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TABLE 1. Comparison of antiviral activity induced
in serum 18 hr after intraperitoneal injection of
PAA, PMAA, and other related polymers in

mice

Compound Dose SerumComiound ~~(mg/mouse) activity

PAA ........................ 4 1, 250a
PMAA...................... 4 925
"Ebimar"..... 2 525
Agaropectin ................. 4 200
Alginic acid ................. 20 155
Pyran copolymer ............ 4 90
Dextran sulfate 500.......... 4 66
Macrodex ................... 24 60
Fish-meal polysaccharide 4 45
Endotoxin ................... 0.8 <25
Dextran carboxylate ... ......4 <25
Heparin..................... 4 <25
Polyvinyl sulfate (K-salt). 4 <25
Polystyrene sulfonate.. 4 <25
Polyphloroglucinol phos-
phate . 4 <25

Phosphate-buffered saline.. <25

a Antiviral activity expressed in interferon units
per ml.

response curves suggested that the acryl-poly-
anions would act in a somewhat different way.

Comparison of the antiviral activity induced in
vivo by PAA, PMAA, and other related polymers.
Groups of five mice were injected intraperitone-
ally with high doses of PAA, PMAA, and related
polymers (Table 1). Blood samples were taken
18 hr later. The sera were assayed for antiviral
activity with the plaque-inhibition method.
PAA, PMAA, and the sulfated polysaccharide

extracted from seaweeds ("Ebimar") were found
to be most active (Table 1). Agaropectin, alginic
acid, and pyran copolymer were also effective.
Other compounds failed to induce any antiviral
activity in the given experimental conditions.

Characteristics of the antiviral factor induced by
PAA and PMAA in vivo. Species specificity,
destruction by proteolytic enzymes, thermolabil-
ity, pH stability, and nondialyzability belong to
the generally established criteria to which a viral
inhibitor must conform if it is to be accepted as
an interferon. These characteristics were explored
for the antiviral activity induced in the serum 18
hr after the intraperitoneal injection of 4 mg of
either PAA or PMAA per mouse, and compared
to the properties of interferon appearing in the
serum 8 hr after intravenous injection of Sindbis
virus (Table 2). The action of viral inhibitor in-
duced by PAA appeared to be consistent with the
behavior of interferon. Conversely, the antiviral
activity found after injection of PMAA did not

meet the required interferon criteria: it persisted
on heterologous cells, and was not destroyed
either by trypsin or by heating.
The dose response of PMAA- and PAA-

induced activity was then compared with the dose
response of Sindbis virus interferon. When plaque
reduction was plotted against interferon dilution
on a logarithmic scale, an S-shaped curve with a
linear intermediate portion was obtained (Fig. 2).
The estimating equation, standard error, and
coefficient of correlation of the regression lines
were determined. The slopes of the activity curves
of the PAA-induced inhibitor and the Sindbis-
induced interferon were identical (Fig. 3 and 4).
The slope of the PMAA curve, however, was
quite different.
These results provided more evidence for the

suggestion previously made that the activity of
PAA and of PMAA were accomplished in differ-
ent ways. The antiviral potency of PMAA may
be due to a direct action of the compound as such,
whereas PAA may act by induction of interferon.

Fractionation on DEAE-cellulose. A simple
method for separating interferon from direct
antiviral action was described above. Sera of mice
injected intraperitoneally 18 hr before with 4 mg
of either PAA or PMAA were incubated with
DEAE-cellulose at pH 4.5 (0.01 M sodium acetate
buffer) and centrifuged. The supernatant fluid
was collected (fraction A: pH 4.5). The residue
was taken up in 1.0 M NaCl containing 0.1 M

tris(hydroxymethyl)aminomethane (pH 8.2),
incubated, and again centrifuged. The superna-

TABLE 2. Characteristics of antiviral activity
induced iin serum 18 hr after intraperitoneal
injectioni of either PAA or PMAA in mice

Characteristics

Species specificity
Activity in rat embryo

fibroblasts............
Activity in mouse em-
bryo fibroblasts.......

Sensitivity to trypsin
1.25%o at 36 C for hr . .

Control.................
Stability to heat

56 C for 0.5 hr.
Control.................

Dialyzability at pH 2
4 C for 16 hr............
Control.................

