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SUMMARY

ARYA, S. K., HELSER, T. L., CARTER, W. A. & TS’o, P. 0. P. (1976) Polyxanthylic

and polyguanylic acid inhibition ofmunine leukemia virus activities. Mol. Pharma-

cot., 12, 844-853.

Single-stranded polyribonucleotides inhibit the replication of murine leukemia virus
(MuLV) in cultured cells. Our previous studies suggested that (a) punine polyribonuc!eo-

tides may be more potent than pyrimidine polyribonucleotides, and (b) the inhibitory
potency depends on the functional groups on the pynimidine ring. In our earlier studies,
a set of polymibonucleotides was not available which differed only in their punine as

opposed to pynimidine base; thus we could not clearly differentiate the effect of the base
from that ofthe functional groups on the ring system. Poly(xanthylic acid) now provides
the means to accomplish this. It is a purine polyribonucleotide with the same functional
groups as poly(uridylic acid), a pynimidine polynibonucleotide. Similarly, poly(guany!ic
acid) can be compared with poly(cytidylic acid), although the disposition of the func-
tional groups is not identical in this case. We now report that poly(xanthylic acid) is, in
fact, 2-3 times more potent than poly(unidylic acid) as an inhibitor of MuLV replication,

and po!y(guanylic acid) is similarly more potent than poly(cytidylic acid). Neither
poly(xanthylic acid) nor poly(guanylic acid) significantly affects the growth rates of
cultured host cells; thus their inhibition is apparently not related to any general

cytotoxicity. Poly(xanthylic acid) as well as po!y(guanylic acid) strongly inhibits MuLV-
associated, RNA-dinected DNA polymerase in vitro. They also inhibit host cell DNA
polymenase activities in vitro, but analysis of inhibition kinetics shows that their

inhibitor potency for viral DNA polymemase is several times greater than for cell DNA
polymemases. These results substantiate our hypothesis that pumine polyribonucleotides
are more potent than pynimidine po!yribonucleotides. They also support the notion that
inhibition of virus replication by polyribonucleotides may be related to their selective
inhibition of viral RNA-dinected DNA polymemase activity.

. . . INTRODUCTION
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in cultured cells (1-5). They also report-

edly suppress virus infection in vivo (3, 6).
Tennant et at. (7) noted that po!y(adenylic

acid) and poly(2’-O-methyladenylic acid)
have two concentration-dependent effects
on the mumine leukemia virus infection of
cultured cells. At high concentration (100
pg/ml), poly(A) and poly(Am)’ inhibited

the uptake of MuLV by cultured Swiss
mouse embryo cells; at low concentration

(10 pg/ml), neither poly(A) nor poly(Am)
affected uptake of the virus, and poly(Am)
inhibited virus replication significantly.

We have previously reported the inhibi-
tion of progeny virus synthesis in MuLV-
infected, cultured, mouse bone marrow-
derived JLS-V9 cells by several polyribon-
ucleotides at low concentrations (2-20 jig!
ml) (4). These polyribonucleotides in-

cluded poly(inosinic acid), poly(unidylic
acid), poly(cytidy!ic acid), poly(A), and
their 2’-O-a!kyl derivatives. The results of

these studies suggested that (a) pumine pol-

ynibonucleotides may be more potent than
pyrimidine polynibonucleotides, and (b)
the potency of inhibition depends on the
functional groups ofthe ring system. How-
ever, a set of polyribonucleotides was not
available for these studies which differed
only in their purine as opposed to pymimi-
dine base and also did not differ in the ring

functional groups (see Fig. 1). Thus the
contribution of the base to inhibitory po-
tency could not be clearly differentiated
from that of the ring functional groups.
Poly(xanthylic acid) now provides the
means to accomplish this. It is a punine
polynibonucleotide with the same ring
functional groups as poly(U), a pynimidine
polyribonucleotide. Similarly, poly(gua-

nylic acid), a purine polynibonucleotide,
can be compared with poly(C), a pynimi-
dine polyribonucleotide, although the dis-

position of the functional groups is not
identical in this case (Fig. 1). Therefore we
have extended our studies to poly(X) and

poly(G) and report here that these polyri-
bonucleotides show significant inhibition
of virus replication in cultured cells at low

