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Summary: DNA polymerases from avian, feline, murine and simian RNA tumor viruses
exhibit substantial differences in optimal assay conditions and vary widely in
their template-primer preferences. Avian DNA polymerase utilizes both natural
and synthetic template-primers efficiently in the presence of Mgt as well as
Mntt. By contrast, the mammalian viral DNA polymerases are much more responsive
to poly(A)-0ligo(dT) than to other template~primers, and exhibit up to 20-fold
greater activity with Mot than with Mg++. In addition, simian sarcoma virus
DNA polymerase shows no detectable response to poly(C)-oligo(dG) over a wide
variety of conditions stimulatory to the other viral enzymes.

Synthetic template-primers [e.g., poly(A)-o0ligo(dT) and poly(C)-oligo(dG)]
have been widely used to detect the DNA polymerases (''reverse transcriptases')
of animal RNA tumor viruses (1,2,3) or of intracellular forms of candidate human
RNA tumor viruses (4,5,6). However, complete information has not been available
on optimal reaction parameters of a number of RNA tumor virus enzymes in the
presence of synthetic or natural template-primers. Such information is necessary
for specific detection of reverse transcriptases in the presence of contaminating
cellular enzymes since some cellular DNA polymerases have been shown to use
poly(C)-oligo(dG) and/or poly(A)-oligo(dT) with high efficiency under appropriate
assay conditions (7,8,9,10). The studies reported here provide detailed compari-
sons of the DNA polymerases from AMV, FeLV, MuLV, and SiSV in the presence of
synthetic or natural template-primers under a broad range of assay conditions.
The results show large differences between these four viral enzymes in their
assay optima and relative responses to each template-primer, as well as several

differences from conditions commonly used to assay these enzymes.

Materials and Methods

Viruses: MulV was produced from infected 3T3 cells (Clone I), obtained
originally as a gift from Dr. Hung Fan, Salk Institute. AMV (BAI strain A)
was a gift from Dr. George Beaudreau, Oregon State University. Theilin strain

Abbreviations used: poly(mC)-o0ligo(dG), poly(2'-0O-methyl-cytidylate)- (oligo-
deoxyguanylatejy_jg); AMV, avian myeloblastosis virus; FelV, feline leukemia

virus; MuLV, Moloney murine leukemia virus; SiSV, simian sarcoma virus; RLV,

Rauscher leukemia virus; DTT, dithiothreitol; BPA, bovine plasma albumin.
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of FelV from infected FL74 cells (Pfizer) and two lots of SiSV from infected
NC-37 cells (Litton Bionetics and Pfizer) were produced for the USPHS-NCI Viral
Oncology Program. All samples of virus were rebanded twice in continuous
sucrose density gradients prior to use. AMV was quantified by ATPase activity
(11) and MuLV by virus particle counts in electron micrographs prepared by

Dr. Peter Kiessling; FeLV and SiSV were supplied with virus particle counts.

Antibodies: Goat antisera against SiSV and RLV DNA polymerases were
produced for the USPHS-NCI Viral Oncology Program (Huntingdon Research Center)
and were made available by the courtesy of Dr. Jack Gruber.

Synthetic Template-Primers: Poly(mC)-oligo(dG)lz_lg (1:1, w/w) and
poly(da)-oligo(dT)12-18 (1:1, w/w) were obtained from P-L Biochemicals. Poly(C)-
0ligo(dG)qo._-1g was either from P-L Biochemicals (1:1, w/w) or prepared by
combining poly(C) with oligo(dG)y7-18 (2:1, w/w) both from Collaborative Research.
Poly(A)~oligo(dT)12_18 (2:1, w/w) was also from Collaborative Research.

