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SUMMARY

Arya, S. K. (1977) Mechanism of polyribonucleotide inhibition of ribonucleic acid
tumor virus replication: effect of poly(inosinic acid) on the synthesis of proviral
deoxyribonucleic acid of murine leukemia virus. Mol. Pharmacol., 13, 585-597.

Single-stranded polyribonucleotides inhibit the replication of RNA tumor viruses in
cultured cells with little or no effect on their growth rates or viability. They also inhibit
the virion-associated RNA-directed DNA polymerase in vitro. The several polyribonu-
cleotides investigated exhibit a reasonably good correlation between their effects on
virus replication in cell culture and on virion-associated RNA-directed DNA polymerase
in vitro. These observations suggested that the inhibition of virus replication by polyri-
bonucleotides may be related to their effect on intracellular viral RNA-directed DNA
synthesis. Several other observations also indirectly support this notion. For example,
polyribonucleotides are more effective when added prior to or just after virus infection;
this suggests that an early step in virus infection is affected. The present study concerns
the effect of poly(inosinic acid) on viral as well as cellular DNA synthesis in cultured
JLS-V9 cells infected with murine leukemia virus. Poly(I) inhibits the synthesis of
proviral DNA with little or no effect on cellular DNA synthesis. Furthermore, poly(I), at
a concentration inhibitory for proviral DNA synthesis, apparently does not interfere
with the uptake of labeled murine leukemia virus by cultured JLS-V9 cells. The effects
of poly(I) on partially purified murine leukemia virus and JLS-V9 cell DNA polymerases
in vitro were compared. Analysis of the kinetics of inhibition shows that the apparent
inhibitory potency of poly(I) toward viral DNA polymerase is 10-50 times that for
cellular DNA polymerases. These results support the hypothesis that the inhibition of
RNA tumor virus replication by polyribonucleotides is due, at least in part, to their
inhibition of proviral DNA synthesis. This is more likely to be due to their effect on viral
RNA-directed DNA synthesis than on DNA-directed DNA synthesis.

INTRODUCTION nism of this inhibition is not yet estab-
Single-stranded polyribonucleotides in- lished. Several indirect observations sug-
hibit the replication of RNA tumor viruses gest that the |nh1b1t10n_ of RNA tumor vi-
in cell culture (1-6); however, the mecha- rus replication by polyribonucleotides may
This work was supported in part by United States b? related PO their efTECt on viral RNA_'
Public Health Service Center Grant CA 14801 in directed DNA synthesis. (a) These polyri-
Viral Chemotherapy and Regulation from the Na- bonucleotides strongly inhibit virion-asso-
tional Cancer Institute, ciated RNA-directed DNA polymerase in
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vitro (6-11). The several polyribonucleo-
tides investigated by us have exhibited a
reasonably good correlation between their
effects on murine leukemia virus replica-
tion in cell culture and on virion-associ-
ated MuLV' RNA-directed DNA polymer-
ase in vitro (5, 6, 9, 10). (b) They are more
effective when added prior to or just after
virus infection; this suggests that an early
step in virus infection is affected (1-3). (c)
They lose much of their effectiveness as
inhibitors of virus replication in persist-
ently infected cells.? (d) They do not sup-
press the activation of endogenous vi-
rus(es) by halogenated pyrimidines in vi-
rus-free cultured cells (2, 12). The latter
two observations indicate that polyribonu-
cleotides affect a step prior to, or includ-
ing, the integration of proviral DNA into
the cell genome. (e) They do not affect the
replication of some lytic RNA viruses, pre-
sumably those viruses which do not re-
quire RNA-directed DNA synthesis for
their replication (2, 3).

To investigate the mechanism of inhibi-
tion more directly, the effect of poly-
(inosinic acid) on viral as well as cellu-
lar DNA synthesis in JLS-V9 cells infected
with MuLV has been examined. Poly(I)
inhibits the synthesis of proviral DNA of
MuLV with little or no effect on cellular
DNA synthesis. Furthermore, poly(I), at a
concentration inhibitory for proviral DNA
synthesis, does not interfere with the up-
take of radiolabeled MuLV by cultured
JLS-V9 cells. In addition, the effects of
poly(I) on partially purified MuLV and
JLS-V9 cell DNA polymerases have been
compared. Analysis of inhibition kinetics
shows that poly(I) is 10-50 times more po-
tent as an inhibitor of viral enzyme than of
cellular enzymes. These results support
the notion that the inhibition of MuLV
replication by polyribonucleotides is due,
at least in part, to their effect on the syn-
thesis of proviral DNA.

'The abbreviations used are: MuLV, Moloney
murine leukemia virus; PFU, plaque-forming units;
PBS, phosphate-buffered saline (0.02 M sodium
phosphate-0.15 M NaCl, pH 7.4); SDS, sodium dode-
cyl sulfate; phosphate buffer, equimolar mixture of
mono- and disodium hydrogen phosphate, pH 6.8;
SSC, 0.15 M NaCl-0.015 M sodium citrate, pH 7.0.