I The abbreviations used are: poly(Am), poly(2’-

O-methyladenylic acid): MuLV, Moloney murine

leukemia virus; PFU, plaque-forming units; PBS,

0.02 M sodium phosphate (pH 7.4)-0.15 is NaC1.

concentrations (5-20 p.g!ml). In view of our
previously reported results (4), we find
that poly(X) is, in fact, more potent than
poly(U), and poly(G) is more potent than
poly(C). These results substantiate our hy-
pothesis that pumine polyribonucleotides
may be more potent than pymimidine poly-
ribonucleotides. Poly(X) and poly(G) also

inhibit MuLV RNA-dimected DNA polym-
erase in vitro, thus supporting the notion
that inhibition of virus replication by poly-
nibonucleotides may be related to their in-

hibition of virus-associated DNA polymer-
ase activity.

MATERIALS AND METHODS

Polynucleotides. Poly(X) (47 5), poly(G)
(13.3 5), po!y(A) (8.1 5), poly[d(A-Tfl (15.1

5), and oligo(dT),2_,8 were obtained from
Miles Laboratories. The concentration of
polynucleotide in 0.01 M NaC1-0.01 M Tris-

HC1 (pH 7.2) was determined spectropho-
tometmically by using the following absorb-
tivities for a 1 mg/ml solution: poly(X),

23.4 at 260 nm; poly(G), 24.5 at 260 nm;
poly(A), 28.5 at 258 nm; poly[d(A-Tfl, 20.8
at 260 nm. Tnitium-labeled thymidine tn-
phosphate (50 Ci/mmole) was obtained
from New England Nuclear Corporation,
and unlabeled nucleoside tniphosphates,
from P-L Biochemicals.

Cells and virus . Mouse bone marrow-
derived JLS-V9 cells (8) were grown as

monolayers in plastic flasks; using RPMI-
1640 culture medium containing 10% fetal
calf serum (Grand Island Biological Com-

pany). The Moloney strain of mumine leu-
kemia virus was obtained from cultured

JLS-V9 cells chronically infected with this
virus. The culture medium from such
cells, after being clarified by slow centnifu-

gation, was used as a virus inoculum for
uninfected cells. The preparations of virus
used in this study contained 8-12 x 10�

PFU!ml of virus when measured by the
XC plaque assay (9).

Purified vinions were obtained from the
medium of the infected cells harvested on
a continuous basis as described before (10).
This involved rate-zonal sucrose gradient
centrifugation of the virus preparation,
followed by banding to equilibrium in su-
crose gradients.
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FIG. 1. Structures ofconstituent bases of polyribonucleotides

I, inosine; A, adenine; X, xanthine; U, uracil; C, cytosine; G, guanine.

Polyribonucleotide treatment and virus

infection . Duplicate or triplicate mono-
layer cultures ofJLS-V9 cells (1.6 ± 0.2 x

106 cells/25-cm2 plastic flask) were treated
for 30 mm with 2 ml of DEAE-dextran (10
p.g/ml) in RPMI-1640 medium, washed
with PBS, and incubated for 2 hr with 2 ml

of polyribonucleotide solution in RPMI-
1640 medium. The control cultures me-

ceived medium alone. Cultures were
washed with PBS and infected with MuLV

by incubating them for 1 hr with 2 ml of
virus inoculum (multiplicity of infection =

5-6 PFU,’ce!!). Cultures were washed
again with PBS and incubated for 20 hr
with 5 ml of polyribonucleotide solution in

RPMI-1640 medium plus 10% fetal calf se-

rum; the control cultures received medium
without polyribonucleotide. Subsequently
cultures were washed with PBS and rein-
cubated with fresh RPMI-1640 medium
plus 10% fetal calfserum but without poly-
nibonucleotide. Twenty hours later the cul-
ture medium was harvested and the titer

of progeny virus in the harvested medium
was determined by XC plaque assay (9)

and by measuring the DNA polymerase
activity of the partially purified virions in
the harvested medium as described before
(4).