DNA Polymerases: Virus lysates were prepared by adjusting purified virus
to 0.25% NP-40 (Shell), 10 mM DTT, and 50% glycerol. DNA polymerase was freed
from viral nucleic acids by passing through a column of DEAE cellulose in 0.01 M
Tris-HC1 (pH 7.4), 107 glycerol, 1 mM DTT, and 1 mM EDTA (Buffer A) containing
0.3 M KCl. Further purification was by chromatography on DNA agarose (12) with
a linear gradient of 0.05-0.7 M KCl in Buffer A containing 100 jg/ml BPA. All
the viral DNA polymerases eluted at 0.2-0.25 M KC1, and were concentrated by
centrifugation overnight at 40,000 rpm in a Beckman SW 50.1 rotor. Final enzyme
yields were >90% with at least 100-fold purification and could be stored in
Buffer A with 507 glycerol and 100 ug/ml BPA at -20°C without loss of activity
for 7 months.

Assays of DNA Polymerase Activity: Standard enzyme assays (20 ul) containing
only endogenous viral nucleic acids as template-primer or 500 pg/ml "activated"
DNA (13) are 30 mM Tris-HC1 (pH 8.3), 2 mM DTT, 500 pg/ml BPA, 0.2 mM in each
nonradioactive dNTP, 2 uM in JH-dTTP [62 mCi/ymole, prepared in this laboratory
from 3H-TdR (Schwarz/Mann) (14)], and contain MgCl, or MnCl,, KC1, and enzyme as
specified. Assays containing synthetic template-primers (100 yug/ml) are the
same with the substitution of 0.1 mM nounradiocactive complementary dNTP for the
3 dNTP's, and 5 yM JH-dGTP (28 mCi/ymole, New England Nuclear) for 3H-dTTP when
0ligo(dG) primers are present. Reactions are carried out in wells of Microtiter
(flow) plates, which are sealed and floated in a 37°C water bath for 20 min
(reactions are linear for at least 40 min). Assays are terminated and processed
for liquid scintillation counting (22% efficiency) by a rapid micro method (to
be published) that gives lower backgrounds and higher yields of radioactive
product (due to inclusion of short chain material) than the conventional filtra-
tion of acid precipitable product onto either glass fiber or nitrocellulose
filters.

Results

Optimal assay conditions were determined for each of the viral enzymes in
the presence of endogenous viral nucleic acids, poly(A)-oligo(dT), poly(C)-
oligo(dG), or activated calf thymus DNA (Table I). For each template-primer,
Mn++ and Mg++ were varied from 0.05 mM to 20 mM, and for each divalent cation
concentration KC1 was varied from 5 mM to 250 mM.

DNA polymerase activity on endogenous viral nucleic acids, as found by
assaying DNA polymerase activity in virus lysates without adding nucleic acids,
is approximately the same for equivalent numbers of each of the viruses in the
presence of Mn++. For this "endogenous reaction" the avian system is the only

, . o
one showing a preference for Mg ; in contrast, the simian system seems to
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have an absolute requirement for Mn++, whereas, the feline and murine can use
Mg++ at 25-35% of their activity with Mn++. With either divalent cation, KC1
stimulates AMV 2-fold, FelLV and SiSV only 1.2- to 1.6-~fold, and it inhibits
MulV at all concentrations.

In poly(A)-oligo(dT) directed reactions under optimal conditions for each
divalent cation, Mn++ is more stimulatory to the DNA polymerases than Mg++ by
a factor of 2 for AMV, 6 for FeLV, 17 for MulV, and 15 for SisSV. KC1 stimulates
the Mn++-poly(A)'oligo(dT) reaction 8-fold for AMV, 5-fold for FelV, 4-fold for
MuLV, and 7-fold for SiSV, but does not stimulate the Mg++—poly(A)'oligo(dT)
reaction.

