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Poliovirus ribonucleic acid (RNA) polymerase crude extracts could be stored
frozen in liquid nitrogen without loss of activity or specificity. The major in vitro
product of these extracts was viral single-stranded RNA. However, after short peri-
ods of incubation with radioactive nucleoside triphosphates, most of the incor-
porated label was found in replicative intermediate. When excess unlabeled nucleo-
side triphosphate was added, the label was displaced from the replicative inter-
mediate and accumulated as viral RNA. It is concluded from this experiment that
the replicative intermediate is the precursor to viral RNA. In addition, some of the
label was chased into double-stranded RNA. The implications of this finding are dis-
cussed.

Three species of ribonucleic acid (RNA) which
do not exist in uninfected cells have been demon-
strated in poliovirus-infected cells. These species
are: (i) 35S single-stranded RNA which is eventu-
ally found in mature virions (9); (ii) 18S double-
stranded RNA which consists of one viral RNA
strand paired to complementary RNA (2, 16);
and (iii) replicative intermediate (11) which is
partially single-stranded and partially double-
stranded RNA (6). Although its actual structure
has not been elucidated, replicative intermediate
probably consists of several nascent viral RNA
strands base paired, in the vicinity of their
growing points, to a complementary RNA tem-
plate (3). Such a model was first proposed by
Fenwick, Erikson, and Franklin (11), Erikson
and Franklin (10), and later confirmed (15) in
the case of bacteriophage R17.
The role of double-stranded RNA or replica-

tive intermediate, or both, in the synthesis of viral
RNA has been controversial (e.g., see reference
24). In the case of RNA bacteriophage, it was
demonstrated that, after a short pulse labeling of
infected bacteria with a radioactive precursor to
RNA, some of the label in ribonuclease-resistant
RNA was displaced from the double-stranded
state by growth in nonradioactive medium and
subsequently appeared in viral RNA (11, 17).
More recent experiments, with purified Q,8
replicase (18), have shown that complementary
RNA molecules are first synthesized on viral
strands to yield double-stranded RNA. The
complementary strands are then used as templates
for the synthesis of new viral RNA molecules, the

growth of which displaces parental viral strands
from the double-stranded state and results in the
formation of the replicative intermediate. The
replicative intermediate, in turn, is the direct
precursor to newly made viral RNA. The se-
quence can be summarized as follows: viral RNA

double-stranded RNA -* replicative inter-
mediate -- viral RNA.

In the case of poliovirus, it was previously
demonstrated that replicative intermediate (i) is
preferentially labeled after short exposure of the
infected cells to radioactive uridine (6); (ii) is
the predominant ribonuclease-resistant species
formed during the exponential increase of viral
RNA (6); and (iii) is recovered in association with
viral RNA polymerase in the replication complex,
which is the intracellular site for viral RNA
synthesis (14). These observations led to the
assumption that replicative intermediate was the
precursor to viral RNA, although direct evidence
was not available. As previously pointed out (6),
such evidence could only result from the demon-
stration that nascent RNA chains, found in the
replicative intermediate, are completed and re-
leased as viral RNA molecules.

This could be proved by showing that label in-
corporated in replicative intermediate and then
displaced by further growth in non-radioactive
medium accumulates as viral RNA. However, no
"pulse chase" experiment is feasible with HeLa
cells in vivo, since intracellular uridine cannot
readily be diluted by the external addition of
uridine. Therefore, an in vitro system was chosen
in which RNA synthesis is mediated by viral
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RNA polymerase and where true chase condi-
tions can be met.

This report is concerned with the results of a
"pulse chase" experiment performed in vitro with
crude poliovirus RNA polymerase.

MATERIALS AND METHODS

Preparation of crude RNA polymerase. HeLa cells
grown in suspension culture were infected with 30 to
50 plaque-forming units of type I poliovirus per cell as
described previously (7). Each infection was moni-
tored on a sample of the culture by 14C-uridine uptake
in the presence of actinomycin D. Cytoplasmic ex-
tracts (7,19) were centrifuged for 40 min in a Spinco
titanium rotor 50 of an L2 model ultracentrifuge set at
130,000 X g at 3 C. Crude RNA polymerase was
prepared by careful resuspension of the resulting
pellets in "polymerase buffer" [0.05 M tris (hydroxy-
methyl) aminomethane (Tris)-hydrochloride (pH
7.5), 0.005 M magnesium acetate, 0.005 M (3-mercap-
toethanol, 0.001 M ethylenediaminetetraacetic acid
(EDTA), 0.4 M KCl, 20% glycerol] to a final protein
concentration of 25 mg/ml. Several such preparations
were stored in liquid nitrogen over a period of weeks.
They were then mixed and carefully homogenized
with a tight-fitting Dounce homogenizer. The pooled
mixture was frozen again in liquid nitrogen in 1.5-ml
lots. One lot was thawed and used for each experiment.