For determining the effect of polynibo-
nucleotides on the growth rates of cultured
cells, eight replicate monolayer cultures of
infected JLS-V9 cells (1.6 x 10� cells/16-
mm plate) and triplicate monolayer cul-

tunes of MuLV-infected JLS-V9 cells (2.8
x 10� cells!16-mm plate) were treated for

30 mm with 1 ml ofDEAE-dextran (10 jig!

ml) as described above. They were then
grown in the continuous presence of 1 ml of
polyribonucleotide in RPMI-1640 plus 10%
fetal calf serum. Cultures were replen-
ished every 24 hr with fresh medium con-
taming polyribonucleotide. The control
cultures received medium without polymi-

bonucleotide. At specified times the cells
were detached from the surface by mild

trypsinization and counted. In some exper-

iments, monolayers were treated in a
manner identical with that described

above for virus infection but were mock-
infected, and the cells were counted at in-
tervals. A!! operations were carried out at

37#{176}in a humidified CO2 incubator.
Viral and cellular DNA polymerases.

The MuLV DNA polymerase was partially

purified according to Wu and Gallo (11).
Briefly, a suspension of purified vinions

was disrupted with Triton X-100 in the
presence of a high salt concentration, and

the solubilized preparation was chromato-
graphed on a column containing phospho-

cellulose which was eluted with a linear
KC1 gradient. The fractions containing

poly(A):oligo(dT)-directed DNA polymer-
ase activity were pooled and used as a
source of partially purified MuLV DNA

polymenase.
The JLS-V9 cellular DNA polymerases

were partially purified by a procedure sim-
ilar to that described by Spadani and
Weissbach (12). The pooled cytoplasmic
and nuclear extracts, solubilized with Tn-
ton X-100, were applied to a column con-
taming DEAE-cellulose. The column was
eluted with a linear KC1 gradient, and
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fractions containing DNA polymerase ac-

tivity were pooled and applied to phospho-

cellulose. The column was developed with

a linear KC1 gradient, and fractions were

assayed for DNA polymerase activity us-
mg activated DNA, poly[d(A-T)1, and
poly(A):oligo(dT) as templates. Three
peaks of DNA polymerase activity, eluted

at 0. 16 M, 0.24 M, and 0.34 M, were de-
tected. We have tentatively termed these
activities polymemases I, II, and III, respec-
tively. These activities apparently show
differential preferences for various tem-
plates. For example, polymenase I utilizes
activated DNA as a template more effi-
ciently than other templates, and polym-
erase III shows some preference for
poly(A):oligo(dT) over poly[d(A-T)1. These

activities are being further characterized,
and the details of purification and chanac-
temization will form the subject of a sepa-
rate report.

Polyribonucleotide inhibition of DNA

polymerase activities . The DNA polymer-
ase assay with MuLV DNA polymerase
was performed in a reaction mixture (50 or
100 pi) containing 0.05 M Tris-HC1 (pH

7.9), 0.06 M NaCl, 0.001 M MnCl2, 0.02 M

dithiothreitol, 50 jiM [3H]dTTP (2600 cpm!
pmole), 5-100:0.5-10 jiM poly(A):oligo(dT)

(molar ratio, 10:1), various concentrations
of inhibitor polyribonucleotide, and par-
tially purified MuLV DNA polymerase or

purified MuLV virions plus 0.05% NP-40.
The cellular DNA polymemase assays uti-
lizing poly(A):oligo(dT) as a template were

performed in a similar reaction mixture,
except that KC1 replaced NaCl. The reac-
tion mixture for cellular DNA polymerase
utilizing poly[d(A-T)1 as a template con-
tamed 0.05 M Tnis-HC1 (pH 7.9), 0.06 M

KC1, 0.006 M magnesium diacetate, 0.02 M

dithiothmeito!, 50 jiM [3HJdTTP (2600 cpm!
pmole), 100 p.M dATP, 10-100 jiM poly-
[d(A-T)], various concentrations of inhibi-
ton polyribonucleotide, and the enzyme
preparation. The reaction mixture was in-
cubated at 37#{176},and the radioactivity incom-
porated into acid-insoluble material was
determined by tnichloracetic acid precipi-

tation of aliquots (10 or 20 jil) withdrawn
at specified times as described before (13).
Under these conditions the reaction mix-

tune contained a limiting concentration of
the enzyme and saturating concentrations
of deoxyribonucleoside triphosphates.

