conditions (Taylor ez al., 1972).

with (dT)1_1s, and poliovirus RNA without and with (dT)is_ss.
The amount of DNA synthesized by the polymerase in each
of these reactions is summarized in Table I. As has been
previously shown, denaturation of RSV RNA (by heating at
80° for 2 min in 0.01 M EDTA-0.02 M Tris-HCl, pH 7.4)
reduces its ability to act as a template for the polymerase
(Duesberg et al., 1971b; Faras er al., 1972), yet this same
denatured RNA gives a good response in the presence of
(dT)y9—15 (Duesberg er al., 1971b; Table I).

Nearest-Neighbor Analysis of DNA Product. In each of the
five reactions mentioned above, the DNA products are pre-
dominantly heteropolymers on the basis of nearest-neighbor
analysis (Table 1I). It should be noted however that the DNA
synthesized in the presence of (dT)»._s contains an amount of
poly(dT). The amount of this homopolymer in the DNA
product is not increased when the concentration of (dT)w_is
in the reaction mixture is increased from 0.1 to 2.0 ug per ml
(Table II).

Sedimentation Analysis of DNA Product. The DNAs
transcribed from both RSV 70S RN A and poliovirus 35S RNA
have approximately the same chain length following denatura-
tion with alkali (Figure 2a,d). The presence of exogenous
primer (dT),,_;s during synthesis does not appreciably affect
the size of the DNA product in either instance (Figure 2b,e).
The DNA synthesized with denatured RSV RNA and exo-
genous primer is also small (Figure 2c).

Initiation of DN A Synthesis. Initiation of DNA synthesis by
the oncornavirus polymerase occurs on the 3’-hydroxyl
terminus of a primer molecule irrespective of whether the
templare is RNA or DNA (Smoler er al., 1972). A poly-
ribonucleotide serves as primer for synthesis directed by
naturally occurring RNAs (Verma et al., 1971; Leis and
Hurwitz, 1972; Taylor er al., 1972). We have identified the
3'-terminal ribonucleoside of the primer molecule for RSV
70S RNA-directed synthesis by transferring «-??P to it from
a deoxynucleoside triphosphate precursor. The enzymatic
product from reactions using each of the [«-??P]deoxynucleo-
side triphosphates was hydrolyzed with alkali, leaving 2P on
the 3’-terminal ribonucleoside of the primer molecule. The
labeled ribonucleotide is then identified by electrophoresis
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FIGURE 2: Velocity sedimentation of product DNA., Siandard reac-
tions were run for one hour. using {#*?P]JdCTP as the labeled nucleo-
tide precursor. The products were then passed through a 40 X 0.9
cm column cf Sephadex G-30 (coarse). concentrated by ethanol
precipitation, boiled in 0.3 N alkali for 5 min (to remove any RNA

and any secondary structure in the DNA product), neutralized. and

subjected to velocity sedimentation analysis on 15-30% sucrose

gradients (0.1 M NaCl-0.001 m EDTA-0.02 M Tris-HCL. pH 7.4). at
50.000 rpm for 15 hr at 4~ in a SW-65 rotor. In each case 4S[*H]-
RNA was incorporated as a sedimentation marker (---). The
[*2P]DNA products (O O) were synthesized under the following
conditions of template (2 ug/ml) and primer (0.1 ug/ml): (a) tem-
plate RSV RNA, no added primer; (b) RSV RNA plus primer
(dT)12-1m: (c) denatured RSV RNA plus primer (dT)i-ps: (d)
poliovirus RNA. no added primer; (e) poliovirus RNA plus primer
(dThs o

(Table I1I). This procedure is similar to that employed by
several other laboratories (Hurwitz and Leis, 1972 ; Fliigel and
Wells, 1972; Verma et al., 1972a).

When [«-??P]JdATP is used as the labeled precursor
3.68% of the **P is found in Ap at the end of a 1-hr reac-
tion (Table III). No ribonucleotides are labeled when any
of the other [«-?*P]deoxyribonucleoside triphosphate are used.
We have obtained qualitatively indentical results with the
endogenous reaction of detergent-disrupted RSV (Table 1V).
It can thus be deduced that the average length of the DNA
product to which one AMP is linked is (100/3.68) X 4 = 109
nucleotides. Direct measurements of the size of the preduct
by gel electrophoresis indicate an average length of 80—-100
nucleotides (unpublished observation). When (dT)is—is is used
in the reaction, there is a reduction in the fraction of the DNA
product to which AMP is attached. However, if this fraction
is normalized to allow for the stimulation achieved by the
addition of (dT).._s, one obtains a figure of 3.699, compara-
ble to the 3.68 %] obtained for the reaction performed without
(dT),is (Table III). Thus, the introduction of (dT)._1s causes
a stimulation of DNA synthesis but does not interfere with
initiation of DNA synthesis at the intrinsic RNA primer whose
37 terminus is adenosine.