Assay of RNA polymerase. The standard reaction
mixture consisted of 1 ml of crude RNA polymerase, 1
mmole of Tris-hydrochloride (pH 7.5), 60 ;umoles of
magnesium acetate, 40 ;smoles of ,-mercaptoethanol,
200 pug of ribonuclease-free deoxyribonuclease, 60
jsmoles of phosphoenolpyruvate, 60 ug of pyruvate
kinase, 12 ,ug of actinomycin D, 4,umoles of adenosine
triphosphate (ATP), guanosine triphosphate (GTP),
and cytidine triphosphate (CTP), and 2 ,moles of 14C
(14 X 106 counts/min)- or tritium (35 X 106 counts/
min)-labeled uridine triphosphate (UTP). The final
volume was adjusted to 10 ml with 50% glycerol.
Duplicate samples (0.3 to 0.5 ml) were precipitated
with 5 ml of ice-cold 7.5% trichloracetic acid plus 0.02
M sodium pyrophosphate, centrifuged for 5 min at
1,000 X g, and then washed three times with cold
7.5% trichloroacetic acid plus 0.02 M pyrophosphate.
Precipitates were dissolved in 0.6 ml of concentrated
NH4OH and were counted in a Nuclear Chicago
Mark I liquid scintillation counter after the addition
of 10 mi of Bray's solution (8).

Analysis of in vitro labeled RNA. Deproteinization
of RNA was performed by either one of the following
procedures.
Method A. A 1.5-ml sample was pipetted into a

chilled tube containing 5.0 ml of 88% liquefied phenol,
3.5 ml of 0.05 M sodium acetate (pH 5.1), 0.005 M
EDTA, and 0.5 ml of 10% sodium dodecyl sulfate
(SDS). Phenol extraction was carried out as already
described (13, 21), except that the temperature was
lowered to 37 C in order to prevent melting of the
replicative intermediate (3, 14). RNA was precipitated
with 2 volumes of ethyl alcohol and dissolved in 0.5%
SDS buffer [0.01 M Tris-hydrochloride (pH 7.4), 0.1
M NaCl, 0.001 M EDTA, 0.5% SDS].

Method B. Samples of the reaction mixture were
made 0.015 M with respect to EDTA, 0.008 M with
respect to sodium pyrophosphate, and 1% with re-
spect to SDS. LiCl was added to 1.9 M in order to
separate double-stranded RNA from the other forms
of RNA (6). Precipitates were collected after 24 hr of
standing at 4 C by centrifugation at 10,000 X g for 40
min and were dissolved in 0.5% SDS buffer. Super-
natant fluids were precipitated with 2 volumes of
ethyl alcohol in the presence of carrier yeast RNA
(0.2 mg/ml), and the resulting pellets were dissolved
in 0.5% SDS buffer.

Gradient analysis was performed on 15 to 30%
sucrose gradients in 0.05% SDS buffer. After centri-
fugation, these gradients were monitored for absorb-
ance at 260 nm, fractionated, and assayed for acid-
precipitable radioactivity as previously described (7,
19). For assay of the ribonuclease-resistant labeled
RNA, one half of each fraction was treated with 50
pug of pancreatic ribonuclease per ml for 35 min at
room temperature in 2X SSC (0.3 M NaCi, 0.03 M
sodium citrate, pH 7.0).

Exclusion chromatography was performed as de-
scribed by Baltimore (3). Beaded 2% agarose was
packed into a 1.5 by 45 cm column at room tempera-
ture. RNA was eluted from the column with 0.05%
SDS buffer at a flow rate of 6 ml/hr; 0.7-ml fractions
were collected and assayed for acid-precipitable
radioactivity.