The kinetic data were treated according
to Lineweaver and Burk by constructing 1!
v vs. 1/S plots (14). The concentration of

the template was used as the substrate
concentration (5), and the incorporation of
the precursor deoxynucleoside tniphos-
phate was taken as a measure of template
utilization, or velocity of the reaction (v).

The Michaelis constant K,� was estimated

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 (14).

RESULTS

Polyribonucleotide effects on virus repli-

cation. The effects of poly(X) and poly(G)
on progeny virus synthesis in cultured
JLS-V9 cells infected with MuLV are sum-
marized Table 1. For these studies, mono-

TABLE 1

Polyguanylic and polyxanthylic acid inhibition of

Moloney murine leukemia virus infection of cultured

JLS-V9 cells

Duplicate or triplicate monolayers of cultured

cells were treated with DEAE-dextran (10 j.�g/ml, 30

mm), washed with PBS, and incubated for 2 hr in

RPMI-1640 culture medium with or without polynu-

cleotide (10 �g/ml). They were washed with PBS

and infected with MuLV (multiplicity of infection =

5-6 PFU/cell) for 60 mm. The cultures were washed

with PBS and incubated for 20 hr in culture medium

plus 10% fetal calf serum with or without polynucle-

otide (10 �g/ml). They were washed again with PBS

and reincubated with fresh culture medium plus

10% fetal calfserum lacking polynucleotide. Twenty

hours later the culture medium was harvested and

the titer of progeny virus was estimated by XC

plaque assay and by determining the DNA polymer-

ase activity of partially purified virions in the har-

vested medium.

Polynucle- XC plaque-form-
otide ing assay

DNA polymerase
assay

Activity Inhi-
bition

Activity Inhi-
bition

PFU/ml x % pmoles/ml %
10�

None 87.5 ± 2.5 95.0 ± 6.8

Poly(X) 42.5 ± 2.5 51.4 47.8 ± 1.4 49.7

Poly(G) 62.5 ± 7.5 28.5 67.5 ± 4.0 28.8

Uninfected 0 0.4 ± 0.01
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layer cultures of JLS-V9 cells were treated
with a 10 jig/m! solution of polynibonucleo-
tide and infected with MuLV as described
in MATERIALS AND METHODS. The titer of
progeny virus in the medium harvested 40

hr after infection was determined by XC
plaque assay as well as by measuring the
poly(A):oligo(dT)-dimected DNA polymer-

ase activity of the partially purified yin-
ons in the harvested medium (4). The esti-
mates of virus titer and of the extent of
inhibition scored by these two assays ap-

pear to be in good agreement. A similar
correlation between these two assays was
reported by Stephenson et al. (15) and
Arya et at. (4). At a concentration of 10 jig!

ml, poly(X) and poly(G), respectively,
yielded about 50% and 28% inhibition of
progeny virus synthesis relative to the

control cultures, which did not receive pol-

ynibonucleotide.
The dependence of inhibition of progeny

virus synthesis on the concentration of
these polyribonucleotides is depicted in
Fig. 2, which shows the log dose-response
curves for poly(X) and poly(G). For this set
of experiments, the titer of progeny virus
in the medium harvested from control and
polynibonucleotide-treated cultures was
estimated by the vinion-associated, RNA-

FIG. 2. Concentration dependence of polyxan-

thylic and polyguanylic acid inhibition of murine

leukemia virus synthesis in cultured JLS-V9 cells

The protocol of polyribonucleotide treatment and

virus infection was the same as described in the

legend to Table 1. The titer of progeny virus in the

harvested medium was assayed by determining the

DNA polyrnerase activity of partially purified yin-

ons in the harvested medium. #{149}-#{149}, poly(X), 0-

-0, poly(G).

directed DNA polymerase assay, and the
results are presented as percentage inhibi-
tion relative to the controls. As expected,
the degree of inhibition increases with in-
creasing concentration of polymibonucleo-
tide. The concentration of poly(X) yielding
50% inhibition of progeny virus synthesis
is about 9 p.g!ml, and that of poly(G) is
about 18.5 jig!ml.