PAA

40a

230

50
500

<50
400

780
850

PMAA

690

690

920
850

1,320
1,120

1,120
1,120

Sindbis-
induced
inter-
feron

135

4,000

<25
615

<50
262

NDb
ND

a Antiviral activity expressed in interferon units
per ml.

I Not done.
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FIG. 2. Dose-response relationship ofPMAA-induced activity. Y = a + bx-estimating equation ofthe regres-
sion line; r-coefjicient ofcorrelation; Sy.x-standard error. Data refer to percentage ofplaque reduction ofsub-
sequent dilutions ofsera, either 18 hr after the intraperitoneal injection of PAA and PMAA or 8 hr after the in-
travenous injection ofSindbis virus.

tant fluid was recovered (fraction B: pH 8.2).
Both supernatant fractions were assayed by the
cytopathic effect-inhibition method in mouse
embryo fibroblast culture tubes with VSV as
challenge virus (Table 3). The viral inhibitor
appearing in the serum of animals injected with
PAA showed little or no decrease after fractiona-
tion on DEAE-cellulose, whereas the inhibitor
induced by PMAA disappeared almost completely
after fractionation. The viral inhibitor, found in
fractions A and B, might be identified with inter-
feron, since the eluted fractions failed to induce
any antiviral activity in heterologous cell systems
(mouse embryo fibroblasts), lost their activity after
exposure to trypsin (1.25% at 36 C for 1 hr) and
heating (56 C for 0.5 hr), and remained active
when dialyzed against pH 2.

It was concluded, therefore, that the whole
antiviral activity ofPAA resulted from interferon,
whereas interferon played only a small role in the
inhibitory potency of PMAA.

Influence of amidation on the interferon-in-
ducing capacity of PAA. The interferon-inducing
capacity ofPAA may be a function of the presence
of ionic charges on the polyelectrolyte molecule.
To test this hypothesis, the interferon-stimulating
properties of PAA were studied after partial or
complete neutralization of the acidic functions
with ammonia.

Polyacrylic acid-polyacrylamide copolymers,
with varying proportions of the two components
(Table 4), were intraperitoneally injected in
groups of 5 mice (4 mg per mouse). Blood samples
were taken 18 hr later and spleens were removed.
Both sera and spleen homogenates were assayed
for antiviral activity with the plaque overlay
method. Only the pure PAA and, to a lesser
degree, the copolymer provided with the highest
amount of carboxyl groups (85%) were found
effective (Table 4). The other copolymers and
polyacrylamide itself were completely unable to
induce activity. These data revealed the absolute
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FIG. 3. Dose-response relationship of Sindbis-induced interferon.

necessity of free acidic groups on the polymer
backbone for induction of interferon.

Hyporeactive state following administration of
PAA. Rabbits, rats, or mice, injected with either
virus or endotoxin and several hours later treated
again with virus or endotoxin, showed a reduced
interferon response when compared with controls
not pretreated (3, 12, 13, 28). Hyporeactivity to
the interferon-inducing effect of PAA was deter-
mined in similar experiments. Groups of five
mice were given an intraperitoneal injection of
either 0.5 mg or 2.0 mg of PAA. At different times,
varying from 0 to 8 days after this injection, the
animals received a second dose of 2.0 mg. Blood
samples and spleens were taken 18 hr later and
assayed for interferon with the plaque inhibition
method. The interferon response to a second dose
of PAA decreased. Hyporeactivity was dependent
on both dose and time: maximal inhibition of
interferon induction by a second dose was reached
8 days after the injection of a first dose of 2 mg.
The inhibition was less pronounced at shorter
time intervals and with 0.5 mg as the first dose
(Fig. 5).

A striking parallelism between hyporeactivity
and splenomegaly was observed: the reduction of
interferon response was found proportional to an
increase of spleen weight. Whether this peculiar
parallelism implies any causal relationship remains
an open question.

