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The poliovirus RNA-dependent RNA polymerase was active on synthetic
homopolymeric RNA templates as well as on every natural RNA tested. The
polymerase copied polyadenylate * oligouridylate [oligo(U)], polycytidylate * oli-
goinosinate, and polyinosinate - oligocytidylate templates to about the
same extent. The observed activity on polyuridylate * oligoadenylate was about
fourfold less. Full-length copies of both poliovirion RNA and a wide variety of
other polyadenylated RNAs were synthesized by the polymerase in the presence
of oligo(U). Polymerase elongation rates on poliovirion RNA and a heterologous
RNA (squash mosaic virus RNA) were about the same. Changes in the Mg2+
concentration affected the elongation rates on both RNAs to the same extent.
With two non-polyadenylated RNAs (tobacco mosaic virus RNA and brome
mosaic virus RNA3), the results were different. The purified polymerase synthe-
sized a subgenomic-sized product RNA on brome mosaic virus RNA3 in the
presence of oligo(U). This product RNA appeared to initiate on oligo(U) hybrid-
ized to an internal oligoadenylate sequence in brome mosaic virus RNA3. No
oligo(U)-primed product was synthesized on tobacco mosaic virus RNA. When
partially purified polymerase was used in place of the completely purified enzyme,
some oligo(U)-independent activity was observed on the brome mosaic virus and
tobacco mosaic virus RNAs. The size of the product RNA from these reactions
suggested that at least some of the product RNA was full-sized and covalently
linked to the template RNA. Thus, the polymerase was found to copy many
different types of RNA and to make full-length copies of the RNAs tested.

A poliovirus RNA-dependent RNA polymer-
ase was isolated as a soluble and template-
dependent enzyme from the cytoplasm of infect-
ed cells (5, 8, 9, 11). A single virus-specific
protein, designated p63 (also NCVP4 [20] and
P3-4b [23]), was found to copurify with the
soluble polymerase as well as with the endoge-
nous RNA replication complex (9, 25). Similar
results have also been obtained with the foot-
and-mouth disease virus RNA polymerase (18).
In addition, several RNA-negative mutations
have been shown to map in the foot-and-mouth
disease virus RNA polymerase protein, p56a,
which appears to be the foot-and-mouth disease
virus equivalent to the poliovirus polymerase
protein, p63 (19).
Our previous characterization of the in vitro

product RNA synthesized by the poliovirus
polymerase was centered on reactions which
contained its native template, poliovirion RNA
(26). Virion RNA is a single-stranded RNA
molecule of positive polarity which has a 3'-
terminal polyadenylate [poly(A)] sequence and a

5'-terminal covalently attached protein, VPg
(10, 17). In reactions that required all four ribo-
nucleoside triphosphates, Mg2+, and
oligouridylate [oligo(U)], the purified polymer-
ase was shown to synthesize genome-sized
product RNA that was heteropolymeric, of neg-
ative polarity, and covalently attached to the
oligo(U) primer (26). The amount, size distribu-
tion, and rate of synthesis of the product RNA
were dependent on the Mg2+ concentration, pH,
and temperature of the in vitro reaction (26).
Under optimal conditions, predominately
genome-sized product RNA was synthesized by
the purified polymerase at an elongation rate of
about 1,200 nucleotides per min.
Dasgupta et al. (5) found that the poliovirus

polymerase was active on several different het-
eropolymeric RNAs in addition to poliovirion
RNA. They found that highly purified prepara-
tions of the polymerase were active on several
poly(A)-containing RNAs when oligo(U) or a
host-coded factor isolated from uninfected cells
was added to the in vitro reaction mixture (6). In
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addition, they reported that poly(A) * oligo(U)
was the only primed homopolymer that was
copied by the purified polymerase.

In this study, we have examined the ability of
the purified polymerase to copy RNA templates
other than poliovirion RNA and poly(A) and
have characterized the size of the resulting prod-
uct RNA after denaturation with CH3HgOH.
We found that the polymerase was able to copy
all homopolymeric and heteropolymeric tem-
plates tested. Under the appropriate reaction
conditions, the polymerase was shown to syn-
thesize full-sized product RNA when a variety
of polyadenylated heteropolymeric RNAs were
tested. Some polymerase activity was also de-
tected on two non-polyadenylated RNAs, and
the size of the product RNAs from these reac-
tions suggested that the product RNA was cova-
lently linked to the template RNA.