When denatured RSV RNA is used as a template, the re-
sponse is low unless (dT)..i5 is added (Table I) and under
such conditions covalent attachment of DNA product to
RNA is not detected (Table II). Thus, after denaturation, the
intrinsic primer RNA molecules are no longer available and
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TAaBLE 11: Nearest-Neighbor Analysis of DNA Products.®

Exog-
[a-“P].- enous Percentage of Label
Nucleoside Primer Transferred to

Triphos- RNA Template Conen ..~~~ 7
phate (2 wpg/ml) (vg/mly dCp dAp dGp dTp
dCTP RSV 0 23 22 30 25
RSV 01 19 27 34 20

RSV (denatured) 0.1 19 27 36 18
Poliovirus 0 20 20 38 22
Poliovirus 0.1 24 27 28 21

dATP RSV 0 22 31 24 23

RSV 01 19 42 19 2

RSV (denatured) 01 21 38 20 21
RSV (denatured) 2 36 35 19 10
Poliovirus 0 21 29 26 24
Poliovirus 0.1 26 35 21 18

dGTP RSV 0 18 20 25 37
RSV 0.1 18 21 23 38

RSV (denatured) 0.1 19 25 24 32
Poliovirus 0 14 24 27 35
Poliovirus 0.1 8§ 27 23 42

dTTP RSV 0 23 27 28 22
RSV 0.1 13 18 14 54

RSV 2 14 19 12 55

RSV (denatured) 0.1 13 17 14 56
RSV (denatured) 2 16 20 14 50
Poliovirus 0 21 27 26 26

19 39

Poliovirus 0.1 24 18

* DNA products were synthesized in standard reactions of
one hour, with conditions of template, primer, and [«-?!P]-
nucleoside triphosphate as indicated in the table. The products
were treated with sodium dodecyl sulfate (0.197), passed
through a column of Sephadex G-30 to remove free nucleoside
triphosphate and subsequently analyzed for nearest neighbors
by methods previously described (Taylor er al., 1972). A
typical standard deviation for the percentages shown is 5.

DNA synthesis is initiated only at the 3’-OH of the
(dT) s,

Extent of Transcription from RNA into DNA. The extent of
transcription of RNA into ds-DNA can be determined by
denaturing the DNA and measuring the kinetics of its re-
association under standard conditions. The kinetics are ex-
pressed in terms of the convention Cyr, where Co(mol/l.) is the
initial concentration of the DNA and r(sec) is the time allowed
for reassociation. It is an empirical observation that the com-
plexity of the nucleotide sequences participating in the re-
action is directly proportional to the value of Cor at which half
of the DNA has reassociated (Cor: ) (Britten and Kohne,
1968).

This technique has been applied to show that in the en-
dogenous RNA-directed DNA synthesis of detergent-disrupted
RSV 859 of the ds-DNA product is transcribed from only
59 of the RSV genome (Varmus er al., 1971). A similar result
has been obtained with DNA synthesized by the purified
enzyme using 70S RSV RNA as template (Taylor er af., 1972,
and also Table V and Figure 3).
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TaBLE 1I: Identification of the Covalent Link between a
Deoxy- and a Ribonucleotide in the Product of the Purified
Polymerase.®

Exogenous
Primer
Concn

% Transfer of «-3?P from

ATP t
RNA Template dATP to

(2 pg/ml) (ug/ml) Cp Ap Gp Up
RSV 0 <0.03 3.68 <0.02 <0.02
RSV 0.1 <0.5 369 <0.5 <0.5
RSV (denatured) 0.1 <06 <06 <06 <0.6