Since it is known that inhibitors of cell
division also inhibit the synthesis of RNA
tumor viruses (for recent reviews, see mefs.

16 and 17), it was important to determine
whether the inhibition of virus synthesis
by poly(X) and poly(G) might not be due to
their cytotoxicity for the cultured cells
used in this study. Tennant et al. (1) me-

ported that poly(G) is cytotoxic for cul-
tumed Swiss mouse embryo cells, albeit at
the relatively high concentration of 100

jig!ml.
Therefore we investigated the effects of

poly(G) and poly(X) on the growth rates of
cultured JLS-V9 cells at concentrations
used for their effect on virus replication.
Figure 3 shows the effects of poly(G) and

poly(X) on the population growth rates of
uninfected and MuLV-infected cultured
JLS-V9 cells. For these studies, monolayer

cultures of cells were treated with DEAE-
dextran, grown in the continuous presence
of polyribonucleotide, and replenished ev-
ery 24 hr with fresh medium containing
polynibonucleotide. It is apparent that at
10 jig!ml, neither poly(G) nor poly(X) has
any marked effect on the population
growth rates of cultured JLS-V9 cells (Fig.
3a). Similarly, these polyribonucleotides
do not appear to affect significantly the
growth rates of MuLV-infected JLS-V9
cells (Fig. 3b). When the viability of the
cultured cells was scored by the trypan
blue exclusion test (18), no difference be-
tween the control and polyribonucleotide-
treated cultures was observed. Since the
cells were grown in the continuous pres-
ence of the polynucleotides, these results
diminish the possibility that polymer deg-
radation products significantly affect cell

growth. In addition, the cells in monolayer
cultures used for the study of polynibonu-
cleotide inhibition of progeny virus syn-
thesis were routinely counted at the end of

the experiment. No appreciable differ-
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FIG. 3. Effect of polyxanthylic and polyguanylic

acid on growth of uninfected (a) and MuL V-infected

(b) JLS-V9 cells

Replicate monolayers of cultured cells in 16-mm

plastic plates were treated with DEAE-dextran (10

�g/ml, 30 mm), washed with PBS, and incubated

with RPMI-1640 medium containing polyribonucleo-

tide (10 �g/ml). Control cultures received medium

alone. At specified times monolayers were trypsin-

ized gently and the number of cells in the culture

was counted.

ences between the population densities in

control and polyribonucleotide-treated cul-
tures were noted.

Polyribonucleotide effects on DNA po-
lymerases. The effects of poly(X) and
poly(G) on detergent-disrupted and pan-
tially purified MuLV DNA polymerase as
well as on host cell (JLS-V9) DNA polym-
erases were also investigated. Poly(X) and
poly(G) strongly inhibit MuLV DNA po-
lymenase activity. Figure 4 shows the ki-

netics of po!y(X) inhibition of detergent-
disrupted, vimion-associated, and partially
purified MuLV RNA-dependent DNA po-
lymerase directed by poly(A):oligo(dT).

FIG. 4. Kinetics of poly(X) inhibition of deter-

gent-disrupted (a) and partially purified (b) MuLV

DNA polymerase

The reaction mixture (50 on 100 M1) contained 0.05

is Tris-HC1 (pH 7.9), 0.06 is NaC1, 0.02 is dithiothre-
itol, 0.001 M MnC12, 50 j.�is [3H]dTTP (2600 cpm/

pmole), 5-100:0.5-10 �.tis poly(A):oligo(dT) (molar

ratio, 10:1), 2 or 10 �tis poly(X), and purified MuLV

preparation plus 0.05% NP-40 or partially purified

MuLV DNA polymerase. The reaction mixture was

incubated at 37#{176}for 10 mm, and aliquots (10 on 20 .il)

were precipitated with trichloroacetic acid. The ra-

dioactivity incorporated into acid-insoluble material

was counted. -#{149}, incorporation in the absence

ofpoly(X); C-t�, in the presence of2 �is poly(X);

Q-Q, 10 /LM poly(X).