2S. K. Arya, unpublished observations.
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MATERIALS AND METHODS

Polynucleotides. Poly(I) (mol wt >
100,000), poly(A) (8.1 S), poly[d(A-T)] (15.1
S), and oligo(dT),,—;s were obtained from
Miles Laboratories. The concentration of
polynucleotide in 0.01 M NaCl-0.01 M Tris-
HCI1 (pH 7.2) was determined spectropho-
tometrically by using the following absorp-
tivities for a 1 mg/ml solution: poly(I), 27.5
at 248 nm; poly(A), 28.5 at 258 nm;
poly[d(A-T)], 20.8 at 260 nm. Tritium-la-
beled thymidine triphosphate (52.5 Ci/
mmole) and uridine (26 Ci/mmole) were
obtained from New England Nuclear Cor-
poration, and unlabeled nucleoside tri-
phosphates, from P-L Biochemicals.

Cells and virus. Mouse bone marrow-
derived JLS-V9 cells were grown as mono-
layers in plastic flasks, using RPMI-1640
culture medium containing 10% fetal calf
serum (Grand Island Biological Com-
pany). The Moloney strain of murine leg-
kemia virus was obtained from cultured
JLS-V9 cells persistently infected with
this virus. The culture medium from such
cells, after being clarified by slow-speed
centrifugation, was used as a virus inocu-
lum for uninfected cells. The preparations
of virus thus obtained contained 8-12 x 10¢
PFU/ml of virus when measured by XC
plaque assay (13).

Purified virus was obtained from the
medium of the persistently infected JLS-
V9 cells harvested on a continuous basis as
described before (9). This involved rate-
zonal sucrose gradient centrifugation of
the virus preparation, followed by banding
to equilibrium in sucrose gradients.

Preparation of labeled virus. Subcon-
fluent monolayers of JLS-V9 cells persist-
ently infected with MuLV were grown for
18 hr in culture medium plus fetal calf
serum containing 100 xCi/ml of [*H]uri-
dine (26 Ci/mmole). The monolayers were
then washed three times with PBS and
incubated in fresh culture medium plus
fetal calf serum but without labeled uri-
dine. Two hours later, the culture medium
was harvested and monolayers were in-
cubated again for 2 hr with fresh un-
labeled culture medium plus fetal calf
serum. The culture medium was har-
vested, and the process was repeated two
more times to obtain a total of four har-
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vests containing virus no more than 2 hr
old.

The labeled virus in the culture medium
was purified by isopycnic sucrose gradient
centrifugation. The harvested culture me-
dium was clarified by slow-speed centrifu-
gation and layered on a 15-60% sucrose
gradient. It was centrifuged for 18 hr at
25,000 rpm in a Beckman SW 27.1 rotor at
4°. The fractions were collected from the
bottom of the tube, and aliquots were pre-
cipitated with trichloracetic acid and
counted for radioactivity. Aliquots of the
fractions were also used to determine the
density of sucrose in the fractions. A pro-
file of density gradient distribution of la-
beled MuLV is shown in Fig. 1. The frac-
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F1G. 1. Isopycnic sucrose density gradient centrif-
ugation of MuLV

The culture medium harvested from monolayers
of persistently infected JLS-V9 cells and containing
[*H]uridine-labeled MuLV was clarified by slow-
speed centrifugation. It was then layered on a 15-
60% sucrose gradient and centrifuged for 18 hr at
25,000 rpm in a Beckman SW 27.1 rotor at 4°. Ali-
quots of the fractions, collected from the bottom of
the tube, were precipitated with trichloracetic acid.
The precipitate was collected and counted for radio-
activity. Aliquots were also used to determine the
density of sucrose in the fractions.
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tions containing radioactivity and banding
at a density of 1.15-1.17 g/ml (fractions 10~
12, Fig. 1) were collected and diluted 10-
20-fold with culture medium plus fetal calf
serum. For experiments with labeled vi-
rus, the preparation of labeled MuLV was
used the same day it was purified, and a
minimum of time was allowed to elapse
between harvest of the culture medium
and purification of the virus.

Preparation of labeled MuLV c¢DNA.
The labeled cDNA of MuLV was prepared
by endogenous reaction of the purified vi-
rus (14, 15). A preparation of purified virus
(200 ug of protein per milliliter) was incu-
bated in a reaction mixture containing
0.01 M Tris-HCI (pH 7.9), 0.06 M NaCl, 0.02
M dithiothreitol, 0.006 M magnesium ace-
tate, 0.01% NP-40, a 1 mmM concentration
each of dATP, dGTP, and dCTP, 200 uCi/
ml of [PCHITTP (52.5 Ci/mmole), 10 mm
phosphoenolpyruvate, 50 ug/ml of pyru-
vate kinase, and 50 ug/ml of actinomycin
D. The reaction mixture was incubated at
37° under an atmosphere of nitrogen for 4
hr. At this time, an additional 200 «Ci/ml
of [*H]TTP were added and the incubation
was continued for 4 hr more. The reaction
was terminated by the addition of SDS to
2%. The mixture was made 0.2 M in NaCl
and extracted with phenol at room temper-
ature. It was passed over a column of
Sephadex G-50, and the column flow-
through fractions containing radioactivity
were collected and applied to hydroxylapa-
tite in a column maintained at 60°. The
column was eluted stepwise with 0.06 M,
0.12 M, and 0.4 M phosphate buffer. Ali-
quots of the fractions were precipitated
with trichloracetic acid and counted for
radioactivity. The elution profile thus ob-
tained is shown in Fig. 2. Apparently only
a little more than 50% of the product syn-
thesized by the endogenous reaction of this
MuLV preparation, despite the presence of
actinomycin D, was eluted with 0.12 M
phosphate buffer and thus was single-
stranded cDNA (16). The rest of the prod-
uct was eluted with 0.4 M phosphate and
thus was double-stranded ¢cDNA (16). For
the experiments presented in this report,
only single-stranded cDNA was used. Any
residual viral RNA in single-stranded
cDNA preparations was eliminated by
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F16. 2. Hydroxylapatite column chromatography of MuLV cDNA synthesized by endogenous reaction of