MATERIALS AND METHODS
Virus and cell culture. Suspension cultures of HeLa

S3 cells in Joklik's modified Eagle medium (GIBCO)
supplemented with 7% calf serum were maintained at 3
x 10' to 6 x 10' cells per ml. Cells were infected with
poliovirus type 1 (Mahoney strain) as previously de-
scribed (27).
Polymerase purification. Cytoplasmic extracts of in-

fected cells were prepared at 5 h postinfection with a
Dounce homogenizer. A high-speed (200,000 x g)
supernatant was prepared from a cytoplasmic extract,
fractionated with ammonium sulfate, and chromato-
graphed on phosphocellulose, Sephacryl S-200, and
hydroxylapatite as described previously (25). Poly-
merase activity was assayed at each purification step
with poly(A) * oligo(U) (25). The purified polymerase
was dialyzed against 50 mM Tris-hydrochloride (pH
8.0)-50%o glycerol-0.1 M KCl-2 mM dithiothreitol and
stored at -70°C. The purity of the polymerase was
analyzed by electrophoresis on a 10% polyacrylamide
gel containing sodium dodecyl sulfate (SDS) (16).
Protein bands were detected by a silver staining tech-
nique (21). p63 was the major protein band present and
represented about 80%o of the total protein detected in
the gel. The concentration of p63 present in the
purified polymerase was estimated by scanning the gel
with a Joyce-Loebl microdensitometer and comparing
the peak area for the polymerase with those for known
amounts of protein markers in the same gel. The
estimated concentration for p63 in the purified enzyme
was about 7 ,ug/ml.

In some experiments, partially purified polymerase
was used. In this case, the enzyme was taken after the
phosphocellulose step. The peak fraction of activity
that eluted from the phosphocellulose column was
divided into small aliquots that were stored at -70°C.

Polymerase reaction conditions. In reactions con-
taining homopolymeric templates, the reaction mix-
ture (60 p.l, final volume) contained 4 pl of purified
polymerase (about 35 ng of total protein), 2.5 p.g
of polyribonucleotide template, 1.25 ,ug of comple-
mentary oligoribonucleotide primer, the appropriate
3H-labeled ribonucleoside triphosphate at 13 or 50
p,M, 50 mM HEPES (N-2-hydroxyethylpiperazine-N'-

2'-ethanesulfonic acid), pH 8.0, 3 mM magnesium
acetate, and 10mM dithiothreitol. The homopolymeric
templates and primers were prepared for use as de-
scribed below. The labeled ribonucleoside triphos-
phates used in the reactions were [5-3H]CTP (24 Ci/
mmol; Amersham Corp.), [5,6-3H]UTP (25 Ci/mmol;
ICN), [8-3H]GTP (10 Ci/mmol; ICN), and [2,8-3H]ATP
(26 Ci/mmol; ICN). The reactions were run for 30 min
at 30°C and stopped by adding 1 ml of7% trichloroace-
tic acid, 2% sodium pyrophosphate, and 100 ,ug of
carrier RNA. Labeled product RNA was collected on
membrane filters (GN-6, 0.45 ,um; Gelman Sciences,
Inc.) and counted in 5 ml of Aquasol-2 scintillation
fluid (New England Nuclear Corp.) with a Beckman
LS7500 liquid scintillation counter.

In reactions for which heteropolymeric templates
were used, the reaction conditions were modified as
follows. The reaction mixture (30 p.l, final volume)
contained 2 ,ul of purified polymerase (about 18 ng of
total protein); 2 pg of template RNA; 0.05 p.g of
oligo(U)20; 15 ,uCi of [a-32P]GTP (410 Ci/mmol; Amer-
sham); 0.85 mM each ATP, CTP, and UTP; 42 mM
HEPES (pH 8.0); 3 mM magnesium acetate; and 8 mM
dithiothreitol. The reactions were normally run for 1 h
at 30°C. At the end of the reaction, the incorporation
of [32P]GMP into product RNA was measured by
placing a 5-p.l sample of each reaction mixture into
trichloroacetic acid and filtering as described above.
The remaining portion of the reaction mixture was
adjusted to 0.4 M sodium acetate, and three volumes
of cold 95% ethanol were added to precipitate the
labeled product RNA, which was collected by centrif-
ugation at 12,000 x g for 5 min. The product RNA was
analyzed by CH3HgOH-agarose gel electrophoresis
within 6 h after the reaction. Nuclease degradation
was avoided by treatment of solutions and reaction
tubes with diethylpyrocarbonate as described previ-
ously (26).

Preparation of homopolymeric templates and prim-
ers. The polyribonucleotides poly(A), polyinosinate
[poly(I)], polycytidylate [poly(C)], and polyuridylate
[poly(U)] were resuspended at 1 mg/ml in sterile water
and used without additional treatment. The oligoribo-
nucleotides oligoadenylate [oligo(A)1020], oligoinosin-
ate [oligo(I)10]20, oligocytidylate [oligo(C)1(.,20], and
oligo(U)1>20 were resuspended in 10 mM Tris-hydro-
chloride (pH 8.0)-120 mM NaCl at 2 mg/ml (as deter-
mined by absorbance at 260 nm) and treated with 2 U
(as defined by Bethesda Research Laboratories) of
bacterial alkaline phosphatase in a total volume of 25
p1 for 1 h at 37°C. SDS was added to the solution to a
final concentration of 1%, and the proteins were
removed by extraction with phenol-chloroform-isoa-
myl alcohol (25:24:1) as described previously (24). The
aqueous phase was adjusted to 0.4 M sodium acetate,
three volumes of cold 95% ethanol were added, and
the oligoribonucleotide was collected by centrifuga-
tion. The oligoribonucleotide precipitate was resus-
pended in sterile water at 1 mg/ml and stored at -20°C.
To ensure as much uniformity as possible, all homo-
polymers were obtained from the same source (Collab-
orative Research, Inc.).