Materials. Beaded agarose (Sepharose 2 B) was
purchased from Pharmacia Pure Chemicals; 14C-
UTP (0.25 c/mmole) was purchased from the Com-
missariat a 1'Energie Atomique, Saclay, France; and
3H-UTP (2 to 3 c/mmole) was purchased from New
England Nuclear Corp. Ribonuclease-free deoxy-
ribonuclease was purchased from Worthington Bio-
chemical Corp. Actinomycin D was a gift from Merck,
Sharpe and Dohme Laboratories.

RESULTS

Characteristics of the crude RNA polymerase.
The crude poliovirus RNA polymerase used in
these experiments was prepared from cells in-
fected for 3.25 hr, i.e., at a time when the rate of
viral RNA synthesis has reached its maximum and
become constant (7). Crude polymerase is
bound to RNA templates and, upon treatment
with detergents, can be recovered in association
with the replicative intermediate in the replication
complex (14). Therefore, it does not require
addition of exogenous viral RNA for further
nucleotide incorporation.
The experiments to be reported here were per-

formed with frozen crude extracts. It has been
reported that mengovirus RNA polymerase loses
its ability to synthesize viral RNA after freezing,
although it retains its ability to synthesize double-
stranded RNA (20). Therefore, it was necessary
to make sure that no change in the activity or
specificity of the poliovirus RNA polymerase
occurred after freezing and thawing and that the
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stored preparations behaved identically to freshly
made extracts (1, 4, 5).

Figure 1 shows the kinetics of uridine mono-
phosphate (UMP) incorporation in a standard
assay. Under the conditions employed, the opti-
mal temperature for incorporation was 36.4 C.
At this temperature, UMP incorporation pro-
ceeded at a constantly decreasing rate for at least
2.5 hr. Incorporation was slower at lower tem-
peratures and was inhibited by high temperatures.
Over a period of 6 weeks, samples from the same
frozen batch preparation showed less than a 10%
change in activity. Neither change in the overall
kinetics of UMP incorporation nor change in
the kinetics of synthesis of viral single- and
double-stranded RNA was detected (see below).
The omission of ATP or GTP, or both, re-

sulted in over a 90% decrease in UMP incorpora-
tion (Table 1). The reaction was markedly stimu-
lated by the addition of Mg+* (Table 1), but
above concentrations of 5 mm no further increase
in UMP incorporation was noted. It was also

mpmoles '4C UMP

-0.5

40 80 120
I I I

MINUTES

FIG. 1. Kinetics of UMP incorporation. Crude
RNA polymerase was incubated in a complete assay
system at the various temperatures indicated. Each
point represents the average acid-precipitable radio-
activity of duplicate 0.5-ml samples (zero-time values
substracted).

TABLE 1. Characteristics ofRNA polymerase assayr
Amt of
3H-UMP

Assay conditions incorporated
per mg of
proteinb

countslmin
Complete system (6.5 mm Mg+). 5 ,600
-ATP.......... 480
-ATP, -GTP..................... 300
0.5 mM Mgc...................... 1,300
1.5mMMg ................. 2,400
2.5mMMg ........................ 3,800
12.5mMMg ....................... 5,400

a Incubation was for 100 min at 36.4 C.
b Average values from duplicate samples.
¢ No magnesium added in the assay; since

polymerase buffer is 5 mm Mg++, crude extracts
contribute to 0.5 mm in the assay.

found that low concentrations of KCI had a
marked stimulatory effect on the in vitro reaction
(Fig. 2). In the absence of KCI, UMP incorpora-
tion halted after 30 to 40 min (curve A), whereas
in the presence of 40 mm KCI it continued for at
least another 2 hr (curve B). A similar effect of
KCI has been reported in the case of deoxyribo-
nucleic acid (DNA)-dependent RNA polymerase
(12, 22). However, whereas DNA-dependent
RNA polymerase is stimulated by 0.2 M KCI
(22), poliovirus RNA replicase is inhibited by
high KCI concentrations (curve C). In practice,
crude viral polymerase was stored in polymerase
buffer containing 0.4 M KCI and was diluted 1 to
10 in the assay.
The ability of frozen preparations to synthesize