Similar data for po!y(G) inhibition of
MuLV DNA polymemase are shown in Fig.
5. Judging from these Lineweavem-Bunk
plots, the kinetics of inhibition apparently
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FIG. 5. Kinetics of poly(G) inhibition of deter-

gent-disrupted (a) and partially purified (b) MuLV

DNA polymerase

The reaction conditions were the same as de-

scnibed for Fig. 4. #{149}-#{149}, incorporation in the ab-

sence of poly(G); C-t�, in the presence of 2 j.�M

poly(G); �-Q, 10 j�is poly(G).

is consistent with neither simple competi-
tive nor noncompetitive inhibition. It ap-
pears to be a mixed type of inhibition,

possibly partially competitive (14); both
the Km and Vmax of the reaction are af-
fected by the inhibitor polyribonucleotide.
The kinetic constants can be obtained from
these plots regardless of the type of inhibi-

tion. The Michae!is constant Km is esti-
mated from the intercept on the 1!S axis of

the line representing the reaction in the

absence of inhibitor. The inhibition con-
stant K, is estimated from the relative
slopes of lines representing the uninhib-
ited and inhibited reaction. These con-
stants are listed in Table 2.

The Km of poly(A):oligo(dT) for deter-
gent-disrupted, virion-associated DNA po-
lymerase is about 18 jiM, and that for par-
tially purified viral DNA polymerase is
about 4 jiM. The K values of poly(X) for
detergent-disrupted and partially purified

viral DNA polymerase activities are about
0.35 jiM and 0.13 jiM, respectively. The K1
values of poly(G) for these two viral DNA

polymerase activities are 1.8 jiM and 0.34
jiM, respectively (Table 2). The reasons for
the differences in the Km of the template

and theK1 values ofthe inhibitors between
the detergent-disrupted and the partially
purified viral DNA polymemase activities

are not clear; they may be related to inter-
action of the template and inhibitors with

extraneous proteins and other macromole-
cu!es present in the detergent-disrupted
virion preparation. Similar differences in

the Km of the templates for detergent-dis-
rupted and partially purified avian myelo-
blastosis virus DNA polymenase activities
have been reported recently by Erickson

and Gnosch (19).
Poly(X) and poly(G) also inhibit the par-

tially purified host cell DNA polymerase

activities. We have isolated three appar-
ent DNA polymerase activities from JLS-
V9 cells and have tested two ofthese activ-

ities for polyribonucleotide inhibition.
These two activities, termed DNA polym-
erases I and III, show some preference for
DNA and RNA templates, respectively

(see MATERIALS AND METHODS). Figure 6
depicts the effect of poly(X) on the kinetics
of polymerization by partially purified
JLS-V9 DNA polymerases I and III. Fig-

ure 6a shows the kinetics ofpoly(X) inhibi-
tion of the poly[d(A-T)IJ-directed reaction
of DNA polymenase I, and Fig. 6b presents
the kinetic data for po!y(A):oligo(dT)-di-
rected reaction of DNA polymerase III.
Similar kinetic plots were obtained for
poly(G) inhibition of these cellular DNA

polymerase activities (data not shown). As
with viral DNA polymemase (Figs. 4 and
5), the kinetics of inhibition is consistent

with neither simple competitive nor non-
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TABLE 2

Polyguanylic and polyxanthylic acid inhibition ofMoloney murine leukemia virus and JLS-V9 cell DNA

polymerases

K,,, and K1 values were estimated from Lineweaver-Burk (1/v vs. 1/S ) plots. At least five concentrations of

the ternplate:prirner and two concentrations of the inhibitor polynucleotide were used. The concentrations

are expressed as molar nucleotide residues in the single strand.