Purification of plant virus RNAs. Squash mosaic
virus (SqMV) (ATCC PV36) was propagated in zucchi-
ni squash (Circubita pepo) and purified by a modifica-
tion of the method of Nelson and Knuhtsen (22)
developed by Hiebert and Purcifull (15). After acid
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clarification of the tissue homogenate at pH 5.0,
virions were precipitated with polyethylene glycol.
The middle and bottom nucleoproteins were separated
by centrifugation on a CsCl density gradient, and the
virions were dissociated by adding an equal volume of
a solution containing 200 mM ammonium carbonate
(pH 9.0), 2 mM EDTA, and 2% SDS (3). The dissociat-
ed virions were centrifuged on a sucrose gradient, and
the middle- and bottom-component RNAs were isolat-
ed from the 26S and 34S peaks on the gradient (15).
Cowpea severe mosaic virus (CpSMV) (Arkansas

isolate, ATCC PV273) was cultured in cowpea plants
(Vigna unguiculata L. Walp. var. "Knuckle Purple
Hull"). CpSMV was purified by a procedure similar to
that described for SqMV (15), except for the use of
sodium phosphate buffer (pH 7.0) during homogeniza-
tion and a 0.7 volume of chloroform-n-butanol (1:1)
for clarification. The middle- and bottom-component
RNAs were obtained from 26S and 34S peaks on a
sucrose gradient as described above for SqMV.
Tobacco etch virus (ATCC PV69) was cultured for 3

to 8 weeks in Nicotiana tabacum and then purified as
described previously (7). Filtered leaf tissue homoge-
nate was clarified with Triton X-100, and the virus was
precipitated with polyethylene glycol. The virus was
purified on a CsCI density gradient. The virions were
lysed and centrifuged on a sucrose gradient, and the
RNA was obtained from a 39S peak off the gradient
(7).
Tobacco mosaic virus (TMV) (common strain,

ATCC PV135) was cultured in Nicotiana tabacum.
TMV was purified as described previously (12), except
for a modification in the clarification step, in which a
0.6 volume of chloroform-n-butanol (1:1) was used
instead of 8% n-butanol. The virions were lysed, and
the RNA was isolated from a 32.5S peak after centrifu-
gation on a sucrose gradient.
Brome mosaic virus (BMV) (ATCC PV47), obtained

from M. K. Brakke, University of Nebraska, Lincoln,
was harvested from infected Moore barley (Hordeum
vulgare) approximately 1.5 weeks after inoculation.
After acid clarification of the homogenate at pH 4.7,
the virus was concentrated by polyethylene glycol
precipitation and two cycles of differential centrifuga-
tion. BMV RNA3 was obtained from a 14S peak after
centrifugation of dissociated virions on a sucrose
density gradient as described above for SqMV.

Purification of polyadenylated RNA from HeLa cells.
Polyadenylated RNA was isolated from cytoplasmic
extracts of uninfected HeLa cells. The cells (6.5 x 108)
were collected by centrifugation and resuspended in
ice-cold 1% Nonidet P-40-10 mM Tris-hydrochloride
(pH 8.0)-10 mM NaCl. The nuclei and other cellular
debris were removed by centrifugation at 5,000 x g for
5 min, and the resulting cytoplasmic extract was made
1% in SDS and extracted three times with an equal
volume of phenol-chloroform-isoamyl alcohol
(25:24:1) and three times with chloroform-isoamyl
alcohol (24:1). The RNA was precipitated from the
aqueous phase with ethanol, resuspended in high salt
buffer, bound to an oligodeoxythymidylate-cellulose
column, and eluted from the column in low salt buffer
as described previously (14). The polyadenylated
RNA was precipitated in ethanol and stored at -20°C.

Preparation of poliovirion RNA. Poliovirion RNA
was isolated from virions purified by CsCl equilibrium
density gradient centrifugation (4). The virus was

isolated from a cytoplasmic extract of infected HeLa
cells by centrifugation and suspended in 1 ml of 10 mM
Tris-hydrochloride (pH 7.5)-0.1 M NaCI-0.001 M
EDTA-0.5% SDS, 1 ml of 10%o Brij 35, plus a suffi-
cient amount of CsCl and the above buffer to give an
average density of 1.34 g/cm3 in a total volume of 9 ml.
The virus was banded in the gradient by centrifugation
at 40,000 rpm in a Beckman 50 Ti rotor for 15 h at
22°C. The band of virus made visible by light scatter-
ing was removed from the center of the gradient, and
the virus was collected by centrifugation. The virions
were disrupted, and the 35S viral RNA was purified by
centrifugation on a sucrose gradient as described pre-
viously (11).