2 DNA was synthesized with purified polymerase and 70S
RNA us template in a standard reaction of 1 hr. It was then
treated with sodium dodecyl sulfate and passed through a
column of Sephadex G-50, treated with alkali (0.3 n NaOH,
18 hr, 37°), and subjected to high-voltage electrophoresis at
pH 3.5, as previously described (Taylor et al., 1972). The
radioactive spots were located by autoradiography, cut out,
and counted in a liquid scintillation counter. The data are ex-
pressed as the percentage of total radioactivity recovered from
the electropherogram in each of the ribomononucleotides
when [«-22P]dATP is used as the labeled precursor. The re-
mainder of the radioactivity was found at the origin as un-
hydrolyzed DNA. The results obtained in the presence of
(dT)12_13 have been normalized to correct for the stimulation
of DNA synthesis by the exogenous primer (see Table I).
Experiments using the other three possibilities of [«-?2P]-
deoxynucleoside triphosphate failed to show significant trans-
fer of label to a ribonucleotide. The percentage shown for
transfer of 3?P from [a-*?PJdATP to Ap in reactions using
RSV as template is the mean of four determinations and has a
standard error of 0.39.

The ds-DNA synthesized using poliovirus 35S RNA as
template has approximately the same complexity as that ob-
tained with RSV RNA (Figure 3b and Table V), although it
should be noted that the range over which reassociation oc-
curs is relatively wide, indicating that species with different
rates of reassociation are present (Britten and Kohne, 1968).

In the presence of exogenous primer (dT)._is, the DNA
products of an extended reaction also contain predominantly
ds-stranded DNA (Table VI). This ds-DNA is less complex
than ds-DNA synthesized under similar conditions in the
absence of exogenous primer (Figure 3 and Table V),

Sequence Homology in DNA Products. Reassociation experi-
ments were used to compare the sequence homology of ds-
DNA synthesized by the purified enzyme with that synthesized
by the endogenous reaction of detergent-disrupted virions.
Two [*H]JDNA products of the purified enzyme were so
tested: that synthesized using 70S RVS RNA and that using
(dT)12—1s plus denatured RSV RNA. They were each incubated
in the absence or presence of a 400-fold excess of [*?P]DNA
synthesized by the endogenous reaction of detergent-disrupted
RSV. The conditions were such that the [¢?P]DNA would re-
associate but that the [*H]DNA alone would not. The [*2P]-
DNA was able to form duplexes with both species of [SHIDNA
(Table VII), as assayed by the single strand-specific deoxy-
ribonuclease of Aspergillus oryzae. The above results indicate
that the purified polymerase with or without exogenous primer
is unable to transcribe into appreciable amounts of ds-DNA

PERCENT REASSOCIATED

! 1 |
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100 ‘
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FIGURE 3: The extent of transcription into ds-DNA as measured by
reassociation kinetics. ds-DNA was isolated from standard 18-hr
reactions with the purified polymerase using [*H]TTP as the labeled
nucleotide precursor. Reassociation kinetics of the denatured DNAs
in 0.4 M phosphate buffer were determined as previously described
by Varmus et al. (1971). In part a, the template used was RSV RNA
in either the absence (O) or presence of primer (dT)i-1s (), or in
the presence of primer after initial denaturation of the template
RSY RNA (A). In part b, the template was poliovirus RNA in
either the absence (Q) or presence of primer (dT)i—1s (J). The
template was used at 2 ug/ml and the primer at 0.1 ug/ml. The Cot
values have been corrected to standard conditions (Britten and
Kohne, 1968).

TABLE 1v: Identification of the Covalent Link between a
Deoxy- and a Ribonucleotide in the Product of the Endoge-
nous Reaction of Detergent-Disrupted Virions.”

N[uac-l:of;]i-de % Transfer of «-*?P to

Triphosphate Cp Ap Gp Up
dATP <0.07 9.93 <0.09 <0.07
dCTP <0.03 <0.02 <0.02 <0.01
dGTP <0.08 <0.03 <0.03 <0.02
dTTP <0.09 <0.04 <0.03 <0.02

¢ DNA was synthesized in standard reactions (of 30 min)
using the labeled nucleoside triphosphate as indicated above
and purified RSV disrupted with NP40 (at 0.01 %7 final). After
the addition of sodium dodecy! sulfate (to 0.59) the reaction
mixtures were subjected to velocity sedimentation analysis on
15-30%; sucrose gradients (as in Figure 2) at 40,000 rpm for
3 hr at 4° in a SW-41 rotor. In each case the 70S hybrid was
isolated and precipitated with ethanol. Subsequent digestion
with alkali and electrophoresis was as described in Table III.
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TaBLE v: Extent of Transcription of RNA Templates into
ds-DNA.¢