MuLV in the presence of actinomycin D

MuLV c¢DNA was synthesized by endogenous reaction in the presence of actinomycin D (50 ug/ml), using
a purified preparation of MuLV as described in MATERIALS AND METHODS. The reaction mixture was
extracted wtih chloroform and precipitated with ethanol. The precipitate was dissolved in 0.06 M phosphate
buffer and passed over a column of Sephadex G-50. The column flow-through fractions containing radioac-
tivity were applied to a column of hydroxylapatite maintained at 60°. The column was then eluted stepwise
with 0.06 M, 0.12 M, and 0.4 M phosphate buffer. Aliquots of the fractions were precipitated with trichlora-
cetic acid and counted for radioactivity. The inset shows the effect of actinomycin D on DNA synthesis in an
endogenous reaction of purified MuLV. The reaction conditions were the same as used for the preparation of

MuLV cDNA.

making the solution 0.3 M in NaOH and
boiling for 10 min, followed by neutraliza-
tion with acetic acid. The resulting solu-
tion was rechromatographed on Sephadex
G-50, and the fractions containing radioac-
tivity were collected. The specific activity
of this cDNA, estimated from the specific
activity of the added [*HITTP, was about
27 x 10® cpm/ug.

Poly(I) treatment and virus infection.
Duplicate or triplicate monolayers of JLS-
V9 cells were treated for 30 min with
DEAE-dextran (10 ug/ml), washed with
PBS, and incubated for 2 hr with culture
medium without fetal calf serum and con-
taining poly(I) (20 ug/ml). The control cul-
tures received culture medium without
poly(I). The monolayers were washed with
PBS and incubated with the MuLV inocu-
lum for 1 hr. They were then processed
according to the requirements of the ex-

periment; further details are given in the
legends to the figures. This procedure of
poly(I) treatment and virus infection is the
same in its essential details as used previ-
ously for studying the effect of polynucleo-
tides on progeny virus synthesis in in-
fected cells (5, 6).

Extraction of proviral DNA and hybrid-
ization with viral ¢cDNA. The proviral
DNA from MuLV-infected JLS-V9 cells
was selectively extracted by the procedure
of Hirt (17) as described by Gianni et al.
(18). Briefly, monolayers were lysed with
0.6% SDS-0.01 m EDTA (pH 7.5), and the
lysate was gently poured into centrifuge
tubes, made to 1 M in NaCl, and allowed to
stand at 0° for 12-18 hr. It was then centri-
fuged at 18,000 x g for 45 min, and the
supernatant, containing proviral DNA,
was collected. It was extracted twice with
chloroform-isoamyl alcohol (24:1, v/v), and



POLY-(I) FOR POLYRIBONUCLEOTIDE

the nucleic acids were precipitated by the
addition of 2 volumes of ethanol. The pre-
cipitate was dissolved in 0.01 M EDTA (pH
7.5), made 0.3 M in NaOH, and boiled for
15 min to remove contaminating RNA.
After neutralization with acetic acid, DNA
was precipitated with ethanol and the pre-
cipitate was dissolved in 0.01 x SSC.

For hybridization with ¢cDNA, aliquots
of DNA in 0.01 x SSC were mixed with
single-stranded MuLV ¢cDNA and lyophi-
lized to dryness. The mixture was then
dissolved in 2 x SSC, sealed in siliconized
glass capillary tubes, heated at 100° for 5
min, and incubated at 65° for 50 hr. The
contents of the capillary tubes were then
placed in 20 volumes of 0.025 M sodium
acetate-0.1 mM zinc sulfate (pH 4.5), 20 ug
of denatured salmon sperm DNA were
added, and the mixture was digested with
S-1 nuclease by incubation at 37° for 1 hr.
(The amount of S-1 nuclease required for
more than 90% digestion of single-
stranded DNA was determined empiri-
cally.) After the incubation, the mixture
was chilled, 100 ug of carrier yeast RNA
were added, and the hybrids were precipi-
tated with cold 10% trichloracetic acid.
The precipitate was collected on Millipore
filters, washed with cold 5% trichloracetic
acid, and counted for radioactivity.

