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ABSTRACT Varying the concentration of Triton X-100, a
nonionic detergent used to promote the DNA polymerase ac-
tivity of Rous sarcoma virus in an endogenous reaction,
showed a very sharp peak at about 0.02% (vol/vol) for opti-
mal DNA synthesis. The yield of DNA at this concentration
of Triton exceeded yields obtained at concentrations above
the optimum by a factor of 2-5 for the 90-min reaction. At
optimal Triton concentration, about 1-7% of the DNA made
in the absence of actinomycin and about 4-10% of the DNA
made in the presence of actinomycin was 2.5 X 10° daltons
or greater, as estimated by formamide polyacrylamide gel
electrophoresis and by alkaline sucrose gradient sedimenta-
tion. No large DNA was obtained at hifher than optimal Tri-
ton concentrations. The large DNA molecules were rendered
totally resistant to single-strand specific nuclease S1 after hy-
bridization to an excess of viral RNA. It was concluded that
at optimal detergent concentration, the viral DNA polymer-
ase can synthesize fullsize DNA transcripts of viral RNA.

Avian tumor viruses contain 60-70S RNA, which consists
predominantly of two 35S RNA subunits (1) with an approx-
imate molecular mass of 3 X 108 daltons (2). The mass of
avian tumor virus RNA has been estimated on the basis of
genetic (3) and biochemical studies (4-7) to be around 3 X
108 daltons, implying that the 60-70S RNA is diploid, con-
sisting of two very similar or identical subunits. In agree-
ment with this, the minimal size of infectious proviral DNA,
recovered from virus infected cells, was determined to be
about 6 X 108 daltons (8). In vitro transcription of viral RNA
by viral DNA polymerase was reported in many laboratories
to lead only to short DNA transcripts ranging up to 200,000
daltons in size (9-11). Nevertheless the DNA made in vitro
in an endogenous reaction [i.e., detergent-disrupted virus (9,
10)] includes all sequences of viral RNA, because it was
shown to render viral RNA completely resistant to RNase
after hybridization with excess DNA (11, 12). It would ap-
pear then that in the conditions described above, all se-
quences of viral RNA were transcribed to DNA by viral
DNA polymerase although transcription of all viral RNA se-
quences into a continuous DNA strand of about 3 X 10° dal-
tons was not observed.

The difficulties in obtaining full-length viral DNA tran-
scripts in vitro may have several sources: (i) the detergents
necessary to promote virion-associated DNA polymerase ac-
tivity (9) may also permit virus penetration by virus-associ-
ated nucleases. Such nucleases have been shown to degrade
the viral RNA template (13-16) and may also degrade DNA
synthesized in vitro. (ii) The majority of the RNA molecules
of conventionally prepared virus, which is harvested from
infected cultures at 12- to 24-hr intervals was shown to be
fragmented (17-19). Small RNA present in virus stocks
would yield only short DNA molecules as transcripts. () It

Abbreviation: RSV, Rous sarcoma virus.
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is also conceivable that the viral DNA polymerase is not the
sole catalyst to transcribe viral RNA to DNA and that cellu-
lar helper factors are required to obtain a full-length DNA
transcript from 35S viral RNA (9). )

To decide among these alternatives we have varied in
vitro conditions of transcription of viral RNA by virus-asso-
ciated DNA polymerase to improve the yield and size of the
DNA product. A critical variable was found to be the con-
centration of the detergent, Triton X-100, necessary for ex-
pression of viral DNA synthesis. In optimal conditions an
amount of DNA of the order of the weight of the RNA tem-
plate was synthesized. About 1-10% of this DNA represent-
ed molecules with molecular masses between 2.5 and 3.5 X
108 daltons which were complementary to viral RNA. It was
concluded that under optimal conditions the viral DNA
polymerase can transcribe 35S viral RNA into a continuous
DNA molecule of the same size.