Agarose gel electrophoresis. The size of the labeled
product RNA was analyzed by electrophoresis in 1%
agarose (high gelling temperature agarose; Miles Lab-
oratories, Inc.) gels containing 5 mM CH3HgOH (Al-
pha Products), using the method of Bailey and David-
son (2) and following the protocol previously
described (26). The product RNA was denatured for 10
min at 25°C in 15 mM CH3HgOH before electrophore-
sis to ensure complete denaturation of the labeled
product RNA. The samples were layered on the gel
and electrophoresed at 110 V for about 2.5 h. At the
end of the run, the gel was soaked for 30 min in 0.5 M
ammonium acetate containing 2 Fig of ethidium bro-
mide per ml, photographed, and dried. The dried gel
was exposed to Du Pont Cronex 4 X-ray film, using a
Dupont Lightning-Plus enhancing screen.

RESULTS
Polymerase activity on homopolymeric tem-

plates. The ability of the purified poliovirus
RNA polymerase to copy various types of RNA
was initially characterized by measuring its ac-
tivity on different primed homopolymers. The
activity of the polymerase on poly(U), poly(C),
and poly(I) was measured relative to its known
activity on poly(A). Activity on each template
was assayed in the presence of a complementary
primer and the appropriate 3H-labeled ribonu-
cleoside triphosphate. About the same level of
polymerase activity was found with each tem-
plate tested, except with poly(U), with which
the activity was at least fourfold lower (Table 1).
These results indicated that the polymerase was
able to copy each of the primed homopolymers
and that it showed no particular preference for
poly(A). This apparent lack of specificity for
poly(A) was further tested by measuring enzyme
activity on both poly(A) and poly(C) templates
at different enzyme concentrations (Table 2).
With both templates, the observed activity was
about the same and appeared to increase as an
exponential function of enzyme concentration.
We have no direct explanation for the non-
linearity of this reaction except to suggest that a
multisubunit form of the enzyme that copied the
homopolymeric RNAs more efficiently may
have formed at the higher enzyme concentra-
tions. In any event, it was clear that equivalent
levels of activity were observed with both RNAs
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TABLE 1. Polymerase activity on homopolymer
template primers

Labeled Substrate [3H]NMPTemplate Primer substrate concn incorporatedsbtae (ipM) (pmol)

Poly(A) Oligo(U) [3H]UTP 13 0.5
50 0.8

Poly(U) Oligo(A) [3H]ATP 13 0.1
50 0.2

Poly(C) Oligo(I) [3H]GTP 13 0.3
50 0.6

Poly(I) Oligo(C) [3H]CTP 13 0.6
50 1.0

and that the polymerase did not show any speci-
ficity for poly(A) under the conditions used in
this study.

Polymerase activity on cellular mRNAs. The
poliovirus RNA polymerase appears to specifi-
cally copy viral RNA in the cytoplasm of infect-
ed cells. It was therefore of interest to determine
whether the purified polymerase showed any
specificity for poliovirion RNA relative to HeLa
mRNA in the oligo(U)-primed reaction in vitro.
When poliovirion RNA was added to the in vitro
reaction, a significant amount of full-sized prod-
uct RNA was synthesized by the polymerase in
a 1-h reaction (26; Fig. 1B, lane 1; Fig. 2B, lane
1). When HeLa cytoplasmic polyadenylated
RNA was used in the reaction, a large amount of
labeled product RNA that was heterogeneous in
size was also synthesized by the polymerase
(Fig. 1B, lane 3). The majority of the product
RNA was smaller than an 18S rRNA marker, as
was the majority of the template RNA that was
detected by ethidium bromide staining (Fig. 1B,
lane 3; Fig. 1A, lane 3). Because of the heteroge-
neous size of the template RNA, it was not
possible to determine the size of the product
RNA relative to the template RNA being copied,

TABLE 2. Activity on poly(C) and poly(A)
templates as function of enzyme concentration

Polymerase Labeled [3HlNMP
concn Template Primer substrate incorporated(pLg/mI) (pmol)
0.3 Poly(A) Oligo(U) [3H]UTP 0.3
1.3 3.9
2.7 24

0.3 Poly(C) Oligo(I) [3H]GTP 0.3
1.3 3.9
2.7 23

FIG. 1. Electrophoresis of product RNA synthe-
sized by the poliovirus polymerase on polyadenlyated
RNA from uninfected HeLa cells. Product RNA was
synthesized in reactions that contained [a-32P]GTP,
oligo(U), and the phosphocellulose-purified polymer-
ase. The product RNA was denatured in 15 mM
CH3HgOH and electrophoresed on a 1% agarose gel
containing 5 mM CH3HgOH. (A) Photograph of the gel
stained with ethidium bromide. Lane 1, RNA recov-
ered from reaction containing poliovirion RNA tem-
plate; lane 2, labeled 18S rRNA marker; lane 3, RNA
recovered from reaction containing HeLa polyadenyl-
ated RNA template. (B) Autoradiogram of the same
gel.