Polyribonucleotide inhibition of DNA
polymerase activities. The partially puri-
fied preparations of MuLV DNA polymer-
ase and JLS-V9 cell DNA polymerases
were obtained as described before (6).
DNA polymerase assay with MuLV DNA
polymerase was performed in a reaction
mixture (50 or 100 ul) containing 0.05 M
Tris-HC1 (pH 7.9), 0.06 M NaCl, 0.001 M
manganese chloride, 0.02 M dithiothreitol,
50 uMm [CH]TTP (2600 cpm/pmole), 5-
100:0.5-10 uM poly(A):oligo(dT) (molar ra-
tio, 10:1), various concentrations of poly(l),
and partially purified MuLV DNA polym-
erase. The cellular DNA polymerase as-
says utilizing poly(A):oligo(dT) as a tem-
plate were performed in a similar reaction
mixture, except that KCl replaced NaCl.
The reaction mixture for cellular DNA po-
lymerase utilizing poly[d(A-T)] as a tem-
plate contained 0.05 M Tris-HCI1 (pH 7.9),
0.06 m KCl, 0.006 M magnesium acetate,
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0.02 M dithiothreitol, 50 uM [*H]TTP (2600
cpm/pmole), 100 um dATP, 10-100 uM
poly[d(A-T)], various concentrations of
poly(I), and the enzyme preparation. The
reaction mixture was incubated at 37°, and
the radioactivity incorporated into acid-
insoluble material was determined as pre-
viously described (6, 10). Under these con-
ditions, the reaction mixture contained
limiting concentration of the enzyme and
saturating concentrations of deoxyribonu-
cleoside triphosphates.

The kinetic data were treated according
to Lineweaver and Burk to construct 1/v
vs. 1/[S] plots (19). The concentration of
the template was used as the substrate
concentrations ([S]), and the incorporation
of the precursor deoxynucleoside triphos-
phate was taken as a measure of the tem-
plate utilization or velocity of the reaction
(1/v). The Michaelis constant, K,,, was es-
timated from the intercept on the 1/[S]
axis, and the inhibition constant, K, from
the slopes of the lines representing the
uninhibited and inhibited reaction (19).

RESULTS

Most of the studies presented in this
report were performed with a poly(I) con-
centration of 20 ug/ml. This concentration
of poly(I) yields about 80% inhibition of
progeny virus synthesis in JLS-V9 cells
infected with MuLV when the cells have
been treated previously with poly(I) for 2
hr and extracellular progeny virus is
scored 40 hr after infection (5). For the
results presented in this report, cultured
JSL-V9 cells were also previously treated
with poly(I) for 2 hr, followed by infection
with MuLV.

Effect on virus uptake. Among the possi-
ble ways in which treatment of cells with
polyribonucleotides might result in the ob-
served inhibition of progency virus synthe-
sis is their interference with virus uptake
by the host cells. Monolayers of cultured
cells were first treated with polyribonu-
cleotide, washed, and then infected with
the virus. Thus polyribonucleotide and in-
fecting virus did not come in an overt ex-
tracellular contact with each other as free
entities in solution. However, this does not
rule out the possibility that the polyribo-
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nucleotide could interfere with of virus up-
take by the cultured cells. For example,
polyribonucleotide adsorbed to the cellular
membrane might affect the subsequent at-
tachment and penetration of the virus par-
ticles. Therefore the effect of poly(I) on the
uptake of [*H]uridine-labeled MuLV by
JLS-V9 cells was investigated.
Monolayers of JLS-V9 cells were treated
with DEAE-dextran and poly(I) (20 ug/ml)
and then exposed to labeled MuLV for 1
hr. After thorough washing, the labeled
virus taken up by the cells was assayed
(Fig. 3). Over a 10-fold concentration
range of added virus, there was no appar-
ent significant difference in virus uptake
by control and poly(I)-treated cultures. In
addition, no difference in the uptake by

*HIMULY UPTAKE (cpm x I0%)

2 4 [) -]
INPUT [*HIMULV (cpm x IG%)

F1G. 3. Effect of poly(I) on uptake of purified
[*H]uridine-labeled MuLV by JLS-V9 cells

Duplicate monolayers of JLS-V9 cells (2 x 10°
cells/35-mm dish) were treated for 30 min with 1 ml
of DEAE-dextran (10 ug/ml), washed with PBS, and
incubated for 2 hr with 1 ml of culture medium
lacking (@——@) or containing (O——O) poly(I) (20
ug/ml). They were washed with PBS and incubated
for 1 hr with 1 ml of purified [*H]uridine-labeled
MuLV (1200-13,000 cpm/ml) in culture medium plus
fetal calf serum. The monolayers were then quickly
washed four times with culture medium plus fetal
calf serum, and the cells were scraped and sus-
pended in PBS and precipitated with cold 10% tri-
chloracetic acid. The precipitate was collected on
glass fiber filters, washed with cold 5% trichlora-
cetic acid, and counted for radioactivity. The culture
dish without cells did not adsorb labeled virus when
processed as above.
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control and poly(I)-treated cultures was
noted when the amount of added labeled
virus was kept constant and the number of
cells in the culture was varied (data not
shown). These results suggest that, at
least at 20 ug/ml, poly(I) does not interfere
with the uptake of MuLV by JLS-V9 cells.
In a similar study, Tennant et al. (2) re-
ported that poly(2’'-O-methyladenylic
acid), at high concentration (100 pg/ml),
inhibited the uptake of labeled AKR virus
by Swiss mouse embryo cells. However, at
low concentration (10 wg/ml), this polyri-
bonucleotide did not affect virus uptake
while strongly inhibiting the infection of
Swiss mouse embryo cells by MuLV. Thus
it appears that interference with virus up-
take is not a factor in polyribonucleotide
inhibition of virus replication.