MATERIALS AND METHODS

Cells and Virus. All virus was propagated on SPAFAS Co.
gs~chf~ chick embryo fibroblast cells. Cloned Prague Rous
sarcoma virus (RSV) of subgroup B was used. Virus was har-
vested from infected cultures at intervals of 3 hr, purified
according to published procedures (3, 22), and stored at 4°
in 0.1 M NaCl, 0.01 M Tris-HCI (pH 7.4), 1 mM EDTA, 30%
glycerol. Virus stored in this manner showed stable polymer-
ase activity over a period of 6 months. The 35S RNA species
of all virus preparations used were of size class a, which is
typical of nondefective sarcoma virus free of contaminating
leukosis virus (3).

Synthesis of Viral DNA. RSV was incubated for 18 hr at
41° in 4 ml of a mixture containing 1074 M dATP, dGTP;
103 M dTTP, dCTP; 2 mM magnesium acetate; 30 mM di-
thiothreitol; 0.1 M Tris-HCI pH 7.6; 0.0225% Triton X-100;
0.825 uM [®H]dTTP (20 Ci/mmol; New England Nuclear).
The DNA made was calculated to have a specific activity of
200,000 cpm/ug. A parallel reaction was carried out in the
presence of actinomycin D (gift of Merck, Sharpe, and
Dohme) at 100 ug/ml. The reactions were terminated by
the addition of EDTA to 15 mM, sodium dodecyl sulfate to
1%, NaCl to 0.1 M, and mercaptoethanol to 2%, and 80 ug of
denatured salmon sperm DNA was added as carrier. The
mixture was extracted twice with phenol and precipitated
twice with ethanol. The product was then incubated with
RNase A (Worthington) at 100 ug/ml for 1 hr at 37° in 5
mM Tris-HCl pH 7.4 and 0.5 mM EDTA to digest RNA
from RNA-DNA hybrids (20), extracted twice with phenol
and precipitated twice with ethanol. About 1.25 mg of viral
protein, measured by the Lowry test (21), was used in each
preparation. This corresponds to about 50 ug of viral RNA,
as estimated from the known composition of RSV. The virus
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contains 60% protein and about 2% RNA (22) and was ob-
served to have an Aggp/A 250 ratio of 1.05 in sodium dodecyl
sulfate at pH 7.0, which is consistent with a protein/RNA
ratio of 25:1 (23).

RESULTS

Viral DNA Synthesis as a Function of Different Con-
centrations of Triton X-100. Since both the viral DNA poly-
merase and the virus-associated RNase require detergent to
become active on the viral RNA, it appeared possible that by
varying the concentration of the detergent a condition could
be found that favors the action of the polymerase over that
of the RNase. Fig. 1 shows that increasing the Triton X-100
concentration for a given amount of virus increases the yield
of DNA synthesized in vitro until it reaches a narrow peak
at about 0.02%. At higher concentrations of detergent, DNA
synthesis declines to a broad plateau of about half-maximal
activity that extends to 0.5% Triton X-100. Under conditions
more optimal for DNA synthesis (50 uM dTTP, 2 mM
Mg**, and 15 mM dithiothreitol; else as in Fig. 1), the dif-
ference between peak and plateau levels approached 5-fold
(not shown). Narrow detergent optima have been shown
previously for the endogenous polymerase activity of mu-
rine RNA tumor viruses (24, 25), but avian viruses have in
the past been reported to have relatively broad optima with
this variable (26, 27). The Triton X-100 concentration neces-
sary to obtain maximal DNA synthesis increased linearly,
but nonstoichiometrically with the concentration of virus
used (Fig. 2).

Some characteristics of long-term (18 hr) viral DNA syn-
thesis at optimal detergent concentrations are summarized
in Table 1. Up to 17 ug of viral DNA was made in a reaction
mixture containing about 50 ug of viral RNA with limiting
concentration of ANTP at 10~> M. With all four dNTPs at
10~* M, synthesis levels were observed to increase 2- to 3-
fold for the long-term reaction and a further 1.5-fold with
all ANTPs at 10~3 M (data not shown). In accord with the re-
sults of others (12), the presence of actinomycin reduced the
yield of DNA 3- to 4-fold (Table 1). The DNA made in the
absence of actinomycin was over 60% double-stranded, as
determined by its resistance to the single-strand specific nu-
clease S1, whereas the DNA made in the presence of actino-
mycin was less than 20% double-stranded (Table 1). Higher
nucleotide concentrations were found to reduce the effec-
tiveness of the actinomycin-mediated suppression of second