FIG. 2. Electrophoresis of product RNA synthe-
sized by the poliovirus polymerase on rabbit globin
mRNA. Product RNA was synthesized in vitro in
reactions that contained [a-32P]GTP, oligo(U), and the
completely purified polymerase. The product RNA
was denatured and electrophoresed on a CH3HgOH
agarose gel as described in the legend to Fig. 1. (A)
Photograph of the gel stained with ethidium bromide.
Lane 1, RNA recovered from reaction containing
poliovirion RNA template; lane 2, RNA recovered
from reaction containing rabbit globin mRNA tem-
plate. (B) Autoradiogram of the same gel. The molecu-
lar weights (x 10-6) and the sedimentation coefficients
of the RNAs are shown on the left side of the photo-
graph in (A).
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FIG. 3. Characterization of product RNA synthesized by the polymerase on several polyadenylated plant
virus RNAs. Product RNA was synthesized in the presence of [a-32P]GTP, the completely purified polymerase,
and oligo(U) where indicated. The product RNA was denatured and electrophoresed on agarose gels containing
CH3HgOH as described in the legend to Fig. 1. (A) Photograph of the gel stained with ethidium bromide. Lane 0,
HeLa cytoplasmic RNA marker. The remaining lanes contained the RNA recovered from reactions containing
poliovirion RNA (lane 1), SqMV middle-component RNA (lane 2), SqMV bottom-component RNA (lane 3),
tobacco etch virus RNA (lane 4), CpSMV middle-component RNA (lane 5), and CpSMV bottom-component
RNA (lane 6). The CpSMV bottom-component RNA was apparently contaminated with some CpSMV middle-
component RNA. (B) Autoradiogram of the same gel. Product RNA was synthesized in the presence of oligo(U).
(C) Autoradiogram of a similar gel containing RNA recovered from the same reactions in which oligo(U) was not
added. The molecular weights (x 10-6) of the various RNAs are shown on the left side of (A).

but it was clear that the polymerase showed little
specificity for virion RNA in this reaction. To
determine whether the polymerase would syn-
thesize a complete copy of a cellular mRNA,
rabbit globin mRNA (Mr = 2 x 105) was used as
a template. In this case, it was clear that a
significant amount of the labeled product RNA
from a 1-h reaction was full-sized (Fig. 2). Thus,
the polymerase efficiently copied HeLa mRNA
and synthesized full-sized copies of globin
mRNA in vitro.

Polyadenylated plant virus RNA templates. To
characterize the product RNA synthesized by
the polymerase on other polyadenylated RNAs,
we used virion RNAs from three plant viruses,
tobacco etch virus, CpSMV, and SqMV. All
three RNAs contain a 3'-terminal poly(A) se-
quence and a 5'-terminal covalently linked pro-
tein similar to VPg (7, 15, 22). The poliovirus
polymerase was active on each of the plant virus
RNAs tested in the presence of added oligo(U)
(Fig. 3). As with poliovirion RNA, the purified
polymerase did not synthesize detectable
amounts of product RNA in the absence of
oligo(U) (Fig. 3C). In the presence of oligo(U),
some full-sized product RNA was synthesized
on each plant virus RNA (Fig. 3B). The poly-
merase appeared to show some preference for
poliovirion RNA, since the largest amount of
labeled product RNA was recovered from reac-
tions containing poliovirion RNA. The polymer-
ase also appeared to show some specificity for
SqMV middle-component RNA (Mr = 1.4 x 106)
over SqMV bottom-component RNA (Mr = 2.0

x 106) (Fig. 3B, lanes 2 and 3). This was also
observed for the middle- and bottom-component
RNAs from CpSMV (Fig. 3B, lanes 5 and 6).
Although some template specificity was ob-
served, the polymerase was able to make com-
plete copies of each template tested.

Elongation rates on poliovirion and SqMV
RNA. The above results showed that the poly-
merase would efficiently copy several different
polyadenylated RNAs. To determine whether
the polymerase would copy a heterologous RNA
and poliovirion RNA at the same elongation
rate, we measured the elongation rate for the
polymerase reaction with poliovirion RNA and
SqMV middle-component RNA. The size of the
product RNA was determined as a function of
time for the reactions with both templates (Fig.
4). Elongation rates were determined by taking
the slope of the line obtained by plotting the size
of the largest product RNA present at each time
point (see Fig. 4 and reference 26 for additional
details). The elongation rates obtained were
similar for both RNAs (Table 3). These results
suggested that the elongation rates for the in
vitro polymerase reaction were independent of
the template used. The changes in the elongation
rates caused by changes in the Mg2+ concentra-
tion also appeared to be independent of the
template used (Table 3).

Non-polyadenylated RNA templates. To exam-
ine the activity of the polymerase on RNAs not
containing a 3'-terminal poly(A) sequence, we
used virion RNA from TMV (Mr = 2.1 x 106)
and BMV. Four types of RNA can be isolated
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FIG. 4. Effect of reaction time on the synth
product RNA, using SqMV middle-component
and poliovirion RNA templates. At the times ii
ed, product RNA was isolated from reactions c(
ing [a-32P]GTP, oligo(U), and the completely p
polymerase. The size of the product RNA at eac
point was then determined by CH3HgOH-agar(
electrophoresis. (A) Autoradiogram of the gel c(
ing product RNA recovered from reactions with
virion RNA template. (B) Autoradiogram of gc
taining product RNA recovered from reaction
SqMV middle-component RNA template. TI
proximate length in nucleotides of the largest p
RNA detected at each time point is shown fo
template. These values were calculated from th
tion of three marker RNAs (poliovirion RNA,
middle-component RNA, 18S rRNA) detected b
dium bromide staining (data not shown).