This conclusion, however, may need to
be qualified. In any given preparation of
RNA tumor virus, the number of virus
particles that are infectious (for example,
as measured by XC plaque assay) is rather
low compared with the number of total
particles (as measured by electron micro-
scopy); it varies from 1 particle/1000 to 1
particle/10,000 or more. The results pre-
sented in Fig. 3 pertain to all particles,
whether or not they are infectious. Thus
the conclusion that interference with virus
uptake is not a factor assumes that the
infectious particles behave in a manner
similar to the noninfectious particles in
terms of their cellular adsorption and pen-
etration. On the other hand, this conclu-
sion is supported by the observation that
polyribonucleotides are effective as inhibi-
tors of virus replication even when added
2-4 hr after virus infection (1, 3). Indirect
additional support is provided by the lack
of effect of polyribonucleotides on the in-
fection of cells by some lytic RNA viruses
(1-3).

Effect on host cell DNA synthesis. The
synthesis of cellular DNA and its replica-
tion apparently are required for the estab-
lishment of RNA tumor virus infection of
cultured cells (see ref. 20 for a review).
Thus the agents which inhibit host cell
DNA synthesis will also affect the infec-
tion of cells by these viruses. Therefore the
effects of poly(I) on cellular DNA synthesis
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Fic. 4. Effect of poly(I) on DNA synthesis in mock-infected (a) and MuLV-infected (b) JLS-V9 cells

Triplicate monolayers of JLS-V9 cells (1.0-1.2 x 10° cells/35-mm dish) were treated for 30 min with 1 ml of
DEAE-dextran (10 ug/ml), washed with PBS, and incubated for 2 hr with 1 ml of culture medium lacking
(@——@) or containing (O——O0O) poly(I) (20 ug/ml). They were washed with PBS and infected for 1 hr with
MuLV (2 PFU/cell) or were mock-infected. The monolayers were washed again wtih PBS and incubated with
2 ml of culture medium plus fetal calf serum containing [*H]thymidine (2 uCi/ml) with (O——O) or without
(@——@) poly(I) (20 ug/ml). At specified times thereafter, the monolayers were washed three times with
culture medium plus fetal calf serum, and the cells were scraped and suspended in PBS. They were washed
once with PBS by centrifugation, suspended in 0.01 M EDTA, and precipitated with cold 10% trichloracetic
acid. The precipitate was collected on glass fiber filters, washed with cold 5% trichloracetic acid, and counted

for radioactivity.

in MuLV-infected and mock-infected JLS-
V9 cells were studied by determining its
effect on the incorporation of labeled thy-
midine into acid-insoluble material. As
the data in Fig. 4 show, poly(I) at 20 ng/ml
had no significant effect on DNA synthesis
in either mock-infected or MuLV-infected
JLS-V9 cells. In the case of MuL V-infected
cells, thymidine incorporation was fol-
lowed over a period of 40 hr, which corre-
sponds to about two generations for these
cells. Thus poly(I) (20 ug/ml) apparently
does not affect host cell DNA synthesis
over a span of at least two generations.
These observations are consistent with our
previous report that poly(I) and other poly-
ribonucleotides, at concentrations inhibi-
tory for MuLV replication, do not affect
the population growth rates of JLS-V9
cells (5).

Effect on proviral DNA synthesis. Wein-
berg and co-workers (18) reported the ki-
netics of proviral DNA synthesis in JLS-
V9 cells infected with MuLV. They selec-
tively extracted viral DNA from infected

cells early after infection by the procedure
of Hirt (17) and hybridized it with labeled
MuLV ¢DNA or RNA. These studies indi-
cated that free proviral DNA is synthe-
sized early after infection and reaches a
plateau 8-10 hr after infection. They also
showed that the amount of cDNA hybrid-
ized was related to the number of cells
used for the extraction of DNA containing
virus-specific sequences. Similar results
are shown in Fig. 5. It is apparent that
doubling the number of cells used for DNA
extraction nearly doubled the amount of
cDNA hybridized.

To investigate the effect of poly(I) on the
synthesis of proviral DNA, duplicate mon-
olayers of JLS-V9 cells were treated for 2
hr with poly(I) (20 ug/ml) as before and
infected for 1 hr with MuLV. At 5 and 10
hr after the infectious period, nucleic acids
containing proviral DNA were selectively
extracted from untreated infected and
poly(I)-treated infected cultures as well as
from mock-infected cultures. After alka-
line digestion and ethanol precipitation,
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Fi1G. 5. Detection of MuLV-specific DNA in ex-
tract of MuLV-infected JLS-V9 cells

Monolayers of JLS-V9 cells were treated for 30
min with DEAE-dextran (10 ug/ml) and infected for
1 hr with MuLV (2 PFU/cell) or were mock-infected.
Ten hours later, monolayers were washed with PBS,
and the cells were detached from the substratum by
mild trypsinization and counted. Aliquots of the cell
suspension containing the indicated number of cells
were centrifuged, and the pelleted cells were sus-
pended in 0.01 m EDTA (pH 7.5) and lysed by mak-
ing the suspension 0.6% in SDS. The nucleic acids
were extracted by the procedure of Hirt (17), di-
gested with alkali, and precipitated with ethanol as
described in MATERIALS AND METHODS. The precipi-
tate was dissolved in 150 ul of 0.01 x SSC, and 50-ul
aliquots were mixed with tritium-labeled single-
stranded MuLV c¢DNA and lyophilized to dryness.
They were dissolved in 25 ul of 2 x SSC and trans-
ferred to siliconized glass capillary tubes, which
were sealed, heated at 100° for 5 min, and incubated
at 65° for 50 hr. The hybrids were assayed by deter-
mining the amount resistant to S-1 nuclease diges-
tion as described in MATERIALS AND METHODS.