Exogenous Complexity of
Primer DNA Product
RNA Template (2 ug/ml) (0.1 ug/ml) (Nucleotide Pairs)

RSV - 820 (3)
RSV + 130 (0.5)
RSV (denatured) + 130(0.5)
Poliovirus — 1480 (20)
Poliovirus + 490 (7)

“The complexity values were deduced using the data of
Figure 3 and appropriate standards as described previously
(Taylor et al., 1972). The figures in parentheses refer to the
percentage of the RNA genome transcribed into ds-DNA,
deduced using 2.5 X 10% and 1 X 107 for the molecular
weights of poliovirus and RSV RNA, respectively.

any regions of the RSV genome other than those already
accessible to the crude polymerase in the endogenous reaction
of detergent-disrupted virions. This conclusion applies even
when the purified polymerase is directed by denatured RSV
RNA in the presence of the exogenous primer (dT);._is.

RNA-Directed DNA Synthesis with E. coli Polymerase I.
The response of this bacterial polymerase to naturally occur-
ring RNA molecules is less than 197 of that obtained with
calf thymus DNA (Table VIII). Such a response is very low
relative to that obtained with the viral polymerase where the
response to RSV RNA is about 40 97 of that with DNA (Faras
etal., 1972).

However, in the presence of (dT)z_is, the response of the
bacterial polymerase to certain naturally occurring RNA
templates is high, even exceeding the response obtained with
calf thymus DNA (Table VIII). This stimulation is on/y ob-
served when the labeled precursor in the reaction mixture is
either dATP or dTTP (Table VIII and X). RSV and poliovirus
RNA, but not rRNA (data not shown) or phage R17 RNA,
exhibit this effect. The data are consistent with the interpreta-

TABLE vI: Synthesis of ds-DNA.“

Percentage of ds-DNA

RNA Template —(dT)1a-1s +(dT)is
RSV 71 (58) 72 (61)
RSV (denatured) 88 (67)
Poliovirus 68 (66) 61 (59)

" DNA was synthesized in a standard reaction of 18 hr using
[*H]TTP as the labeled precursor. Following treatment of the
extracted DNA product with ribonuclease to disrupt DNA-
RNA hybrids (Fanshier er al., 1971), the secondary structure
was assayed by fractionation on hydroxylapatite and by the
use of the single strand-specific nuclease from Aspergillus
oryzae (Leong et al., 1972), the latter results being shown in
parentheses. The results were standardized with native and
denatured DNA from phage A.
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TABLE vil: Homologous Sequences among ds-DNA Products.®

9% Reassociation of

Expt  ds-DNAs in Reass Mix  [*HIDNA [**P]DNA
1 [*H]DNA (synthesized by puri- 18 (15)
fied polymerase using 70S RSV
RNA template)
As above + [*?P]DNA (synthe- 80 (82) 77 (75)

sized by endogenous reaction
of holoenzyme)

2 [°*HIDNA (synthesized by purified 13
polymerase using denatured
RSV RNA plUS (dT)lz——m
As above -+ [**P]DNA (synthe- 76 83
sized by endogenous reaction
of holoenzyme)

*Labeled DNA was synthesized in standard reactions of
18-hr duration with TTP as the labeled precursor and with
conditions of enzyme, template and primer as described in the
table. ds-DNA was isolated using hydroxylapatite and sub-
sequently passed through a column of Sephadex G-50. The
[*HIDNA in the presence or absence of a 400-fold excess of
[**P]DNA was denatured and then allowed to reassociate in
0.6M NaCl to a [**P]DNA Cy of 0.16 and 0.012 (mol sec)
per L. for expt 1 and 2, respectively. The extent of reassocia-
tion of the ds-DNA was then assessed by use of a single
strand-specific nuclease from 4. oryzae (Leong e al., 1972).
For expt 1, reassociation was also measured at the higher
[*2P]DNA Cyur of 0.4 (mol sec);l. and the results are shown in
parentheses. The reassociation of [*H]DNA in the pres-
ence of [**P]JDNA had reached a plateau at the lower Cor
value.