from purified BMV. In this study, only
RNA3 (Mr = 0.7 x 106) was used as a tem
Both BMV and TMV RNAs are known to
tRNA-like secondary structures at their 3'
(1, 13).
When TMV RNA was used as a template

our most purified preparations of the pol1
ase, no labeled product RNA was detect
our gels in the presence or absence of E
oligo(U) (Fig. SC, lanes 3 and 6). When
RNA3 was used in the reaction, a bat
labeled product RNA was observed that h
apparent molecular weight of 0.5 x 106 (Fii
lane 2). This product RNA was signific
smaller than BMV RNA3 (Fig. 5A, lane 2
was synthesized only in the presence of E
oligo(U) (Fig. 5C, lanes 2 and 4). BMV RN
known to have an internal oligo(A)20 seqi
that is 876 nucleotides from its 3'-end (1)
poliovirus polymerase apparently used the
nal oligo(A) sequence as an initiation site
the oligo(U) primer to copy the 5' porti
BMV RNA3. With poliovirion RNA, the
pletely purified polymerase synthesized
sized product RNA only when oligo(U)
added to the reaction (Fig. SC, lanes 1 an(
When a partially purified preparation c

poliovirus polymerase was used instead of the
completely purified enzyme, the results ob-
tained with BMV and TMV RNA were different.
For these experiments, the polymerase was pu-
rified through the phosphocellulose step, but the
last two steps in the normal protocol were
deleted (see Materials and Methods). In the
presence of oligo(U), the subgenomic-sized
product RNA was again synthesized on BMV
RNA3 (Fig. SB, lane 2). In the absence of
oligo(U), the partially purified polymerase was
also active on both BMV RNA3 and TMV RNA
(Fig. 5B, lanes 5 and 6). The largest of the
labeled product RNAs isolated from these reac-

esis of
tions, however, were larger than the template
RNAs. The BMV RNA3 product (Mr = 1.5 x

iRNA 106) and the TMV RNA product (Mr = 3.2 x
ntain- 106) were both about twice the size of the

)urified template RNAs. This result suggested that the
h time product RNA from these reactions may be cova-
ase gel lently linked to the template RNAs. Additional
)ntain- studies are required to investigate this possibili-
Polio- ty. With poliovirion RNA, the partially purified

el con- polymerase appeared to require oligo(U) for
is with activity (Fig. 5B, lanes 1 and 4). In several other
roduct experiments, however, small amounts of prod-
,r each uct RNA were synthesized by the polymerase inreach the absence of added oligo(U). It has been
SqMV possible to increase the amount of product RNA
by ethi- synthesized by the partially purified polymerase

in the absence of oligo(U) by modifying the in
vitro reaction conditions (D. C. Young and J. B.
Flanegan, unpublished data). Studies are now

BMV under way to optimize the conditions for this
iplate. reaction and to characterize the labeled product
have RNA synthesized in the absence of oligo(U).
-ends

DISCUSSION
with The poliovirus RNA-dependent RNA poly-

ymer- merase was shown in a previous study to make
ted in predominately full-sized copies of poliovirion
added
BMV
nd of TABLE 3. Elongation rates on poliovirus and
lad an SqMV RNAs
g. SC,
.antly
!) and
added
IA3 is
uence
I. The
inter-
with

on of
com-
full-
was

d 4).
f the

Template Mg2+ Elongation rate

RNA (MM) (nucleotides
per min)a

Polio 3 220 (210)
7 504 (610)

SqMVm 3 230
7 635

a The elongation rates were determined at 30°C on
poliovirion RNA and SqMV middle-component RNA.
The rates at 3 mM Mg2+ were calculated from the data
shown in Fig. 4. The rates at 7 mM Mg2+ were
determined with data from a similar experiment (data
not shown). The values in parentheses for poliovirus
RNA were previously reported (26).
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FIG. 5. Characterization of product RNA synthesized by the polymerase on two non-polyadenylated plant
virus RNAs. Product RNA was synthesized in the presence of [a-32P]GTP and oligo(U) where indicated. The
size of the product RNA was determined by CH3HgOH-agarose gel electrophoresis. (A) Photograph of the gel
stained with ethidium bromide. Lane 0 contained HeLa cytoplasmic RNA marker. The remaining lanes
contained RNA recovered from reactions containing poliovirion RNA template (lane 1), BMV RNA3 template
(lane 2), and TMV RNA template (lane 3). (B) Autoradiogram of the same gel. Product RNA was synthesized by
the phosphoceliulose-purified polymerase in the presence (lanes 1 through 3) or absence (lanes 4 through 6) of
oligo(U). (C) Same as (B), except completely purified polymerase was used in these reactions. The approximate
molecular weights (x 10-6) for various positions in the gel are shown in (A) and (C).

RNA in vitro when oligo(U) was used as a
primer (26). In this study, we found that the
polymerase would copy many other RNA tem-
plates. Characterization of the product from
these reactions showed that the polymerase was
able to make full-sized copies of the RNAs
tested.