AMV DNA polymerase is the only enzyme showing a preference for Mg++ in
the poly(C)-oligo(dG) directed reactions, which is also the case for the endo-
genous reactions. With poly(C)-oligo(dG), under optimal conditions, the ratio
of enzyme activity with Mn++ to activity with Mg++ is 0.4 for AMV, 4 for FelV,
and 3 for MuLV. KC1 inhibits this reaction at all concentrations with either
Mn++ or Mg++, and alters the Mn++ response curve by shifting the peak of the
Mn++ curve to higher concentrations; e.g. with FelLv, from 0.4 mM at 0 KC1 to
5.0 mM at 80 mM KCl, accompanied by loss of 50% of the activity at 0 KCl. KCI
does not affect the Mg++ optima with poly(C)‘oligo(dG), or either Mg++ or Mn++
optima in the endogenous, poly(A)-oligo(dT), or activated DNA systems.

The DNA polymerases isolated from both samples of SiSV do not respond to
poly(C)-o0ligo(dG) throughout a wide range of assay conditions. With purified
SiSV DNA polymerase, the presence of poly(C)-oligo(dG) results in a slight
increase in acid-precipitable 3H over assays containing no template-primer,
but this small amount of acid-precipitable radioactivity does not increase
with incubation time nor is it affected by the wide range of ionic conditions
tested in the assay. A 5-fold increase in concentration of either purified
enzyme or viral lysate [resulting in 5-fold increases in response to poly(A)-
0ligo(dT)] and/or an increase in poly(C)-oligo(dG) to 1 mg/ml still results
in no convincing evidence of SiSV DNA polymerase activity in this assay system.
The presence of $iSV DNA polymerase in a poly(C)-oligo(dG) reaction either
before, during, or after the addition of AMV DNA polymerase has no effect on
the amount of product synthesized relative to assays containing the avian
enzyme alone, indicating the absence of an inhibitor.

Al four viral DNA polymerases prefer Mg++ to Mn++ for the reactions
with activated DNA, and KCl stimulates the reaction 2- to 3-fold at optimal
concentrations of Mg++. (NHA)ZSO4 can partially substitute for KCl in the
DNA reactions (as well as the endogenous and poly(A)-oligo(dT) reactions:
NaCl is less effective than either (NH,) SO, or KCl in stimulating the AMV

472774
FelV, and SiSV enzymes, and inhibits the murine DNA polymerase.

s
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Doubling the concentration of dCTP or enzyme in the standard assay with
poly(C):o0ligo(dG) has no detectable effect on the optimal concentrations of
Mn++ or Mg++. Doubling the concentration of 3H-dGTP or poly(C)-oligo(dG)
increases the Mn++ optimum slightly (e.g., for AMV, by 0.5 mM), but has no
appreciable effect on the Mg++ optimum.

Under assay conditions optimal for poly(C)-oligo(dG) stimulation, the
methylated derivative poly(mC)-o0ligo(dG) stimulates AMV, FeLV, and MuLV DNA
polymerases to 5-20% of the level of stimulation with poly(C)-oligo(dG), but
gives no detectable stimulation of SiSV DNA polymerase. 1In accord with previous
reports {(4), poly(da)-oligo(dT) (with either Mg++ or Mn++) is not an effective
template-primer for the viral DNA polymerases, stimulating to only 5-10% of
the level of synthesis with activated DNA and to less than 1% of the level
of activity with Mn++—poly(A)-oligo(dT).

Yeast RNA (DNA-free) stimulates the viral DNA polymerases to 5-20% of
the level of activity observed with activated DNA. This low level of template
activity of natural RNA has been observed before using 70S viral RNA as
template~primer for viral DNA polymerases (15,16,17).

All the viral enzymes have a pH optimum in the range of 8.0-8.6 (Tris-HC1)
with peak activity at pH 8.3 under optimal ionic conditions for both poly(A)-
oligo(dT) and poly(C)-o0ligo(dG) when assayed at 37°C (all pH measurements at
25°C). Nonreactive protein in the assay, i.e. BPA or rabbit immunoglobulin,
stimulates the viral DNA polymerases approximately 5-fold above the level of
template-primer stimulation alone, with 1-4 mg/ml providing maximum stimulation.
In the absence of added protein, NP-40 at concentrations of 0.05-2% stimulates
approximately 2-fold above the level of template-primer stimulation but is not
additive with the stimulation by protein. The wide range of permissible NP-40
concentrations with either disrupted virus or purified DNA polymerase is in
contrast to reported narrow permissible range of Triton X-100 (18).