DNA polyrnerase K,,, of template Inhibition constant, K,

Poly(X) Poly(G)

pM - -

Vinion-associated MuLV

DNA polymerase 18.2’ 0.35 ± 0.01 1.8 ± 0.2

Partially purified MuLV
DNA polyrnerase 4.0” 0.13 ± 0.03 0.34 ± 0.06

Partially purified JLS-V9
DNA polymerase I 94�) 5.2 ± 0.4 17.8 ± 4.0

Partially purified JLS-V9

DNA polyrnerase III 8.3� 4.5 ± 0.2 7.0 ± 2.5

a The ternplate:pnimen was poly(A):oligo(dT) (molar ratio, 10:1).

b The template:pnirner was poly[d(A-T)]ii

competitive inhibition. It appears to be a
mixed type of inhibition; both the K,5 and
Vmax of the reaction are affected (14). The

kinetic constants estimated from these
plots for poly(X) and similar plots for
poly(G) are listed in Table 2. TheK1 values
of poly(X) for DNA polymerases I and III
are 5.2 jiM and 4.5 jiM, respectively, and
those of poly(G) are 17.8 jiM and 7.0 jiM. It

is notable that the RNA-dimected DNA po-
lymenase activity of cellular DNA polym-

erases is affected by these po!yribonuc!eo-
tides more than the DNA-directed DNA
polymerase activity.

DISCUSSION

Our previous studies of polyribonucleo-
tide inhibition of murmne leukemia virus

replication suggested that (a) purine poly-
ribonucleotides may be more potent than
pyrimidine polynibonucleotides, and (b) in-
hibitory potency depends on the functional
groups ofthe ring system (4). However, for
these studies, a set of polyribonucleotides
was not available which differed only in

their purine as opposed to pyrimidine
base. Thus a clear distinction between the

contribution of the base and of functional

groups to the inhibitory potency could not
be made. Poly(X) now provides the means

to accomplish this. It is a purmne polyribon-
ucleotide with the same functional groups
as poly(U), a pyrimidine polyribonucleo-

tide (see Fig. 1). Similarly, poly(G), a pu-
rime polymibonucleotide, can be compared
with poly(C), a pyrimidine polynibonuc!eo-
tide, although the disposition of the ring

functional groups is not identical in this
case (see Fig. 1).

The results presented in this report
show that poly(X) and po!y(G) can specifi-
cally inhibit the synthesis of murine leu-
kemia virus in cultured cells. At a concen-
tration of 10 jig!ml, poly(X) and poly(G)
yield, respectively, about 50% and 28% in-

hibition of progeny virus synthesis rela-
tive to the controls. This is to be compared
with about 20% and 10% inhibition previ-

ously observed for poly(U) and poly(C),
respectively (4). The differences among the
polynibonucleotides may appear to be

small, but they are reproducible. Thus
po!y(X) is about 2.5 times more potent
than poly(U), and poly(G) is about 3 times
more potent than poly(C). These results
therefore substantiate our hypothesis that
purmne polyribonucleotides may be more

potent than pyrimidine polymibonucleo-
tides.

The role of the ring functional groups in
the inhibitory potency of po!yribonucleo-
tides is not yet fully defined. We suggested
previously that polyribonucleotides pos-

sessing a ring ketoamino function may be
more potent than polyribonucleotides lack-
mg this function. This appears to be the
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FIG. 6. Kinetics ofpoly(X) inhibition of JLS-V9

DNA polymerases I (a) and III (b)

The reaction mixture (50 or 100 j.d) for polymer-

ase I contained 0.05 is Tnis-HC1 (pH 7.9), 0.06 M KC1,
0.02 is dithiothreitol, 0.006 is magnesium diacetate,

50 �tM [3H]dTTP (2600 cprn/pmole), 100 �tM dATP,

10-100 j.tM poly(d(A-T)], 10 on 40 jiM poly(X), and

polymerase preparation. The reaction mixture for

polyrnenase III was the same as described for Fig. 4

except that NaC1 was replaced by KC1. The reaction

mixture was incubated at 37#{176}for 30 mm, and ali-

quota (20 or 40 �.il) were precipitated with tnichloroa-

cetic acid. #{149}-#{149}, incorporation in the absence of

poly(X); C-t�, in the presence of 10 �M poly(X);

Q-�, 40 �is poly(X).

case for polyribonucleotide inhibition of
viral DNA polymerase in vitro (see below).