Table 1. DNA product of RSV endogenous reaction

Preparation Preparation
1 2
Actinomycin (100 ug/ml) - +
Synthesis 17 ug 5 ug
Recovery 12 ug (70%) 3 ug (60%)
Double-strandedness
(S1 DNase resistance) 63% 19%

DNA syntheses in the absence and presence of actinomycin were
with 1.25 mg of viral protein or about 50 ug of viral RNA (see Mate-
rials and Methods). Recoveries after purification were determined
as described in Materials and Methods. Resistance to nuclease S1
was determined by incubating an aliquot of the [BH]DNA product
in 0.5 ml, 1 mM ZnSOy, 0.1 M Na acetate, pH 4.5, for 1 hr at 37°
with 2000 units of S1 nuclease (28) and 5 ug of denatured salmon
sperm DNA. S1 nuclease-resistant DNA was recovered as trichloro-
acetic acid-precipitable material on Millipore filters, and its radio-
activity determined in a scintillation counter. Backgrounds of
about 1% resistance of alkali-denatured DNA were subtracted.
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FIG. 1. DNA synthesis as a function of Triton concentration.
DNA synthesis was with 10 ug of viral protein in 100-ul volume
with 5 mM dithiothreitol, 5 mM magnesium acetate, dTTP as
[*H]dTTP at 2 uM, dCTP, dATP, and dGTP at 10~¢* M, 0.1 M
Tris, pH 8.0. The amount of Triton X-100 used is indicated in the
figure. Incubation was at 37° for 90 min. (Synthesis was linear for
180 min and continued at high rates for over 24 hr.) Yields of DNA
were determined as trichloroacetic acid-precipitable radioactivity.

(+) strand DNA synthesis, which results in higher fractions
of double-stranded DNA (data not shown).

Size Analysis of the DNA Products. The size of DNA
products was determined under denaturing conditions by
formamide-polyacrylamide gel electrophoresis and by aika-
line sucrose gradient sedimentation. Electrophoretic analy-
ses of DNA made at optimal Triton concentration in the ab-
sence and in the presence of actinomycin are shown in Figs.
3A and 3B, respectively. There was a relatively sharp upper
size limit in the same positions of two parallel gels for the
DNAs made in the absence (Fig. 3A) and in the presence of
actinomycin (Fig. 3B). The largest DNA made in the ab-
sence of actinomycin had the same electrophoretic mobility
as a 35S RSV [32P|RNA standard, with an approximate mo-
lecular weight of 8 X 108. Calibration experiments were per-
formed in parallel gels with RSV RNA coelectrophoresed
with single-stranded DNA standards consisting of phage P4
DNA and specific fragments of P4 DNA derived by cleav-
age with E. coli restriction endonuclease RI (inset, Fig. 3A).
The electrophoretic positions of the largest RSV DNA mole-
cules synthesized in vitro and of the 35S RSV RNA marker
coincided with that of authentic single-stranded DNA mole-
cules of about 3- to 3.5 X 108 daltons. (Calibrations in this
region of the gel are good only to about +0.3 X 10° daltons).

Fig. 4 compares the size distributions of DNA made at op-
timal Triton concentration (0.0225%, Fig. 4A) to that made
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F1G. 2. Triton optimum as a function of virus concentration.
DNA syntheses were as in legend of Fig. 1 except that the reaction
mixtures contained 15 mM dithiothreitol, 2 mM magnesium ace-
tate, and 50 uM dTTP, plus the indicated concentrations of virus
and Triton X-100. Vertical error bars represent +0.00125% Triton,
the accuracy with which optima were determined.
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FIG. 3. Polyacrylamide gel electrophoresis of product DNAs in
the presence of formamide. Electrophoresis was in 3.0% polyacryl-
amide gels 7 cm long containing 98% formamide for 3.5 hr at 100 V
as described (2), except that 2,3-dibromo-1-propanol (d25 = 2.13)
instead of glycerol was used to increase sample density. Electro-
phoresis was from left to right. (A) ®, —actinomycin [SBH]DNA
(preparation 1, Table 1); A, RSV [32P]RNA. (B) @, +actinomycin
[*H]DNA (preparation 2, Table 1). Inset: The mobility-molecular
weight relation was established in parallel experiments with 35S
RSV RNA electrophoresed against P4 phage DNA or fragments of
P4 phage DNA generated by the E. coli restriction endonuclease
RI The open circles (inset) indicate the positions of single-strand-
ed P4 DNA or P4 DNA single-stranded fragments with molecular
weights from left to right of 3.63, 2.48, 0.900, and 0.116 million
(30). Arrows indicate positions of bromphenol blue dye markers.