Product formation by the viral DNA polymerases in the presence of poly(a)-
0ligo(dT) has a temperature optimum of 25°-30°C; in contrast, the incorporation
of 3H—dGMP into product with poly(C)-oligo(dG) is higher at 50°C, particularly
for the Mg++—poly(C)-oligo(dG) system with AMV DNA polymerase (Figure 1). Optimal
concentrations for Mg++ or Mn++ are essentially the same at 30° and 37°C with
poly(A)-oligo(dT), or at 50° and 37°C with poly(C)-oligo(dG) (data mot shown).
Similar temperature optima with these synthetic template-primers have been observed
previously (19). Although largely accounted for by differences between the
template-primers, the results may also be related in part to differences between
the enzymes in stability at elevated temperatures (20,21). Even at the higher
temperatures the SiSV DNA polymerase does not respond detectably to poly(C)-oligo(dG).

Because of the unexpected results with the SiSV enzyme, antigenic properties
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Figure 1

Temperature responses of virus DNA polymerases. Standard assay mixtures of
poly(C)-0ligo(dG) with 1.25 mM Mg+t (8—@), poly(C)-oligo(dG) with 0.4 mM

Mnt+ (0—0), or poly(A)-oligo(dT) with 0.25 mM MnCly, 80 mM KC1 (O--[)) were
portioned into 10 ul aliquots and incubated for 20 min at each temperature.
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Figure 2

Antibody neutralization of virus DNA polymerases. Enzyme protein was mixed
with the indicated amount of goat antisera at 0°C for 1 h in the presence of
all assay components for the Mntt-poly(A)-oligo(dT) system except the poly(A)-
0ligo(dT) and 3H-dTTP. Controls (100% activity) were with normal goat serum.
Non-neutralized enzyme activity was measured by addition of poly(A)-oligo(dT)
and 3H~dTTP followed by incubation at 30°C for 20 min. 100% 3H-dTMP incor-
porations were: AMV (0—@), 8 pmoles; FeLV (0—0), 9 pmoles; MuLV (O—),

22 pmoles; SiSV (M—E), 15 pmoles.
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were also examined. Antibody against $iSV DNA polymerase inhibits the SiSV DNA
polymerase used in these studies and to a lesser extent MuLV DNA polymerase but
not AMV or FeLV DNA polymerases (Figure 2), a result different from a previous
study by Scolnick, et al. (3), which indicated that the simian virus DNA poly-
merase does not share antigenic determinants with murine (or feline) DNA poly-
merases. The possibility that the two antibodies used here are recognizing two
different classes of antigenic determinants in the viral DNA polymerases is
indicated by the fact that FelV, $iSV, and MuLV are all recognized by anti-RLV
DNA polymerase, but only MuLV and SiSV are recognized by anti-SiSV DNA polymerase.

Discussion

The results in this study tend to set the avian RNA tumor viral DNA poly-
merase apart from the mammalian viral enzymes in several respects. In reactions
with either synthetic template-primer or endogenous viral nucleic acid, the
mammalian enzymes are much more active with Mn++ than with Mg++ (as high as 20:1),
whereas the AMV enzyme is less specific in its divalent metal requirement, even
showing a preference for Mg++ in its reactions with poly(C)-o0ligo(dG) and with
endogenous viral nucleic acid. 1In addition, comparison of the four viral enzymes
emphasizes the striking differences between their relative activities with
poly(A)'oligo(dT), poly(C)-0ligo(dG), and DNA at their respective optimal assay
conditions (Table II). AMV shows 2-fold greater activity with poly(C)-oligo(dG)
over poly(A)-oligo(dT), in contrast to the average 6:1 preference of the enzymes
from FelV and MuLV for poly(A)-oligo(dT) over poly(C)-oligo(dG). Differences

between the mammalian enzymes themselves are illustrated by the striking preference

TABLE II. Comparison of relative activities of viral DNA polymerases with

different template-primers.