tion that a poly(A) region is needed in the template. Nearest-
neighbor analysis indicates that the DNA product of a 2-hr
reaction using RSV RNA in the presence of (dT);; 15 is com-
posed of poly(dA) and poly(dT) (Table IX). Analysis on
hydroxylapatite after treatment with pancreatic ribonuclease
(at 100 ug/ml for 1 hr at 37°) indicates that the product is
predominantly double stranded (Table X). Centrifugation to
equilibrium in Cs.SO, (data not shown) indicates a density
consistent with DNA, thereby eliminating the possibility that
the double-stranded behavior on hydroxylapatite may actually
be due to poly(A)-poly(dT). The kinetics of reassociation of
the ds-DNA vyield a Cor: , of 8 X 10-¢ (mol sec)/l. (Figure 4),
suggesting a very low complexity, comparable to that for
poly(A)- poly(U) (2-3 X 10-6(mol sec]/l.) (Britten and Kohne,
1968). The present data are therefore consistent with a com-
plexity of at most only a few base pairs.

Evidence for the mechanism of synthesis of the poly(dA)-
poly(dT) was obtained as follows. When dATP was omitted
from the reaction mixture, the [*H]TTP incorporated into
DNA product, after treatment with ribonuclease, eluted as
ss-DNA from hydroxylapatite analysis (Table X). When TTP
was omitted from the reaction mixture, the incorporation of
[*H]dATP was reduced to background levels (Table X). These
data suggest that in the presence of (dT)i—is, the bacterial
enzyme is able to synthesize DNA from those RNA templates
that possess poly(A) sequences. This DNA product is poly-
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TABLE vill: Effect of (dT).-1s on the Response of E. coli
Polymerase I to Various RNAs.®

Exogenous Incorporation When Labeled
Primer Nucleoside Triphosphate Is
Template Concn

(2 pg/ml) (ug/ml) dCTP dATP dGTP dTTP

Calf thymus DNA 0 1.00 1.00 1.00 1.00
RSV RNA 0 nd nd 0.003 0.003
RSV RNA 0.1 nd nd 0,003 0.110

RSV RNA 2 nd nd 0.003 1.20
Poliovirus RNA 0 0.010 0.013 0.003 0.003

Poliovirus RNA 0.1 nd nd 0.003 1.55

Poliovirus RNA 2 0.067 3.20 0.003 7.98
R17 RNA 0 nd nd 0.003 0.003
R17 RNA 0.1 nd nd 0.003 0.003
R17 RNA 2 nd nd 0.003 0.003

¢ Standard reaction mixtures (0.05 ml), modified in that
RSV polymerase was replaced by 4 units/ml (according to
definition in Materials and Methods section) of E. coli polym-
erase I fraction VII (a gift from Dr. J. Huberman), were
incubated for 2 hr at 37°. The incorporation of a particular
labeled nucleotide (at 8000 *H cpm/pmol) under different
conditions of template and primer are expressed relative to the
incorporation obtained when the template is calf thymus DNA
(2 pg/ml). These incorporations were 9.3, 2.2, 5.6, and 11.7
pmol for reactions mixtures using *H-labeled dCTP, dATP,
dGTP, and dTTP, respectively. Those assays not done in this
experiment are shown as nd.

(dT) which is subsequently transcribed to yield the double-
stranded molecule, poly(dA) - poly(dT).

Discussion

Transcription of RNA Templates. The DNA product arising
from the transcription of RSV RNA by the purified polymer-
ase of RSV is small (ca. 4 S) relative to the 70S template.
Moreover, the fraction of the product that is double stranded
consists primarily of species representing only 3% of the
genome (Table VI and Taylor er al., 1972). The present ex-

TABLE IX: Nearest-Neighbor Analysis of E. coli Polymerase 1
Product.®

1p_Labeled Percentage of Label Transferred to

Precursor dCp dAp dGp dTp
dATP 0.3 98.1 1.4 0.2
dTTP 0.1 2.4 0.2 97.3

¢ E. coli polymerase I was used at 4 units/m! in standard
reactions with «-2?P-labeled nucleoside triphosphate as indi-
cated above. RSV RNA template was used at 2 ug/ml in the
presence of 0.1 ug/ml of (dT)i2_1s. After 2 hr at 37° the reac-
tions were terminated and the DNA products were extracted
and analyzed for nearest-neighbor analysis as described for
Table II.
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FIGURE 4: Reassociation kinetics of ds-DNA synthesized by the E.
coli polymerase I, ds-DNA was synthesized and isolated as de-
scribed in Figure 3, using either RSV (O) or poliovirus (0) RNA as
template, in the presence of (dT)2—1s. Reassociation kinetics in 0.4
M phosphate buffer were measured as described previously (Taylor
et al., 1972). The arrow shows the Cor1/, of poly(A)-poly(U), com-
puted by Britten and Kohne (1968) from data of Ross and Sturte-
vant (1962).