at higher than optimal (0.1%, Fig. 4B) Triton concentration.
The results indicate that only the reaction at optimal Triton
concentration produced DNA molecules that comigrated
with 35S RSV [32P]RNA in formamide-polyacrylamide gels,
whereas a parallel reaction at high Triton concentration did
not produce any DNA molecules in the size range of viral
RNA. It follows that Triton concentration is an important
variable in synthesis of large DNA molecules in an endoge-
nous reaction.

We also note by comparison of Figs. 3A and 4A that a 10-
fold increase in limiting nucleotide concentration from 10~53
M to 10~4 M had relatively little effect on the size distribu-
tion of products when Triton is maintained at its optimum,
and similar conclusions were derived from experiments with
all INTPs at 10~ M. However, higher nucleotide levels did
result in increased total yields of all DNA species synthesized
up to a factor of 4 (see above).

Alkaline sucrose gradient sedimentation of a DNA prepa-
ration made at optimal Triton concentration in the absence
of actinomycin, but in the same method as Preparation 1 of
Table 1, is shown in Fig. 5A. About 2.5% of this DNA was
2.5 X 108 daltons or greater in size. It can be seen in Fig. 5A
that most of this DNA was small, which is in agreement with
the electrophoretic data of Fig. 3. However, some molecules
sedimented faster than the bulk of the material, ahead of a
single-stranded SV40 DNA marker (1.65 X 10° daltons) and
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FIG. 4. Size analysis by formamide-polyacrylamide gel electro-
phoresis of DNA products made in endogenous reactions at opti-
mal and higher than optimal Triton concentration. Virus at 30 ug
of viral protein was incubated in the absence of actinomycin for 8
hr at 41° as described in Materials and Methods, except that all
dNTPs were at 104 M. The Triton optimum was 0.0225% (see Fig.
2). DNA purification and electrophoresis were as in Materials and
Methods. (A) DNA synthesized in the presence of 0.0225% Triton.
(B) DNA synthesized in the presence of 0.1% Triton. @, [FBHIDNA
product; A, 35S RSV [32P]RNA. The arrow indicates the position
of a bromphenol blue dye marker.

up to the position of a phage P4 DNA marker (3.63 X 106
daltons) (Fig. 5B). Points corresponding to the larger DNA
are replotted on a 5X scale, with arrows designating approx-
imate molecular weight positions. _
To confirm more directly the existence of large DNA
molecules, DNA that was estimated to be approximately 2.5
X 10° daltons or greater was isolated from the preparative
gradient of Fig. 5A and was subjected to further analysis.
One aliquot of this DNA was resedimented in alkali with the
same markers as in Fig. 5B. It can be seen to have retained

Table 2. Size distribution of large DNA made in the
presence or absence of actinomycin (AM) according to
method of analysis*

Size
>2.5x 10° >1.0 x 10¢
% % Total
cpm Total cpm Total cpm

-AM DNAT

Gel electrophoresis 710 5.1 2,685 19.1 14,050

Sedimentation 4,457 3.7 14,166 11.5 122,788
+AM DNAT
Gel electrophoresis 480 10.1 1,504 31.7 4,749

* Data for the electrophoresis are derived from Fig. 3; sedimenta-
tion data not shown, but performed as in Fig. 5B. The DNAs in
this set of analyses were those of preparations 1 and 2 (Table 1).