viral single- and double-stranded RNA was com-
pared with that of freshly made extracts (1). For
this purpose, samples of a reaction mixture were
withdrawn after 15 and 40 min of incubation in
vitro and were deproteinized with phenol accord-
ing to method A. RNA was analyzed on sucrose
gradients (Fig. 3). Most of the label incorporated
during the first 15 min of incubation was found
in material sedimenting heterogeneously from
approximatively 16S to more than 50S, whereas
after 40 min of incubation there was a marked
peak of radioactivity at 35S, i.e., in the same
position as viral RNA (9). All radioactivity could
be hydrolyzed to acid-soluble material after 18
hr of incubation at 37 C in 0.3 N KOH. In another
series of experiments, in vitro labeled RNA was
deproteinized with SDS according to method B,
with essentially the same results as those shown
in Fig. 3.

Further evidence that the heterogeneous RNA
(15-min sample) behaves like in vivo labeled
replicative intermediate was obtained. Thus, it
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C. P. M. found to proceed at relatively constant rates for
more than 120 min, but single-stranded RNA was
synthesized approximately four times faster than

~7500 double-stranded RNA (not shown). As men-
B tioned earlier, these kinetics were the same

whether the crude RNA polymerase used had
been stored for 2 to 6 weeks in liquid nitrogen.

Pulse-chase experiment. Since the major in
vitro product of the crude RNA polymerase be-

,a00 haves like replicative intermediate after short
-5000 / periods of incubation but becomes viral RNA

after longer incubation periods, it follows that
the replicative intermediate is probably involved

SfA in the synthesis of viral RNA. Strong proof of the
intermediate role of the replicative intermediate
was obtained by a pulse-chase experiment.

C/z To enhance the sensitivity of the assay, condi-

-400

330 60 120I
e I I II 28s

MINUTES
FIG. 2. Stimulation by KCI of RNA polymerase

activity. An RNA polymerase crude extract was -300
prepared in polymerase buffer from which KCI had
been omitted. It was stored frozen for 10 days in
liquid nitrogen and then incubated in a complete assay
system with various concentrations of KCI. Curve
A, no KCI added; curve B, 30 mM KCI; curve C, >
200 mM KC1. Each point represents the average acid- D
precipitable radioactivity of duplicate 0.5-ml samples. 2

-200

was precipitated by 2 M LiCl and excluded when X16s
chromatographed on 2% beaded agarose (see ,)
pulse-chase experiment). Some 15% of this
LiCl-precipitable heterogeneous RNA was
ribonuclease-resistant. The ribonuclease-resistant
counts were distributed heterogeneously along 100
the gradient from approximatively 16S to 505
(Fig. 5). They represent the double-stranded
"core" of the replicative intermediate (6).
The radioactive material which sedimented as a

sharp peak at 35S in the 40-min sample was
ribonuclease-sensitive, LiCl-precipitable, and elu- L
ted as a broad peak from an agarose column. Its 0 20 30
behavior was indistinguishable from in vivo FRACTI 0N NUMBER
labeled poliovirus RNA.

In addition, label accumulated with time in FIG. 3. Sucrose gradient analysis of in vitro labeled
LiCl-soluble material. This material was com- RNA. RNA labeled in vitro was deproteinized by
pletely resistant to ribonuclease and sedimented method A and was analyzed by sucrose gradient sedi-
as.a sharp peak at about 18S (Fig. 7); therefore, mentation. Centrifugation was for 17.5 hr at 24,500at sadshrpleakstraboutRN

S(Fig. 7)hreoe ev/mmn and 22 C in ani SW 25.1 rotor of a Spinicoit iS double-stranded RNA (2). ultracentrifuge. Symbols: *, 15 min o.f incubation;
Synthesis of single-stranded 35S RNA and 0, 40 min of incubation. Arrows refer to the positions

synthesis of double-stranded 18S RNA were of various types of ribosomal RNA.
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tions were first sought which would slow down
the in vitro reaction. It was found that decreasing
the labeled UTP concentration in the assay mix-
ture to 5 AM led to a much slower incorporation
ofUMP (Fig. 4). Under these conditions, it takes
100 min for 1 mg of protein of crude extract to
catalyze the incorporation of 40 pmoles of UMP,
whereas under standard assay conditions (200
,UM UTP) this amount of UMP is incorporated in
less than 10 min. Figure 4 also shows that when
a 125-fold excess of cold UTP was added at 15.5
min, net incorporation of UMP immediately
ceased.
Samples from such an experiment were with-

drawn from the incubation mixture at various
times before and after addition of excess cold
UTP and were immediately deproteinized with