Activated
poly(A)-oligo(dT) DNA poly(C)-0ligo(dG)
AMV 12 1 22
FelV 15 1 2
MuLV 33 1
Sisv 168 1 <0.6

Values are calculated from the data in Table I and are the ratios of enzyme
activities at optimal conditions with synthetic template-primers to activities
at optimal conditions with activated DNA.
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for poly(A)-oligo(dT) exhibited by the simian enzyme, its inability to utilize
Mg++ ion for the endogenous reaction, and its further inability to respond to
poly(C)-oligo(dG) with either MnTt or Mg++.

Previous reports have described SiSV DNA polymerase as showing a response
to poly(C)-oligo(dG) (2, 22, 23, 24). The relative responses to each of the
template-primers (as well as assay conditions) vary widely between the reports,
e.g. in one case a ratio for poly(A)-oligo(dT) to poly(C)-oligo(dG) stimulation
of 10:1 (22), as compared to a ratio of 3:1 for enzyme from virus grown in a
different cell type (23). Variable results, including no response, of $iSV
DNA polymerase to poly(C) oligo(dG) have alsc been observed by others (M. Robert-
Guroff and R. C. Gallo, personal communication).

Possible explanations for the lack of response of the simian virus DNA
polymerase are (1) a defect in the poly(C)-oligo(dG) template-primers; (2) an
alteration of the wviral DNA polymerase possibly secondary to purification and
storage of the virus; and (3) an alteration of the virus population itself with
tissue culture passage. The first possibility cannot be ruled out, but would
imply a requirement for a very specific poly(C)-oligo(dG) structure since the
preparations used here gave the expected levels of activity for avian and murine
DNA polymerases (20). The second possibility implies that the simian DNA poly-
merase has undergone a structural alteration rendering it unable to use poly(C)-
0ligo(dG) but still allowing it to use poly(A)-oligo(dT). Such selective loss
of template-primer utilization, although conjectural at this time, could be of
great importance if true. The third possibility implies either selection of
a specific virus population, or an alteration of the DNA polymerase in the entire
virus population.

The number of virus particles that can bedetected by an assay for viral
DNA polymerase has been estimated to be from 2 x 104 (25) to 2 x 108 (26). The
former value is from a viral particle estimate based on quantification by laser
beat frequency spectroscopy, which is not yet correlated with more standard
methods of virus titration. The results in the present study are consistent
with most reports and indicate a sensitivity of 1-10 x 105, depending on specific
activity of radioactive precursors.

It is evident from the studies presented here that the differences between
the viral enzymes in their assay requirements and responses are greater than has
been ordinarily appreciated. Further, with the synthetic template-primer systems,
the mammalian viral DNA polymerases have more features in common with normal
cellular DNA polymerases (7,8,9,10) than with AMV DNA polymerase. To date,
normal cellular DNA polymerases have not been shown to utilize natural RNA or
poly(mC)-oligo(dG) (27) and therefore these systems appear specific for RNA

tumor virus DNA polymerases. However, as illustrated here, natural RNA and
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poly(mC)-oligo(dG) are at least 2 orders of magnitude less sensitive than the
Mn++—poly(A)~oligo(dT) assay for all 4 viral enzymes, and for S$iSV poly(mC)-
oligo(dG) is at least 4 orders of magnitude less sensitive than Mntr-poly(A)-
0ligo(dT) (3). It therefore seems difficult or impossible to specify at this time
one set of assay conditions that will detect small amounts of all RNA tumor viral

DNA polymerases, particularly in the presence of contaminating cellular enzymes.