All primed homopolymeric RNAs tested in
this study were copied by the poliovirus poly-
merase. Although the activity observed with
poly(U) * oligo(A) was about fourfold lower
than that observed with the other primed homo-
polymers, a significant level of activity was seen
in all cases. This differs from the results reported
by Dasgupta et al. (6), and we have no direct
explanation for this difference. It is possible,
however, that we fortuitously obtained a more
uniform set of homopolymers that were all cop-
ied to about the same extent by the poliovirus
polymerase. In any event, our results suggest
that the polymerase was not specific for poly(A)
templates and was able to copy other primed
homopolymers.
The polymerase was able to copy a wide

variety of polyadenylated RNAs, including
HeLa mRNA, rabbit globin mRNA, and virion
RNAs from CpSMV, SqMV, and tobacco etch
virus. With each template, the purified polymer-
ase required oligo(U) for activity. Characteriza-
tion of the product RNA by gel electrophoresis
after denaturation with CH3HgOH showed that
a significant amount of full-sized product RNA
was produced on each polyadenylated RNA.
The poliovirus polymerase should prove useful
in making full-sized labeled cRNAs for a wide
variety of polyadenylated RNAs. This may be

useful for RNA templates for which the synthe-
sis of full-sized cDNA has not been possible.

In a previous study, we examined the elonga-
tion rate of the in vitro polymerase reaction on
poliovirion RNA (26). The elongation rate was
found to be very dependent on the in vitro
reaction conditions and, in particular, on the
Mg2+ concentration. The results presented in
this study showed that the elongation rates of
SqMV middle-component RNA were similar to
those on poliovirion RNA. In addition, changes
in the Mg2+ concentration changed the elonga-
tion rates in a fashion similar to that observed on
poliovirion RNA. These data suggest that the
absolute value of the elongation rate as well as
the changes in the elongation rates observed
with changes in Mg2+ concentration are inde-
pendent of the RNA template being copied by
the polymerase.
Two different types of product RNA were

synthesized by the polymerase when BMV
RNA3 and TMV RNA were used as templates.
Both of these template RNAs are known to lack
a 3'-terminal poly(A) sequence. Our highly puri-
fied poliovirus polymerase was inactive on both
of these RNAs in the absence of oligo(U). When
oligo(U) was added to the reaction, the polymer-
ase was able to copy BMV RNA3 to produce a
subgenomic-sized product RNA. The synthesis
of this RNA appears to initiate on the internal
oligo(A) sequence known to be present in BMV
RNA3 (1). This oligo(A) sequence is also known
to be a strong initiation site for oligodeoxythymi-
dylate-primed DNA synthesis with retrovirus
reverse transcriptase (1). Only trace amounts of
product RNA were detected when oligo(U) was
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deleted from the reaction. With partially purified
preparations of the polymerase, however, prod-
uct RNA was synthesized on both the BMV and
TMV RNAs. The largest RNA from these reac-
tions was about twice the size of the template
RNA. One possibility suggested by this result is
that the polymerase used the 3'-end of the
template RNA as a primer, resulting in the
covalent linkage of the product RNA to the
template RNA. Both BMV RNA3 and TMV
RNA are known to have 3'-terminal secondary
structures that are similar to those found in
tRNA (13). This secondary structure may allow
the polymerase to use the 3'-ends of these RNAs
as primers. Because the completely purified
polymerase was inactive on these templates, it
appears that an additional factor(s) may be re-
quired to initiate RNA synthesis on these tem-
plates. We have not yet identified this factor(s),
but we have recently observed that partially
purified preparations of the host factor originally
described by Dasgupta et al. (6) will stimulate
our most purified preparations of the polymer-
ase to carry out the synthesis of the double-sized
product on both BMV RNA3 and TMV RNA
(unpublished data). These observations may
have important implications concerning the
mechanism of replication of these plant virus
RNAs. It also raises interesting questions about
the mechanism of poliovirus RNA replication,
since the host factor appears to stimulate the
initiation of RNA synthesis by the poliovirus
polymerase on poliovirion RNA (6).

ACKNOWLEDGMENTS
We thank Connie Young for preparing the host factor

protein used in this study and Concepta Clifford for her
technical assistance.
This work was supported in part by National Science

Foundation grant PCM-7813225 and by Public Health Service
grant A115539 from the National Institute of Allergy and
Infectious Disease.

LITERATURE CITED
1. Ahlquist, P., R. Dasgupta, and P. Kaesberg. 1981. Near

identity of 3' RNA secondary structure in bromoviruses
and cucumber mosaic virus. Cell 23:183-189.

2. Bailey, J. M., and N. Davidson. 1976. Methylmercury as a
reversible denaturing agent for agarose gel electrophore-
sis. Anal. Biochem. 70:75-85.

3. Brakke, M. K., and N. Van Pelt. 1970. Linear-log gradient
for estimating sedimentation coefficients of plant viruses
and nucleic acids. Anal. Biochem. 38:56-64.

4. Cole, C. N., D. Smoler, E. Wimmer, and D. Baltimore.
1971. Defective interfering particles of poliovirus. J.
Virol. 7:478-485.