DISCUSSION

Striking antiviral activity appeared in sera of
mice injected intraperitoneally with PAA and
PMAA. These inhibitory effects resulted both
from direct antiviral action affecting the virus-cell
interaction and the viral ribonucleic acid metab-
olism (previous report) and from induction of
interferon. The activity ofPMAA was due mainly
to direct antiviral action, whereas PAA acted
primarily by stimulation of interferon production.
The exact mechanism of interferon induction is

still unknown. The wide variety of interferon
inducers (viruses, bacteria, protozoa, and bio-
logical extracts such as endotoxin, phytohemag-
glutinin, statolon, and helenine) do not reveal any
common properties. Since synthetic anionic poly-
mers [like maleic divinyl ether copolymer (17,
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PAA AND PMAA IN VIVO
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FIG. 4. Dose-response relationship of PAA-induced activity.

TABLE 3. Fractionation on DEAE-cellulose of the
antiviral activitya induced in the serum 18 hr after
intraperitoneal injection of either PAA or

PMAA in mice

Sample PAA PMAA

Unfractionated serum. 800 2,800
Fraction A (pH 4.5). 640b 320
Fraction B (pH 8.15)... 120 0

a Expressed in interferon units per ml.
b Values obtained for fractions A and B must

be identified with interferon, since they fulfilled
the generally required (mouse) interferon criteria
(species specificity, sensitivity to trypsin and
heating, pH stability, and nondialyzability).

19) and acrylic polymers] are found to produce
high interferon titers, the question arises whether
the polyanionic charge may play a significant part
in the production of interferon. In any event, the
polyanionic net charge appears to be absolutely
required for the interferon-inducing ability.
Amidation of the carboxyl groups of PAA to the
extent of 40% results in a complete loss of induc-

TABLE 4. Influence of amidation on the
interferon-inducing capacity of PAA

Copolymer (per cent Interferon unitsa
PAA/per cent
polyacrylamide)

Serum (unit/ml) Spleen (unit/g)

100/0 3,200 2,920
85/15 710 420

58.5/41.5 <25 <250
23/77 <25 <250
0/100 <25 <250

Control <25 <250

a Data refer to interferon concentrations in
spleen and sera 18 hr after the intraperitoneal in-
jection of the copolymer

tion capacity. Uncharged macromolecules
(macrodex and polyacrylamide) are quite ineffec-
tive. The polyanionic structure is necessary but
not effective. Polysulfate (dextran sulfate, poly-
vinyl sulfate, and heparin) and polyphosphate
(polyphloroglucinol phosphate) polyelectrolytes
fail to stimulate the production of interferon.

891VOL. 2, 1968



DE SOMER ET AL.

0 1 2 L 8

TIME LAPSE (Days) BETWEEN THE SUBSEQUENT ADMINISTRATIONS OF PAA

FIG. 5. Hyporeactive state following administration of PAA. Serum interferon levels 18 hr after the intraperi-
toneal injection of the second dose (2 mg) ofPAA.

Agaropectin, alginic acid, and the commercial
product "Ebimar" show little activity. Since their
carboxyl groups are much more dispersed over the
polymer backbone than for PAA and PMAA, the
different charge distribution could account for
the difference in interferon-inducing ability.
The capacity for inducing interferon by ribo-

nucleic acids would depend on the double-
strandedness of ribonucleic acid (6, 7, 16, 26).
Whereas double-stranded ribonucleic acid
obtained from extracts of P. funiculosum and from
reovirus 3 virions and some synthetic double-
stranded polynucleotides were found active in
microgram amounts, other complexed poly-
nucleotides of analogous structure failed to stimu-
late interferon production. Hence, we conceived
the hypothesis that, more than multistrandedness,
the steric configuration or physicochemical
characteristics (charge-density and charge-
distribution) of the anionic functions of the poly-
mer are decisive for interferon formation. Appar-
ently, polyacrylic polymers, pyran copolymers,
and some multistranded polynucleotides do con-
form with the specific configuration, charge-density,
and charge-distribution required for activity. The
exact nature of these specific conditions, how-
ever, needs further study.
The injection of PAA resulted in a progressively

increasing hyporeactive state during which the
interferon response to a second dose was reduced.
Many possibilities may be considered to explain
these tolerance phenomena. It could be attributed
to an exhaustion of the interferon store, though
this possibility does not account for the pro-