t+ =AM, +AM DNA is DNA made in the absence or presence of
actinomycin, respectively.
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FIG. 5. Isolation and hydrodynamic and electrophoretic characterization of large DNA transcripts from reaction products in vitro. (A)
DNA was prepared in the absence of actinomycin as described for Table 1. Sedimentation was performed in 5-20% sucrose gradients con-
taining 0.33 M NaOH, 0.5 M NaCl, and 0.02 M EDTA for 10 hr at 40,000 rpm in an SW41 rotor without DNA markers. Molecular weight po-
sitions of phage P4 and SV40 DNAs which were centrifuged in parallel (arrows) are estimated from the data of (B). Fractions 8 through 16,
indicated by horizontal bar, were combined as molecules of approximately 2.5 X 10f daltons and greater. This pooled material was used for
analysis in (C) and (D). @—@, RSV [3BH|DNA; @--@, 5X replot of the RSV [?H|DNA data. (B) Sedimentation was with DNA of the same
preparation used in (A) except that P4 [32P] and SV40 [14C]DNA markers were included in the gradient. —@, RSV [3H]DNA; O, SV40 lin-
ear [1C]DNA. [1.65 X 10° daltons is used as marker position for SV40 (34). The leading shoulder is contaminating single-stranded SV40
DNA circles.] A, P4 [32P]DNA (3.63 X 10% molecular weight). ®--®, 5X replot of the RSV [3H]DNA data. (C) DNA from the combined frac-
tions of (A) was resedimented in alkali under the same conditions, except with DNA markers included in the gradient. ®—@, RSV [3BH]DNA;
0, SV40 [“C]DNA; 4, P4 [32P]DNA. (D) DNA from the combined fractions of (A) was electrophoresed in formamide-polyacrylamide gels in
the presence of RSV [32P]DNA as marker. Conditions as in Fig. 3. @—@. RSV [3SH|DNA; A, RSV [32P]RNA.

its high sedimentation coefficient on resedimentation, and to cation). To test directly whether our large DNA was tran-
have formed a peak at about 2.65 X 10° daltons (Fig. 5C). A scribed from viral RNA, a further aliquot of the DNA great-
second aliquot was electrophoresed in formamide in the er than or equal to 2.5 X 106 daltons isolated from the gradi-
presence of a 35S RSV [32P]JRNA marker. The peak position ent of Fig. 5A was incubated under hybridization conditions
of DNA in the gel was 3 to 3.5 X 10° daltons and coincided with 35S RSV RNA. The data of Table 3 show that the large
with that of the marker RNA (Fig. 5D). The weight average RSV DNA was 100% protected by the 35S viral RNA, and
of the gel profile was about 2.5 X 10¢ daltons, as with the hence is RSV DNA and not an artifact of nucleotide addition
sedimentation profile. to preexisting DNA molecules. The data also show that the
Of the two preparations listed in Table 1, approximately DNA was 100% complementary to viral RNA, since no self-
8-5% of the DNA made in the absence of actinomycin was annealing was seen with the DNA alone (Table 3). We con-
2.5 X 106 daltons or greater in size and 12-19% of this DNA clude that a small but significant fraction of the DNA tran-
was greater than 1 X 108 daltons (Table 2). About 10% of the scribed in vitro from RSV RNA consists of molecules that
DNA made in the presence of actinomycin (Table 1) was 2.5 have approximately the same molecular weight as the 35S
X 108 daltons or larger, and 30% was over 1 X 108 daltons in viral RNA and a sequence complementary to it.
size (Table 2). Th((;6 range of values for DNA greater than or
equal to 2.5 X 106 daltons from several preparations were
1-7% for the DNA in the absence of arll)d Eth% for the DISCUSSION
DNA in the presence of actinomycin. Although the propor- The experiments described here suggest that 35S viral RNA
tion of DNA 2 2.5 X 10° daltons was greater (Table 2), net can be transcribed in vitro by viral DNA polymerase into an
synthesis of the largest DNA species was reduced by the approximately full-length DNA complement, although at
presence of actinomycin since total DNA synthesis was de- low efficiency. We attribute the low yield of very large
creased nearly 4-fold (Table 1). DNA molecules primarily to the presence of RNase in prep-
Hybridization of the Large DNA, Synthesized In Vitro, arations of purified virus, as mentioned in the introduction,
with RSV RNA. It may be argued that the relatively low which would degrade the RNA template as it is transcribed
percentage of large DNA molecules synthesized under our in vitro (13-16). Although preexisting nicks in the viral
conditions represents cellular DNA contaminants that may RNA, mentioned in the introduction, may also contribute to
have functioned as templates in the endogenous reaction. A the small size of most of our DNA products, the virus used in
low level of such large DNA contaminants has been ob- these experiments was harvested at short intervals from in-
served electron microscopically in purified virus prepara- fected cultures, and the RNA of such virus consisted of at
tions (29; H.-J. Kung and N. Davidson, personal communi- least 30-50% physically intact RNA molecules (2, 3, 16).
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Table 3. Hybridization of large (>2.5 x 10° daltons), in
vitro synthesized DNA* with an excess of RSV RNAT