samples of DNA were hybridized with sin-
gle-stranded labeled MuLV ¢cDNA. The re-
sults (Fig. 6) show that the DNA obtained
from poly(I)-treated infected cultures hy-
bridized with MuLV c¢DNA to a signifi-
cantly lower extent than the DNA from
untreated infected cultures. For example,
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about 60% of the added cDNA hybridized
with DNA from untreated infected cul-
tures (5 hr after infection) at the higher
c¢DNA input shown in Fig. 6. The corre-
sponding figure for DNA from poly(I)-
treated infected cultures is about 35%.
This implies that the virus-specific DNA
synthesized in poly(I)-treated cultures at 5
hr after infection was about 60% of that
synthesized in control cultures. Similarly,
at 10 hr after infection, the virus-specific
DNA in poly(I)-treated cultures was about
50% of that in control cultures.

The data in Figs. 5 and 6 also show that
the DNA from mock-infected cultures hy-
bridized significantly with MuLV c¢DNA.
Similar results have been reported by
Weinberg and co-workers (18). This is not
a nonspecific hybridization, since no sig-
nificant amount of S-1 nuclease-resistant
radioactivity was observed when MuLV
c¢cDNA was incubated with heterologous
salmon sperm DNA (Fig. 6). The latter
observation also indicates that MuLV
c¢DNA did not self-reanneal; it was largely
single-stranded or behaved so under the
hybridization conditions used. The hybrid-
ization of DNA from mock-infected cul-
tures with MuLV ¢cDNA indicates that it
contains some virus-related DNA se-
quences. These sequences are presumably
derived from the endogenous virus ge-
nome(s). The JLS-V9 cells can be induced
to produce virus particles by treatment
with halogenated pyrimidines (21), and
their cell genome contains sequences at
least partially homologous to MuLV ge-
nome.? If we assume that the mock-in-
fected cell DNA sequences are equally rep-
resented in the untreated infected and
poly(I)-treated infected cell DNA, the vi-
rus-specific DNA in poly(I)-treated cul-
tures would be 20-40% of that in the con-
trol cultures.

Effect on viral and cellular DNA polym-
erases. We have previously reported the
inhibition by polyribonucleotides of deter-
gent-activated RNA-directed DNA polym-
erase activity associated with MuLV (6, 9,
10). Those studies have now been extended
to partially purified MuLV DNA polymer-
ase. To determine whether these polyri-
bonucleotides would display a degree of
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F1G. 6. Effect of poly(I) on synthesis of proviral DNA in MuLV-infected JLS-V9 cells

Duplicate monolayers of JLS-V9 cells (35-40 x 10° cells/150-cm? flask) were treated for 30 min with 15 ml
of DEAE-dextran (10 ug/ml), washed with PBS, and incubated for 2 hr with 20 ml of culture medium lacking
or containing poly(I) (20 ng/ml). They were washed with PBS and infected for 1 hr with MuLV (2 PFU/cell)
or were mock-infected. The monolayers were washed again with PBS and reincubated with 20 ml of fresh
culture medium plus fetal calf serum with or without poly(I) (20 ug/ml). At 5 and 10 hr after the infection,
monolayers, containing 45-50 x 10° cells each, were washed with PBS and lysed with 0.6% SDS in 0.01 M
EDTA (pH 7.5). The nucleic acids were extracted and hybridized with single-stranded MuLV ¢cDNA, and
hybrids were assayed by S-1 nuclease digestion as described in the legend to Fig. 5. - - -, MuLV ¢cDNA
incubated with heterologous salmon sperm DNA (2 mg/ml).

8l ° -
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F16. 7. Kinetics of poly(l) inhibition of partially
purified MuLV DNA polymerase
The reaction mixture contained 0.05 M Tris-HCI
(pH 7.9), 0.06 M NaCl, 0.02 M dithiothreitol, 0.001 M
manganese chloride, 50 MM [*H]TTP (2600 cpm/
pmole), 5-100:0.5-10 uM poly(A):oligo(dT) (molar
ratio, 10:1), 0, 0.5, or 2 uM poly(I), and DNA polym-
erase. The reaction mixture was incubated at 37° for
10 min, and aliquots were precipitated with trichlor-
acetic acid. The radioactivity incorporated into acid-

selectivity for viral DNA polymerase as
compared with cellular DNA polymerases,
their effects on partially purified host cell
DNA polymerases were also investigated.

Figure 7 shows the kinetics of poly(I)
inhibition of partially purified MuLV
DNA polymerase directed by poly(A):
oligo(dT). Judging from these Lineweaver-
Burk plots, the kinetics of inhibition ap-
parently is consistent with neither simple
competitive nor noncompetitive inhibi-
tion. It appears to be a mixed type of inhi-
bition, possibly partially competitive (19);
both the K,, and V,, of the reaction are
affected by poly(I). Similar results were
noted by us previously for virion-associ-
ated DNA polymerase activity (9, 10). Re-
gardless of the complex kinetics, the ki-
netic constants can be obtained from these
plots (19). The values of K,, estimated
from the intercept on the 1/[S]axis of the
line representing the reaction in the ab-
sence of inhibitor, and K, estimated from

insoluble materials was counted. ®—@, incorpo-
ration in the absence of poly(I); ©——0, in the
presence of 0.5 uM poly(I); @——@, in the presence
of 2 uM poly(D).