150

0-

I')

0
E
Ma
ML

100

50

50 100 150
MINUTES

FIG. 4. Kinetics of UMP incorporation under
"pulse-chase" conditions. Crude RNA polymerase
was incubated in a complete assay system, except
that the concentration of tritiated UTP (500,000
counts per min per nmole) was lowered to S MiM. Dupli-
cate 0.3-ml samples were withdrawn and precipitated
with trichloroacetic acid. After 15.5 min of incubation
(arrow), a 125-fold excess of unlabeled UTP was

added to a sample of the reaction mixture, and samp-
pling was continued for an additional 2 hr. Symbols:
0, continuous labeling; 0, chased sample.

SDS and precipitated with 2 M LiCl. Part of the
LiCl-precipitated RNA was analyzed on sucrose
gradients (Fig. 5). At 30 sec before the chase
(Fig. 5A), labeled RNA molecules were dis-
tributed in a heterogeneous fashion from approxi-
mately 15S to 60S, with no indication of a peak
in the position of viral RNA but rather a small
peak at about 25S. Such a sedimentation pattern
has been repeatedly observed with in vivo labeled
purified replicative intermediate (M. Girard, Bull.
Soc. Chim. Biol., in press). In addition, most of
the label was resistant to ribonuclease digestion
(hatched area). Figure 5B shows that, after 3 min
of chase, approximately 50% of the label was in
a broad 25S to 28S peak, whereas some of it was
beginning to accumulate in the position of viral
RNA. There was much less ribonuclease-resistant
labeled material than in sample A. Three minutes
later (Fig. 5C), a substantial amount of radio-

30 40 0 20 30 40
FRACTION' NUMBER

FIG. 5. Sucrose gradient analysis ofRNA labeled in
vitro after a chase. Samples from the experiment illu-
strated in Fig. 4 were withdrawn at various times before
and after addition of excess unlabeled UTP, and were
immediately deproteinized with SDS and precipitated
with 2 M LiCl by method B. Samples of the LiCl-pre-
cipitated material were analyzed by sucrose gradient
sedimentation for 16 hr at 22,500 rev/min and 22 C in
an SW 25.3 rotor of a Spinco L2 ultracentrifuge. One
half of each fraction from the gradients was directly
precipitated with trichloroacetic acid, whereas the other
half was first incubated in the presence of 50 ,ug of
pancreatic ribonuclease per ml for 35 min at room tem-
perature. (A) LiCI-precipitated RNA 0.5 min before
chase; (B) 3 min after chase; (C) 6 min after chase; (D)
20 min after chase. Hatched areas correspond to ribo-
nuclease-resistant labeled material. Symbols: *, total
acid-precipitable radioactivity; 0, ribonuclease-re-
sistant radioactivity.
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activity had accumulated in the position of viral C. P. M.
RNA, whereas the percentage of radioactivity
resistant to ribonuclease had decreased. Eventu-
ally, 20 min after the chase, the sedimentation
profile of the in vitro product of the RNA polym- l
erase was almost indistinguishable from in vivo 800
labeled poliovirus RNA, and very little ribonu-
clease-resistant labeled RNA remained (Fig. 5D).
Essentially the same results were obtained when
the LiCl-precipitable types of RNA were ana-
lyzed by exclusion chromatography on agarose
(Fig. 6). For brevity, only the first and last
samples are shown. Whereas over 90% of the
label was excluded from the agarose column at 600
the time when the chase was done (left panel),
this figure dropped to less than 20% after 20 min
of chase (right panel).

LiCl supernatant fluids from the same samples
were analyzed by sucrose gradient sedimentation
after ethyl alcohol precipitation (Fig. 7). At the
time when the chase was done, little if any label 400
was found in double-stranded RNA. Most of the
counts were found in material sedimenting faster
than double-stranded RNA; they probably repre-
sent a minor part of the replicative intermediate
which did not precipitate with 2 M LiCl. After
the chase, however, label accumulated in a sharp
peak at approximately 185. This material was
100% resistant to ribonuclease, but was com- 200
pletely hydrolyzed to acid solubility by 0.3 N
KOH. Therefore, it represents true double-
stranded RNA.