periments also show that the polymerase will transcribe the
smaller 35S RNA to poliovirus, albeit with a lower efficiency
(Table 1). The DNA products are small and the ds-DNA,
although it represents synthesis predominantly from as much
as 209 of the template, is not of significantly greater com-
plexity than the product of RSV RNA transcription (Figure 3
and Table V).

What causes these limitations of size and complexity?
Deoxyribonucleases have been reported as present in prepara-
tions of purified tumor virus particles (Mizutani et al., 1970,
1971; Quintrell er al., 1970; Molling er al., 1971; Hurwitz and
Leis, 1972) but neither we nor others (Leis and Hurwitz, 1972)
have been able to detect such activity in purified enzyme.
Ribonuclease is active in detergent-disrupted virions (Quin-
trell ez al., 1970), but we have previously demonstrated that
in reactions using purified polymerase the limited size of the

TABLE X: Response of E. coli Polymerase I to RNA.*

Reaction Mixture Enzyme Response to

Template RNA

‘H-Labeled

Precursor Modifications RSV Poliovirus
dATP None 1084 94) 3739 (101)
dATP Minus dTTP 0 0
dTTP None 2416 (80) 7719 (102)
dTTP Minus dATP 1618 (18) 1307 (19)

¢ E. coli polymerase I was used at 4 units/ml in standard
reaction mixtures with *H-labeled precursor and modifications
(if any) as indicated above. RNA templates were used at 2
ug/ml in the presence of (dT)i._1s at 0.1 pg/ml. After 3 hr at
37° the reactions were terminated and aliquots were removed
for the assay of incorporation of *H into acid-insoluble
material. The remainder of the product was prepared as
described in Table II, treated with ribonuclease in low salt,
and fractionated on hydroxylapatite. The percentage of the
product that behaved as ds-DNA is shown in parentheses.
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product is probably not due to degradation of the template
(Faraser al., 1972).

One interpretationis that in RNA-directed synthesis (at least
when tested under the present conditions), after initiation at an
RNA primer, polymerization can only proceed a limited dis-
tance along the template before there is inhibition due to secon-
dary structure of the template. Synthesis is then aborted yield-
ing only short-term products of approximately the same size.

What are the consequences of this interpretation? The
modal size of the DNA products is about 80 nucleotides and
vet the complexity of the ds-DNA is consistent with trans-
scription from 820 to 1480 nucleotides of RNA. For RSV
RNA, where initiation appears to occur on a low molecule
weight RNA primer (Faras er al., 1972),% there must be at
least 10--20 potential primer sites on each 70S RNA molecule.
Of course, it is not necessary to imply that all possible primer
sites are available and/or utilized on eac 70S RNA molecule.
For poliovirus RNA the nature of the “primer” has not yet
been established. This primer is intrinsically different from
that of RSV in that it cannot be permanently removed by
denaturation (unpublished observation). Presumably the
poliovirus RNA renatures and initiation is achieved by the
formation of a structure which allows the 3’-OH terminus of
the molecule to act as a primer. Leis and Hurwitz (1972) have
presented evidence that this mechanism occurs when phage 2
RNA is used as a template. Since the above model predicts
10--20 different initiation sites, it can be concluded that the 3'-
OH terminus of poliovirus RNA must be able to form a struc-
ture suitable for initiation at 10-20 different sites along the
RNA.