Our results for polyribonucleotide inhibi-
tion of virus replication are consistent
with this hypothesis, with one exception.
Poly(A), which lacks the ring ketoamino
function, is apparently more potent than
poly(G), which possesses it. The concentra-

tion of poly(A) yielding 50% inhibition of
virus replication is 12 jig!ml (4), and that

of poly(G) is 18.5 jig/ml (Fig. 2). The rea-
son(s) for this discrepancy is not clear. It is
possible that poly(A) inhibits some addi-
tional intracellular activities that are not

affected by poly(G) and other polyribonu-
cleotides. Furthermore, the exact physico-
chemical basis of the observed structure-

activity relationships is not yet clear. It
should be noted that polyribonucleotides
containing a ketoamino function that are
more potent in our biological and biochem-
ical assays also show a higher tendency
toward self-aggregation. Poly(X) and

poly(G), as well as poly(I), can form mu!-
tistranded complexes in solution (20-22).
This raises the possibility that the biologi-

cally active form of these polynibonucleo-
tides may be a multistranded structure.
Thus the higher potency of ketoamino-con-
taming polynibonucleotides may not be me-
lated to the interaction of these groups

with yet unidentified receptor(s) but may
be due to their influence on the potential
conformation of these polyribonucleotides.
It is not yet known whether these polynibo-
nucleotides do indeed exist as seif-aggre-
gated, multistranded structures intracel-
lulamly. The explanation(s) for the ob-
served relationships obviously must reside
in the solution properties (including cellu-

lam transport and half-life) of these polyri-
bonucleotides and in their interaction with
the molecular target(s) or receptor(s).

Lack ofany marked effect ofpoly(X) and
poly(G) on host cell growth would suggest

that the normal cellular biosynthetic ac-
tivities are not greatly affected by these
polynibonucleotides. On the other hand,
poly(X) and poly(G) strongly inhibit
MuLV DNA polymerase in vitro. The rela-
tive inhibitory potency of these and other
polynibonucleotide for viral DNA polymer-

ase is generally the same as observed for
viral replication. [As noted above, poly(A)
is an exception; it is less potent than

poly(G) in vitro but more potent than

poly(G) in cell cultune.1 These observa-
tions suggest that the polyribonucleotide
inhibition of virus replication may be me-
lated to, or a consequence of, their inhibi-
tion of intracellular viral RNA-dinected
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DNA polymerase activity. This notion is

supported by the observations that (a) poly-
ribonucleotides do not inhibit the replica-
tion of lytic RNA viruses which do not
require the RNA-dinected DNA polymer-

ase activity (2, 7) and (b) they do not affect
the induction of endogenous AKR virus
by iododeoxyuridine from virus-negative

AKR cells (7, 23). It is possible that inhibi-

tion by polyribonucleotides may also be
related to their effects on virus adsorption

and penetration. We have already noted
that polyadenylic acids at high concentra-
tion (100 jig!ml) inhibit virus uptake, but

at low concentration (10 p.g!ml), such as
those used in this study, they do not affect

virus uptake (7). In addition, if the inhibi-
tion by polyribonucleotides is due solely to
their effect on virus uptake, it is difficult
to perceive why a specific set of structure-

activity relationships will be obtained.
Nevertheless, this aspect merits further

investigation.
Poly(X) and poly(G) also inhibit par-

tially purified host cell DNA polymerase
activities in vitro. However, their inhibi-

tory potency for cellular DNA polymerases
is several times lower than that for viral
DNA polymenase. These results are not
inconsistent with the suggestion that poly-
ribonucleotides may be relatively selective
inhibitors of viral RNA-directed DNA po-

lymerase . Since these polyribonucleotides
do not affect appreciably the growth rates
of host cells, their inhibition of cellular

DNA polymemases in vitro appears not to
be involved in their effect on virus replica-
tion.
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