594

Y1TMP] (pm/10u!/30 min)”*

v -
A /,/J’ n " n A A
-006 -004 002 O

1/POLY [d(A-TN (uM)"

8. K. ARYA

8B 8§ B §

YCT™P) (pm/10u1/30min)”
[=]
8

ol

2

/]

obe

/ 4

S

_ -~ 004

//L—__.__—-
—Z A

002 004 006 008 O
YPOLY (A) OLIGO (dT) (M)

F1G. 8. Kinetics of poly(I) inhibition of partially purified JLS-V9 cell DNA polymerases I (a) and III (b)

The reaction mixture for polymerase I contained 0.05 M Tris-HCI (pH 7.9), 0.06 M KCl, 0.02 M dithiothrei-
tol, 0.006 M magnesium acetate, 50 uM [*H]TTP (2600 cpm/pmole), 100 um dATP, 10-100 uM poly[d(A-T)), 0,
35, or 70 um poly(I), and cell DNA polymerase. The reaction mixture for polymerase III was the same as
described for Fig. 6, except that NaCl was replaced by KCl and it contained 0, 10, or 35 uM poly(I). The
reaction mixture was incubated at 37° for 30 min, and aliquots were precipitated with trichloracetic acid.
The radioactivity incorporated into acid-insoluble material was counted. ®——@, incorporation in the
absence of poly(I); ©——0©, incorporation in the presence of 35 uM (a) or 10 uM (b) poly(l); @—O,
incorporation in the presence of 70 uM (a) or 35 um (b) poly(I).

the relative slopes of lines representing
the uninhibited and unhibited reaction
(19), are listed in Table 1.

The K, of poly(A):oligo(dT) and the K of
poly(I) for partially purified MuLV RNA-
directed DNA polymerase are about 4 um
and 0.3 uM, respectively (Table 1). These
values are to be compared with those pre-
viously reported for detergent-activated,
virion-associated MuLV DNA polymerase
activity; the K, of poly(A).oligo(dT) and
K, of poly(I) were found to be 18 + 2 um
and 0.7 + 0.2 uM, respectively (10). Simi-
lar differences were also noted for poly(X)
and poly(G) (6). The reasons for the differ-
ences in the K,, of the templates and K, of
inhibitors for virion-associated and par-
tially purified MuLV DNA polymerase ac-
tivities are not clear; they may be related
to the interaction of the templates and
inhibitors with extraneous proteins and
other macromolecules present in the deter-
gent-disrupted virus preparation. Similar

differences in the K,, of the templates for
detergent-disrupted and partially purified
avian myeloblastosis virus DNA polymer-
ase activities have been reported (11).
The effect of poly(I) on partially purified
host cell DNA polymerase activities is pre-
sented in Fig. 8. Three apparent DNA po-
lymerase activities have been isolated
from JLS-V9 cells, and two of these activi-
ties were tested for inhibition by poly(I).
These two activities, DNA polymerases I
and III, show some preference for DNA
and RNA templates, respectively (see MA-
TERIALS AND METHODS). Figure 8a shows
the kinetics of poly(I) inhibition of the
poly(d(A-T))-directed reaction of DNA po-
lymerase I, and Fig. 8b presents similar
data for the poly(A).oligo(dT)-directed re-
action of DNA polymerase III. As with
viral DNA polymerase, the kinetics of in-
hibition is consistent with neither simple
competitive nor noncompetitive inhibition;
both the K,, and V., of the reaction are
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TABLE 1
Kinetic parameters for poly(I) inhibition of MuLV
and JLS-V9 cell DNA polymerases
K, and K, values were estimated from Line-
weaver-Burk (1/v vs. 1/[S)) plots. At least five con-
centrations of the template:primer and two concen-
trations of poly(I) were used. The results are ex-
pressed as micromolar concentrations of nucleotide
residues in the single strand.

DNA polymerase

K, of K, of poly(I)

tem-

plate

M M
Partially purified MuLV 4.0 0.30 = 0.05
DNA polymerase
Partially purified JLS-V9 9.4® 16.3 = 4.8
DNA polymerase I
Partially purified JLS-V9 83 3.8 = 0.3

DNA polymerase III

2 The template:primer was poly(A):oligo(dT)
(molar ratio, 10:1).
® The template:primer was poly[(d(A-T)).

affected. The kinetic constants estimated
from these plots are listed in Table 1; the
K, values of poly(I) for JLS-V9 cell DNA
polymerases I and III are about 16.3 um
and 3.8 uM, respectively. It is notable that
the RNA-directed DNA polymerase activ-
ity (DNA polymerase III) of cellular DNA
polymerases is affected by poly(I) more
than the DNA-directed DNA polymerase
activity (DNA polymerase I). We have pre-
viously reported similar observations for
these two polymerase activities regarding
their inhibition by poly(X) and poly(G) (6).