Acknowledgements

We wish to thank Dr. Peter Kiessling for electron micrographs of MuLV and
Dr. David Kohne for helpful discussions. This investigation was supported by
Public Health Service Research Grant CA 11705 from the National Cancer Institute,
and American Cancer Society Research Grant NP-102.

References

1. Spiegelman, S., Burny, A., Das, M.R., Keydar, J., Schlom, J., Travnicek,
M., and Watson, K. (1970) Nature (London), 288, 430-433.
2. Temin, H., and Baltimore, D. (1972) Adv. Virus Res., 17, 129-86.
3. Scolnick, E., Parks, W., Todaro, G., and Aaronson, S. (1972) Nature (London)
New Biol., 235, 35-40.
4. Gillespie, D., Saxinger, W.C., and Gallo, R.C. (1975) Prog. Nucleic Acid
Res. Mol. Biol., 15, 1-107.
5. Mak, T.W., Aye, M.T., Messner, H., Sheinin, R., Till, J.E. and McCulloch,
E.A. (1974) Br. J. Cancer, 29, 433-441.
6. Gerard, G.F., Lowenstein, P.M., and Green, M. (1975) Nature (Londomn), 256,
140-143.
7. Fridlender, B., Fry, M., Bolden, A., and Weissbach, A. (1972) Proc. Natl.
Acad. Sci. USA, 69, 452-455.
8. Spadari, S., and Weissbach, A. (1974) J. Biol. Chem., 249, 5809-5815.
9. Chang, L.M.S. (1973) J. Biol. Chem., 248, 6983-6992.
10. Bollum, F.J. (1975) Prog. Nucleic Acid Res. Mol, Biol., 15, 109-144.
11. Beaudreau, G.S., and Becker, C. (1958) J. Natl. Cancer Inst., 20, 339-349,
12. Schaller, H., Niisslein, C., Bonhoeffer, F.J., Kurz, C., and Neitzschmann,
I. (1972) Eur. J. Biochem., 26, 474-481.
13. Loeb, L.A. (1969) J. Biol. Chem., 244, 1672-1681.
14. Okazaki, R., and Kornberg, A. (1964) J. Biol. Chem., 239, 269-274.
15. Kiessling, A.A., and Neiman, P.E. (1972) Biochim. Biophys. Acta, 272,
147-155.
16. Kiessling, A.A., Deeney, A. 0'C., and Beaudreau, G.S. (1972) FEBS Lett.,
20, 57-59.
17. Duesberg, P., Helm, K.V.D., and Canaani, E. (1971) Proc. Natl. Acad. Sci.
USA, 68, 2505-2509.
18. Junghans, R.P., Duesberg, P., and Knight, C. (1975) Proc. Natl. Acad. Sci.
UsA, 72, 4895-4899.
19. Waters, L.C., and Yang, W.-K. (1974) Cancer Res., 34, 2585-2593.
20. Verma, I. (1975) J. Virol., 15, 843-854.
21. Tronick, S., Stephenson, J., Verma, I., and Aaronson, S. (1975) J. Virol.,
16, 1476-1482.
22. Lewis, B., Abrell, J.W., Smith, R.G., and Gallo, R.C. (1974) Biochim.
Biophys. Acta, 349, 148-160.
23. Abrell, J.W., and Gallo, R.C. (1973) J. Virol. 12, 431-439.
24, Dion, A.S., Vaidya, A.B., and Fout, G.S. (1974) Cancer Res., 34, 3509-3515.
25. 1Lliebes, L.F., Rich, M.A,, McCormick, J.J., Salmeen, I., and Rimai, L.
(1976) J. Virol., 18, 42-47.
26. Ringold, G., Lasfragues, E.Y., Bishop, J.M., and Varmus, H.E. (1975)
Virology, 65, 135-147.
27. Gerard, G.F. (1975) Biochem. Biophys. Res. Commun., 63, 706-712.

1077