gressive increase ofhyporeactivity. It is more likely
that PAA impairs some important cells or meta-
bolic reactions involved in the production of
interferon.
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The time course of vaccinia deoxyribonucleic acid (DNA)-dependent ribonu-
cleic acid (RNA) polymerase synthesis and its intracellular localization were stud-
ied with virus-infected HeLa cells. Viral RNA polymerase activity could be meas-
sured shortly after viral infection in the cytoplasmic fraction of infected cells in
vitro. However, unless the cells were broken in the presence of the nonionic detergent
Triton-X-100, no significant synthesis of new RNA polymerase was detected during
the viral growth cycle. When cells were broken in the presence of this detergent,
extensive increases in viral RNA polymerase activity were observed late in the infec-
tion cycle. The onset of new RNA polymerase synthesis was dependent on prior viral
DNA replication. Fluorodeoxyuridine (5 x 10-5 M) prevented the onset of viral
polymerase synthesis. Streptovitacin A, a specific and complete inhibitor of protein
synthesis in HeLa cells, prevented the synthesis of RNA polymerase. Thus, the syn-
thesis of RNA polymerase is a "late" function of the virus. The newly synthesized
RNA polymerase activity was primarily bound to particles which sedimented during
high-speed centrifugation. These particles have been characterized by sucrose
gradient centrifugation. A major class of active RNA polymerase particles were
considerably "lighter" than whole virus in sucrose gradients. These particles were
entirely resistant to the action of added pancreatic deoxyribonuclease, and they
were not stimulated by added calf thymus primer DNA. It is concluded that these
particles are not active in RNA synthesis in vivo, and that activation occurs as a
result of detergent treatment in vitro.

Poxviruses possess a deoxyribonucleic acid
(DNA) -dependent ribonucleic acid (RNA) polym-
erase which is present in close association with
the DNA of the mature virus particle (7). In a
previous study, it was demonstrated that this viral
polymerase enters the cell with the infecting virus
and is active in the transcription of early viral
genes shortly after infection, before the full un-
coating of the viral DNA has occurred (6). This
unique observation of a virus-associated RNA
polymerase has raised questions concerning its
role in viral gene transcription, the regulation of
its synthesis, and the packaging of the enzyme into
mature virus particles. We have, therefore, initi-
ated a more detailed study of the vaccinia virus
"transcriptase," with particular emphasis on its
role in the regulated transcription of viral genes
during the infection cycle.

In this communication, we report some of our
initial studies concerning the time of viral RNA
polymerase synthesis relative to the infection

cycle, its regulation, and intracellular localiza-
tion of the RNA polymerase. It is apparent from
our data that the synthesis of viral polymerase is
intimately related to the maturation process of
viral progeny.

MATERIALS AND METHODS

The cell line HeLa S-3 and the WR strain of vac-
cinia virus were used in the present study. Methods of
cell culture, virus growth, and purification were as
previously described (5). Cells were infected according
to the procedure described by Becker and Joklik (2),
and, unless otherwise stated, the multiplicity of in-
fection was 300 elementary bodies per cell.

Cytoplasmic fractions were prepared from in-
fected cells by the Dounce homogenization technique
as previously described (10), except that the following
hypotonic buffers were used: (i) 0.01 M tris(hydroxy-
methyl)aminomethane (Tris)-chloride (pH 8.6, at
25 C) plus 0.01 M KCI and 1.5 X 10- M MgCI2
(RSB); (ii) RSB plus 0.1% (v/v) Triton-X-100;
(iii) 0.01 M Tris-chloride (pH 8.6, 25 C); (iv) 0.01 M
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Tris-chloride (pH 8.6, at 25 C) plus 0.1% Triton-X-
100.
The reaction mixture for the assay of RNA polym-

erase contained the following ingredients in a total
volume of 0.7 ml: adenosine-5'-triphosphate, 2
,umoles; cytidine-5'-triphosphate, 1 ,Amole; guanosine-
5'-triphosphate, 1 ,umole; uridine-5'-triphosphate,
0.1 ,umole; phosphoenolpyruvate, 5 ,umoles; Tris-
chloride buffer (pH 8.6, at 25 C), 80 /moles; and
MgCl2, 3.5 ,umoles. Pyruvate kinase was added at a
concentration of 20,g/ml, and 2 , of 3H-uridine-
5'-triphosphate (20 c/mmole) was included in the
reaction mixture. Enough enzyme extract was added
to achieve the incorporation of 1 nmole of uridine-
5'-phosphate into RNA per hr. The assay was carried
out at 37 C for 60 min. The reaction was stopped by
adding 1 ml of 20% trichloroacetic acid (w/v)
and placing the reaction mixture on ice. The precipi-
tate was collected on Whatman GF/A fiberglass
filters. It was then washed with 15 ml of 5%0 trichloro-
acetic acid at 5 C, and later with 10 ml of 70%,'O ethyl
alcohol. After drying, the filters were counted by
liquid scintillation. The efficiency of counting for
tritium on fiberglass filters was 31%. Therefore, the
incorporation of 1 nmole of uridine-5'-phosphate
into RNA resulted in 15,300 counts/min in the acid-
precipitable fraction.
The radioactive labeling of viral DNA was carried