Radioactivity in the replicative intennediate,
viral RNA, and double-stranded RNA was

C P.M. C.P.M. L

3000 - 1500 10 20 30

FRACTION NUMIBER
FIG. 7. Accumulation of label in double-stranded

-2000 -1000 RNA. Samples of the LiCI-soluble material from the
experiment illustrated by Fig. 4 to 6 were precipitated
with ethyl alcohol and then centrifuged on 15 to 30%
sucrose gradients for 23 hr at 25,000 rev/min and 22 C
in an SW 25.3 rotor of a Spinco L2 ultracentrifuge.

-1000 500 Symbols: 0, 0.5 min before chase; *, 6 min after
chase; A, 20 min after chase.

\ corrected for optical density recoveries of riboso-
,______, __,__ mal RNA in each sample. The chase of radio-

10 20 30 40 50 10 20 30 40 50 active precursor was quite efficient, as judged
FRACTION NUMBER from the fact that the total amounts of radio-

FIG. 6. Exclusion chromatography analysis. Samples activity in the various samples never differed from
from the various LiCl-precipitable RNA shown in one another by more than 10%. Figure 8 shows
Fig. 5 were analyzed by exclusion chromatography on the distribution of label between the various
2% agarose. Left panel: 0.5 min before chase; right species of RNA as a function of time. At the time
panel: 20 min after chase. when the chase was done, a very large majority
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FIG. 8. Repartition of label between the various
species ofRNA after a chase. Radioactivity in 35S viral
RNA (0), double-stranded 18S RNA (@),total repli-
cative intermediate (A), and ribonuclease-resistant
portion of replicative intermediate (A) from the pulse-
chase experiment illustrated in Fig. 4 was computed
from the results in Fig. 5 to 7 and plotted as per cent of
total in function of time after chase.

of the counts were in replicative intermediate,
and most of them were in a form insensitive to
ribonuclease. When excess cold UTP was added,
radioactivity in the ribonuclease-resistant portion
of the replicative intermediate (labeled "RI core"
in Fig. 8) immediately started being chased out.
Radioactivity in the replicative intermediate then
decreased, whereas it progressively accumulated
in both single and double-stranded types of
RNA. Approximately 3.5 times more label ended
up in 35S viral RNA than in double-stranded
RNA. Since no detectable UMP incorporation
took place during the period of chase, it is con-

cluded that replicative intermediate is the pre-
cursor to poliovirus RNA.

DISCUSSION

The major in vitro product of crude poliovirus
RNA polymerase preparation is single-stranded
35S RNA, together with a minor amount of
double-stranded 18S RNA. After short periods of
incubation, however, the major product of the
polymerase is replicative intermediate. Such re-
sults are in agreement with the observations of
Plagemann and Swim (20), who described, in the
case of mengovirus RNA polymerase, the exis-
tence of a low-melting ribonuclease-resistant
RNA which was preferentially labeled after
short times of incubation in vitro and which
exhibited the essential characteristics of the
ribonuclease-resistant portion of replicative inter-
mediate. However, contrary to these authors, it
was found that RNA polymerase crude extracts

can be stored frozen for several weeks without
detectable alterations in their enzymatic activity
or specificity.
The preferential in vivo labeling of replicative

intermediate after short exposures of infected
cells to radioactive uridine previously led to the
suggestion that replicative intermediate is prob-
ably a precursor to viral RNA (6, 14). The prefer-
ential in vitro labeling of replicative intermediate
after short periods of incubation ofRNA polym-
erase with radioactive nucleoside triphosphates
strengthens this conclusion. Conclusive evidence
is found in the pulse-chase experiment reported
here (Fig. 8). In this experiment, the label in-
corporated into replicative intermediate was dis-
placed by the addition of excess unlabeled nucleo-
side triphosphate and appeared in completed viral
RNA molecules. It is, therefore, concluded that
replicative intermediate is the precursor to viral
RNA, as is also the case for bacteriophage Q#
(18).
There are two features of the pulse-chase

experiment which deserve some additional com-
ment: (i) the high percentage of ribonuclease
resistance in the replicative intermediate at the
beginning of the chase (Fig. 5A); and (ii) the
presence of an appreciable amount of label in
double-stranded RNA at the end of the chase
(Fig. 7 and 8).
The percentage of label which resists ribonu-