DISCUSSION

Single-stranded polyribonucleotides in-
hibit the replication of MuLV in cultured
JLS-V9 cells (4-6). At concentrations in-
hibitory for virus synthesis, these poly-
mers display no apparent effects on growth
rates and viability of normal uninfected or
MuLV-infected JLS-V9 cells (4-6). In addi-
tion, the inhibition of virus synthesis ap-
pears not to be related to their possible
effect on the uptake of virus by the cul-
tured cells (Fig. 3) (2). These observations
suggested that the molecular target(s) of
polyribonucleotide inhibition is probably
an intracellular function(s) specific for vi-
rus synthesis and is not a normal cellular
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biosynthetic activity. Furthermore, polyri-
bonucleotides inhibit the virion-associated
MuLV RNA-directed DNA polymerase in
vitro (9, 10). This raised the possibility
that the inhibition of virus replication by
polyribonucleotides may be related to their
effect on intracellular viral RNA-directed
DNA synthesis.

The results in this report suggest that
poly(I) diminishes the synthesis of proviral
DNA of MuLV in infected JLS-V9 cells.
For example, if one takes into account the
virus-related DNA sequences contributed
by the endogenous virus genome(s), poly(I),
at a concentration of 20 ug/ml, inhibits
the synthesis of proviral DNA to the ex-
tent of 60-80% relative to the control
cultures (Fig. 6). This inhibition appears
to be specific for viral DNA synthesis.
Poly(I), at 20 pg/ml, apparently does not
affect cellular DNA synthesis in either
mock-infected or MuLV-infected JLS-V9
cells (Fig. 4). Thus these results suggest
that the inhibition of virus synthesis by
polyribonucleotides is due, at least in part,
to their specific effect on proviral DNA
synthesis. Whether this inhibition is due
solely to their effect on viral RNA-directed
DNA synthesis or also involves viral
DNA-directed DNA synthesis remains to
be clarified.

It is to be noted that the synthesis of
proviral DNA involves both RNA-directed
as well as DNA-directed DNA synthesis
(see ref. 22 for a review). The viral gen-
omic RNA (positive strand) of the infecting
virus first serves as a template for the
synthesis of a negative strand of viral
DNA. This synthesis is catalyzed by the
viral RNA-directed DNA polymerase. The
negative strand of viral DNA then serves
as a template for the synthesis of the posi-
tive DNA strand, resulting in proviral
DNA. This latter synthesis is evidently
catalyzed by DNA-directed DNA polymer-
ase, which may or may not be virus-spe-
cific. We have used a single-stranded viral
c¢DNA probe, synthesized in vitro, to eval-
uate the impact of poly(I) on proviral DNA
synthesis. This probe presumably is com-
posed largely of the negative strand of
viral DNA copied from the viral template
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RNA. It thus scores the synthesis of the
positive strand of viral DNA, which is not
the direct product of the viral RNA-di-
rected DNA synthesis. Obviously, the pos-
itive strand of proviral DNA cannot be
synthesized unless the negative strand is
first synthesized. Nonetheless, these re-
sults cannot rule out the possibility that
the effect of poly(I) on DNA-directed DNA
synthesis may also be involved. On the
other hand, the likelihood that the ob-
served effect on proviral DNA synthesis is
due at least in part to the inhibition of
RNA-directed DNA synthesis is suggested
by two observations presented in this re-
port. First, poly(I) does not affect cellular
DNA synthesis; this suggests that poly(I)
is not an effective inhibitor of DNA-di-
rected DNA synthesis. Second, poly(l) is a
considerably more potent inhibitor of viral
RNA-directed polymerase in vitro than of
cellular DNA-directed DNA polymerases
(see below).

The inhibition constant of poly(I) for
viral RNA-directed DNA polymerase, ob-
tained by analysis of the kinetics of inhibi-
tion, is 0.3 + 0.05 uM. The same constant
for cellular DNA-directed DNA polymer-
ase is 16.3 + 4.8 uM (Table 1). Thus poly(I)
is about 50 times more potent toward viral
RNA-directed DNA polymerase than for
cellular DNA-directed DNA polymerase.
Interestingly, among the cellular DNA po-
lymerases, poly(I) is more inhibitory for
RNA-directed DNA polymerase than for
DNA-directed DNA polymerase (Table 1).
The significance of this observation is not
yet clear, partly because a specific function
has not yet been assigned to the latter
cellular DNA polymerase.

Thus the results presented in this report
support the notion that the inhibition of
murine leukemia virus replication by po-
lyribonucleotides is due, at least in part, to
their inhibition of proviral DNA synthesis.
This is more likely to be due to their effect
on viral RNA-directed DNA synthesis
than on DNA-directed DNA synthesis.
This notion is further supported by the
following additional observations. (a) Po-
lyribonucleotides are more effective as in-
hibitors when added prior to or just after
infection; this suggests an early function

S. K. ARYA

in virus replication as the molecular target
(1-3). (b) They do not suppress the induc-
tion of endogenous viruses by halogenated
pyrimidines (2, 12) and lose much of their
effectiveness as inhibitors of virus synthe-
sis in persistently infected cells; these ob-
servations suggest that the molecular tar-
get is an activity functioning prior to or
including the integration of proviral DNA
into the cellular genome. (c) They do not
affect the replication of some lytic RNA
viruses; these viruses presumably do not
require RNA-directed DNA synthesis for
their replication (2, 12).
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