out with either 3H-thymidine (200 mc/mmole) or
'4C-thymidine (40 mc/mmole), added at a rate of
30 MAc/108 cells or 0.5 ,4c/108 cells, respectively. Viral
DNA synthesis was determined as previously described
(8).

Sucrose density gradient analysis of the cytoplasmic
fractions was carried out according to the procedures
described by Becker and Joklik (1). Gradients were
composed of 25 to 40%l sucrose in 0.01 M Tris-
chloride buffer at pH 8.6. When the Beckman SW-25
rotor was used, the cytoplasmic fractions were
centrifuged at 22,889 X g for 60 min at 5 C. When
the SW-39 rotor was used, the gradients were cen-
trifuged at 63,581 X g for 20 min at 5 C. To resolve
a smaller class of particles, a 5 to 20%o sucrose gradi-
ent was employed (see below), and centrifugation
was carried out in the SW-39 rotor at 130,576 X g
for 60 min at 5 C.

RESULTS

RNA synthesis in vitro by infected cell cyto-
plasmic fractions. HeLa cells were infected at a
multiplicity of 300 virus ofWR strain of vaccinia
virus particles per cell, and cytoplasmic frac-
tions were prepared in RSB (10-2 M Tris-chlo-
ride buffer, pH 8.6 at 30 C; 2 x 10-2 M KCl;
and 2.5 X 10-3 M MgCl2) at various times after
infection. These cytoplasmic fractions were tested
for their ability to synthesize RNA with and
without added calf thymus DNA primer (see
Materials and Methods). The results of a typical
experiment are shown in Fig. 1.

Several points emerged from such an experi-

1 0

0

0~

0 3 6 9 12

H OUR S
FIG. 1. Rate of RNA synthesis in vitro of cyto-

plasmic fractions of vaccinia virus-inifected HeLa cells.
Each sample contained 2 X 107 cells infected with 300
vaccinia virus particles per cell. The cytoplasmic
fraction was prepared in RSB as described in Materials
and Methods. A sample of cytoplasmic fractioni was
tested for its ability to synthesize RNA in vitro for a
period of 60 mm in the presence (E) anid in the ab-
sence (0) of 100 sAg of calf thymus DNA in the assay
mixture (see Materials and Methods). Thle time scale
on the abscissa represents hours after infection at which
samples were collected.

ment. (i) Cytoplasmic fractions prepared from
uninfected HeLa cells have little or no ability to
synthesize RNA in vitro. (ii) Immediately after
viral adsorption, there is a sudden increase in
RNA synthesis mediated by isolated cytoplasm.
This finding is in agreement with the prior observa-
tion (6) that poxvirus cores possess the ability to
synthesize RNA. (iii) During the first 8 hr post-
infection, there is a moderate increase in RNA
synthesizing capacity, and a small response to
added calf thymus primer DNA is apparent. (iv)
Between approximately 7 and 12 hr postinfection,
there is a general decrease in RNA synthesis,
to a level only slightly greater than that observed
with uninfected cells. It is interesting to note that
quantitatively this curve is in close agreement with
the observations of Oda and Joklik for vaccinia
virus RNA synthesis in vivo (11).

Effect of Triton-X-100 on cytoplasmic RNA
synthesis. The low-level increases in RNA polym-
erase activity observed when cells were broken
in RSB raised doubts about our ability to
actually study the time course of polymerase
synthesis under these conditions. We reasoned
that if viral polymerase is synthesized for pack-
aging into progeny virus particles, large increases
in enzyme activity should be observed during
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