clease at the beginning of the chase (15.5 min of
labeling) is much higher than previously described
for replicative intermediate. This could be ac-
counted for by the very slow rate of the reaction
under the assay conditions used for the pulse
labeling. Most of the labeled UMP incorporated
at the end of the pulse would thus be confined to
the portions of the nascent chains of viral RNA
which are hydrogen-bonded to the RNA tem-
plate (Fig. 9). Synthesis of RNA then proceeding
in the presence of excess unlabeled UTP, the
labeled hydrogen-bonded regions would be dis-
placed from the template. The label therefore
would become ribonuclease-sensitive, although
still a part of the replicative intermediate (Fig. 5
and 8). It would eventually accumulate as free
viral RNA molecules. In support of this hypoth-
esis, it was found that the ribonuclease resist-
ance of the replicative intermediate varied ac-
cording to the length of the pulse labeling. Thus,
after 10 min of labeling, over 90% of the label
in the replicative intermediate was resistant to
ribonuclease, whereas after 30 min this figure
dropped to approximately 40%.
The appearance of label as double-stranded

RNA during the period of chase was an
unexpected result. It could be accounted for by
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an immediate utilization of some of the newly
synthesized viral RNA as templates for new com-
plementary RNA molecules. It could also be
explained by the following hypothesis, which is
illustrated by the diagram in Fig. 9: assuming that
there is no initiation of new RNA molecules in

1

2

3

4

5

FIG. 9. Model for the functioning of replicative
intermediate in vitro. In (1), replicative intermediate is
schematically representated as being made of five
nascent viral RNA molecules (open circles), hydrogen
bonded by their growing extremity to a complementary
RNA template (solid line). RNA polymerase is assumed
to be fixed to the complementary RNA molecule at the
growing point of each nascent chain but has not been
drawn on the diagram. In (2), upon in vitro incubation
with labeled nucleoside triphosphates, radioactivity
(closed circles) is incorporated into the growing strands
of viral RNA, which displace each other along the tem-
plate. Growth is then allowed in the presence of ex-

cess unlabeled nucleoside triphosphate. In (3), as

a consequence, the previously labeled portion of each
nascent chain is displaced from the hydrogen bonded
state. Once completed, the partially labeled viral RNA
molecules are releasedfrom the replicative intermediate
(panels 3 to 5). The last viral strand, however, is not re-

leased but remains hydrogen bonded to its template.
According to this hypothetical model, and as shown in
(5), the end products of the in vitro incubation are one

double-stranded RNA molecule to four single-stranded
ones. Symbols: open circles, unlabeled portions of viral
RNA strands; closed circles, labeled portions. Hori-
zontal bars correspond to hydrogen bonded regions.

the crude in vitro system, the last nascent RNA
chain on the replicative intermediate cannot be
displaced by the progression of a new one, but
remains hydrogen-bonded to its template. There-
fore, with time, the replicative intermediate be-
comes smaller and smaller and finally is left as a
double-stranded RNA molecule. It was previously
calculated that there are four to five nascent chains
ofRNA to the replicative intermediate (14). If the
above hypothesis is correct, there should there-
fore be three to four times more label in single-
stranded than in double-stranded RNA at the
end of the chase. The ratio found in the present
experiment is 3.5 (Fig. 8).

In vivo, double-stranded RNA has been ob-
served to accumulate in infected cells towards the
end of infection, and it was previously suggested
that it might then be a by-product of the replica-
tion process rather than a precursor (6). The
hypothesis outlined above could offer a model for
such a phenomenon. This implies the existence of
two types of double-stranded RNA in infected
cells, one being the immediate precursor to (18,
24, 25) and the other the "dead" form of the
replicative intermediate. One type results from the
synthesis of a new complementary strand on a
viral RNA template, whereas the other type is
formed upon completion of the last viral strand
on the complementary RNA molecule of a repli-
cative intermediate which stops functioning. The
validity of this hypothesis and the reasons for
the differences in the behavior of the two types of
double-stranded RNA are not known at the
present time. It is hoped that further insight into
the mechanisms of poliovirus RNA replication
will be gained through the use of purified RNA
polymerase preparations.
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