Effect of Exogenous Primer on Transcription of RNA
Templates, When the exogenous primer (dT)._s is added to
the reaction mixture, the response of the polymerase to certain
RNA templates is increased (Figure 1 and Table I). In fact,
the data are consistent with the interpretation that (dT).._is
will only give a stimulation if the RNA template possesses
poly(A) sequences. Poly(A) is present in RSV RNA (Lai and
Duesberg, 1972; Green and Cartas, 1972; Gillespie er dl.,
1972) and poliovirus RNA (Armstrong er al., 1672). It is ab-
sent from phage R17 RNA (Gillespie er a/., 1972) and rRNA
(Sheldon er ai., 1972). The bulk of the DNA synthesized from
poliovirus and RSY RNA in the presence of (dT).»_;5 is only
slightly larger (Figure 2) and is certainly not more complex
than that synthesized in its absence (Figure 3 and Table V).
In addition, while the (dT),._.s provides more sites of initiation,
it does not interfere with initiation on the intrinsic primer(s)
of RSV RNA (Table III). In fact, the ds-DNA synthesized
includes few or no nucleotide sequences other than those
which can be synthesized by the endogenous reaction of deter-
gent-dirupted virions (Table VII).

Under the present conditions of DNA synthesis by the
polymerase, with different RNA templates, and in either the
presence or absence of (dT)._i5, there seems to be an upper
limit to the size of the DNA product. Other laboratories
have used the exogenous primer (dT):._:s, to induce the oncor-
navirus polymerase to transcribe globin mRNA (Verma er ul.,
1972b; Ross er al., 1972; Kacian er al., 1972), yielding a DNA
product that is primarily 6-9 S in size, very close to the total
size of the 10S mRNA template. To date, this is the largest
RNA template which has been transcribed into DNA chains
coextensive in length with the template. We presume that with
such a relatively small template the polymerase is less re-
stricted by the secondary structure of the template.

 Submitted for publication.
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Nature of Covalent Linkage berween RNA Primer and DNA
Product. For both the purified reaction and the endogenous
reaction of detergent-disrupted RSV, we find that the 3’-
hydroxyl terminus of the primer RNA is adenosine which
during DNA synthesis becomes covalently linked to deoxy-
adenosine. Using avian myeloblastosis virus, Verma et ul.
(1972a) have obtained the same result for both the endogenous
and reconstructed reaction. Fliigel and Wells (1972) studying
only the endogenous reaction of ether-disrupted avian myelo-
blastosis virus observe the same transfer of 3*P from [a-?2P]-
dATP to Ap, but by contrast obtain a predominant transfer
from [@-?*P]dCTP to Up. There is currently no explanation for
this disagreement.

Transcription of RNA by E. coli DNA Polymerase [. The
DNA-dependent DNA polymerase I of E. coli does not
transcribe naturally occurring RNA, a finding in agreement
with recent work by Goodman and Spiegelman (1971), Robert
et al. (1972), and Smoler (referred to in Temin and Baltimore,
1973). In the presence of both (dT):._;s and RSV or poliovirus
RNA (both known to possess sequences of poly(A)), we ob-
serve synthesis only of poly(dT) and a somewhat lesser
amount of poly(dA), copied from the poly(dT) product.
Cavalieri and Carroll (1970, 1971) using similar but not
identical reaction conditions have claimed that E. co/i DNA
polymerase (step 4) will transcribe 5S and rRNA. Their DNA
product is composed almost entirely of dA and dT, and is thus
similar to the product described in the present communica-
tion, although synthesis apparently occurred without added
primer.

Implicarions of the Limited Transcription of RNA Templates.
The endogenous reaction of RNA tumor virus particles
disrupted with nonionic detergent makes possible the synthesis
of DNA with a specific activity as high as 2 X 107 ¢cpm of
"H/ug. Small amounts of this DNA (0.0001 wug), used in
conjunction with hydroxylapatite analysis or a single strand-
specific nuclease, provides an extremely sensitive reagent for
nucleic acid hybridization. Such ss-DNA product has been
used to detect RNA sequences in cells (Garapin er «l., 1971;
Green, 1972; Coffin and Temin, 1972; Leong ¢r al., 1972).
The double-stranded product has been used to measure com-
plementary DNA in cells (Gelb ¢r a/., 1971; Varmus et ul.,
1972). The utility of both the single- and double-stranded
probes is limited by the fact that neither form of DNA pro-
vides a uniform representation of all nucleotide sequences in
the virual genome (Gelb er al., 1971; Varmus er al., 1971;
Bishop er al., 1972),

It might have been reasonable to suggest that this limitation
of the probe could be solved by: (1) use of purified polymerase,
(2) denaturation of the template RNA, (3) synthesis in the
presence of exogenous primers, e.g., (dT);.s. The present
communication shows that in the transcription of RSV and
poliovirus RNA, none of these variables are able to make the
ds-DNA product more representative of the RNA from which
itis transcribed.
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