5. Dasgupta, A., M. H. Baron, and D. Baltimore. 1979.
Poliovirus replicase: a soluble enzyme able to initiate
copying of poliovirus RNA. Proc. Nati. Acad. Sci. U.S.A.
76:2679-2683.

6. Dasgupta, A., P. Zabel, and D. Baltimore. 1980. Depen-
dence of the activity of the poliovirus replicase on a host
cell protein. Cell 19:423-429.

7. Dougherty, W. G., and E. Hiebert. 1980. Translation of
Potyvirus RNA in a rabbit reticulocyte lysate: reaction
conditions and identification of capsid protein as one of
the products on in vitro translation of tobacco etch and
pepper mottle viral mRNAs. Virology 101:466-474.

8. Flanegan, J. B., and D. Baltimore. 1977. Poliovirus-specif-
ic primer-dependent RNA polymerase able to copy poly
(A). Proc. Natl. Acad. Sci. U.S.A. 74:3677-3680.

9. Flanegan, J. B., and D. Baltimore. 1979. Poliovirus polyur-
idylic acid polymerase and RNA replicase have the same
viral polypeptide. J. Virol. 29:352-360.

10. Flanegan, J. B., R. F. Petterson, V. Ambros, M. J.
Hewlett, and D. Baltimore. 1977. Covalent linkage of a
protein to a defined nucleotide sequence at the 5'-termi-
nus of virion and replicative intermediate RNAs of polio-
virus. Proc. NatI. Acad. Sci. U.S.A. 79:961-965.

11. Flanegan, J. B., and T. Van Dyke. 1979. Isolation of a
soluble and template dependent poliovirus RNA polymer-
ase that copies virion RNA in vitro. J. Virol. 32:155-161.

12. Gooding, G. V., Jr., and T. T. Hebert. 1967. A simple
technique for purification of tobacco mosaic virus in large
quantities. Phytopathology 57:1285.

13. Hall, T. C. 1979. Transfer RNA-like structures in viral
genomes. Int. Rev. Cytol. 60:1-26.

14. Hewlett, M. J., J. K. Rose, and D. Baltimore. 1976. 5'-
terminal structure of poliovirus polyribosomal RNA is
pUp. Proc. Nat]. Acad. Sci. U.S.A. 73:327-330.

15. Hiebert, E., and D. E. Purcifull. 1981. Mapping of the two
coat protein genes on the middle RNA component of
squash mosaic virus (Comovirus group). Virology
113:630-636.

16. Laemmli, U. K. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature (London) 227:680-685.

17. Lee, Y. F., A. Nomoto, B. M. Detjin, and E. Wimmer.
1977. A protein covalently linked to poliovirus genome
RNA. Proc. NatI. Acad. Sci. U.S.A. 72:4157-4161.

18. Lowe, P. A., and F. Brown. 1981. Isolation of a soluble
and template-dependent foot-and-mouth disease virus
RNA polymerase. Virology 111:23-32.

19. Lowe, P. A., and F. Brown. 1981. Temperature-sensitive
RNA polymerase mutants of a picornavirus. Proc. Natl.
Acad. Sci. U.S.A. 78:4448-4452.

20. Lundquist, R. E., E. Ehrenfeld, and J. V. Maizel, Jr. 1974.
Isolation of a viral polypeptide associated with poliovirus
RNA polymerase. Proc. Nati. Acad. Sci. U.S.A. 71:4473-
4777.

21. Merril, Carl R., D. Goldman, S. A. Sedman, and M. H.
Ebert. 1980. Ultrasensitive stain for proteins in polyacryl-
amide gels shows regional variation in cerebrospinal fluid
proteins. Science 211:1437-1438.

22. Nelson, M. R., and H. K. Knuhtsen. 1973. Squash mosaic
virus variability: review and serological comparisons of
six biotypes. Phytopathology 63:920-926.

23. Semler, B. L., C. W. Anderson, N. Kitamura, P. G.
Rothberg, W. L. Wishart, and E. Wimmer. 1981. Poliovi-
rus replication proteins: RNA sequence encoding P3-lb
and the sites of proteolytic processing. Proc. Natl. Acad.
Sci. U.S.A. 78:3464-3468.

24. Spector, D. H., and D. Baltimore. 1975. Polyadenylic acid
on poliovirus RNA. II. Poly(A) on intracellular RNAs. J.
Virol. 15:1418-1431.

25. Van Dyke, T. A., and J. B. Flanegan. 1980. Identification
of poliovirus polypeptide p63 as a soluble RNA-depen-
dent RNA polymerase. J. Virol. 35:732-740.

26. Van Dyke, T. A., R. J. Rickles, and J. B. Flanegan. 1982.
Genome-length copies of poliovirion RNA are synthe-
sized in vitro by the poliovirus RNA dependent RNA
polymerase. J. Biol. Chem. 257:4610-4617.

27. ViUla-Komaroff, L., M. McDoweUl, D. Baltimore, and H.
Lodish. 1974. Translation of reovirus mRNA, poliovirus
RNA, and bacteriophage QB RNA in cell-free extracts of
mammalian ceUls. Methods Enzymol. 30F:709-723.

J. VIROL.