Radioactivity %
(cpm) Resistance

Control 1,213 103
(minus S1 nuclease) 1,137 97
Self-annealing -2 0
(plus S1 nuclease)

RNA-DNA hybridization 1,175 100
(plus S1 nuclease) 1,225 104

* [BH]DNA made in an endogenous reaction without actinomycin
was isolated from the leading region of the gradient of Fig. 5A.

+ Incubations were in 60 ul of 3.3 X SSC (SSC = 0.15 M NaCl,
0.015 M Na citrate, pH 7.0) at 68° for 10 hr. The [BH]DNA used
had a specific activity of 5 X 105 cpm/ug, and assuming a size and
complexity of about 3 X 108 daltons (3-8), this predicts a Co-
t1,2(Co = concentration of DNA of one polarity, t1,2 = time at
which the reaction is half complete; refs. 16, 31, and 32) of about
4 X 10~ M-sec. However, if one strand is significantly in excess
of the other, the Coty/2 is 3 X 10~ M-sec, in which Co now is the
concentration of the major strand (33). At reaction termination,
the Cot was 2 X 10-3 M-sec if the DNA is treated as equal
amounts of (+) and (—) strand, or about 4 X 103 M-sec if the
DNA is predominantly of one polarity. The RNA-DNA hybridi-
zations included 2 ug of 35S RSV RNA. The Rot1,2(Ro = concen-
tration of RNA; ref. 33) would be of the order of 3 X 10-4 to 3 X
10-3 M-sec, given the generally slower rates of RNA-DNA an-
nealing relative to DNA-DNA annealing (16, 35). At reaction
termination, the Rot was 4 M-sec under our conditions. Resis-
tance to nuclease S1 was determined as described for Table 1.
S1 resistant backgrounds of about 12 cpm or 1% of the input
radioactivity were subtracted.

Under conditions of detergent concentration optimal for
DNA synthesis, the viral RNA and DNA polymerase are re-
tained within a core, permeable to ingredients of the reac-
tion mixture. In this state the virus structure is sufficiently
intact to retain its capacity to restrict but not eliminate ac-
cess of virus-associated RNase to the viral RNA (viral RNA is
slowly degraded) (16). The failure to observe large DNA
transcripts at higher than optimal detergent concentrations
may, according to this hypothesis, be attributed to the action
of RNase on the template.

It is not yet clear whether the large, and full-sized DNA
molecules made in our experiments represent complete cop-
ies of viral 35S RNA rather than a large molecule with re-
dundant sequences. However, experiments carried out with
unfractionated DNA made under our conditions indicate
that this DNA has a high complexity and renders viral RNA
completely resistant to RNase after hybridization with a low
2- to 5-fold excess of complementary DNA (16). This and
the finding that none of our DNA transcripts was larger than
the 35S viral RNA template suggest that these large DNA
molecules probably represent transcripts that are colinear
with viral RNA.

It would follow that the viral DNA polymerase is suffi-
cient to transcribe viral RNA into a full-size DNA comple-

ment and that full-size viral DNA copies synthesized in vitro-

could be used for heteroduplex mapping of viral RNAs or
for the specific detection of all viral RNA or DNA sequences
in virus-infected and transformed cells.
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