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The poliovirus RNA polymerase, 3DPOI, was used to synthesize RNA in vitro in the presence of a host factor
preparation from uninfected HeLa cells and poliovirion RNA as the template. The transcription products
included molecules approximately twice the length of the template, apparently resulting from hairpin
formation and template-directed elongation, as previously reported (D. C. Young, D. M. Tuschall, and J. B.
Flanegan, J. Virol. 54:256-264, 1985). Other polyadenylated template RNAs also yielded products that were
twice the length of the template. The polarity of the products synthesized from plus-strand poliovirus RNA
template was analyzed by Southern blotting using labeled product RNA to probe single-stranded poliovirus
DNAs cloned into M13 vectors. The results demonstrated that host factor-mediated polymerase products
contain newly synthesized plus-strand sequences as well as the expected minus-strand sequences. Polymerase
products primed with oligo(U) were all of minus-strand polarity.

RNA-dependent RNA synthesis is a reaction required
only of RNA-containing viruses. The biochemistry of this
reaction is not well understood for any virus, although it is
central to the process of genome replication. Poliovirus
contains a single-stranded RNA genome of positive polarity
that replicates in the cytoplasm of infected cells (21). It is
7,433 nucleotides long and is polyadenylated on its 3' end
(19, 30). A small protein called VPg is covalently attached to
the 5' end of the RNA; however, it is not known whether
VPg serves as a primer for RNA synthesis or is added after
synthesis has begun (17, 20).

In infected HeLa cells, poliovirus RNA synthesis occurs
in a replication complex associated with membranous struc-
tures (7, 14, 34). A single viral polypeptide, 3DP01 (formerly
NCVP4, 4b, or p63), was shown to be purified with the
polymerase activity (15, 22). Efforts to develop a soluble in
vitro poliovirus RNA replication system that was dependent
on exogenous template resulted in the purification of 3D1)"
(11, 16, 18, 36). This viral polypeptide catalyzed the synthe-
sis ofRNA complementary to poliovirus RNA template, but
it required the addition of an oligo(U) primer (5, 18, 37).
Synthetic oligo(U) can also serve as a primer for other
polyadenylated RNA templates (35, 36). A host factor (HF)
has been purified from uninfected HeLa cells or from rabbit
reticulocytes, which substitutes for the oligo(U) primer,
thereby allowing 3DPOI to initiate RNA synthesis directed by
poliovirus RNA (4, 10-13).

Several reports describe the products of the HF-poly-
merase reaction as complementary (minus) strands, the
largest of which are equal in length to the plus-strand virion
RNA used as the template (5, 10). At least some of these
products appear to be covalently linked to a polypeptide that
is antigenically related to VPg (28, 29), and anti-VPg anti-
bodies have been shown to inhibit the HF-polymerase reac-
tion, but not the oligo(U)-primed reaction (3, 26). The source
of the VPg donor in these reactions is thought to be a
contaminant in the preparation of 3DPOl but has not been
identified.
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More recently, Young et al. (38) described the products of
their HF-polymerase reaction as minus-strand sequences
covalently linked to the template RNA, presumably synthe-
sized by a self-priming hairpin mechanism induced by HF.
The resulting products are up to twice as long as the
template. The reasons for the differences in the products
synthesized in different laboratories are as yet unclear, but
they may be attributable to the purities of both the polymer-
ase and HF preparations and the undefined biochemical
roles of all of the components in the reaction.
Morrow et al. (27) reported that HF is copurified with a

protein kinase activity, but the mechanism of involvement of
protein phosphorylation with RNA synthesis is unclear.
Andrews et al. (1) have described a uridylyl transferase
activity in highly purified preparations of HF and suggested
that the addition of a small number of uridylate residues to
the polyadenylated 3' end of the poliovirus RNA template
would permit formation of a hairpin sufficient to allow
self-priming and production of the dimer-length products.

In this report, we confirm the synthesis of poliovirus RNA
products larger than the template that appear to result from
a template self-priming mechanism as previously described
(38). A highly purified viral 3DPOl and a relatively crude HF
preparation were used. Globin mRNA, when used as the
template, also yielded products approximately twice the
length of the template. In addition, the polarity of the
products was analyzed by hybridization to single-stranded
M13 DNA containing poliovirus DNA inserts. These exper-
iments showed that HF-primed products contain newly
synthesized plus-strand sequences as well as minus strands.
Conversely, oligo(U)-primed products are all of minus-
strand polarity, as predicted.

MATERIALS AND METHODS

Materials. Unless otherwise stated, all chemicals were
purchased from Sigma Chemical Co., St. Louis, Mo.
Agarose, globin mRNA, and restriction enzymes were from
Bethesda Research Laboratories, Inc., Gaithersburg, Md.
Oligo(U) was from Collaborative Research, Inc., Waltham,
Mass. DEAE-Sephacel, Sephacryl S200, and Sephadex G25
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were from Pharmacia Fine Chemicals, Piscataway, N.J.
Phosphocellulose was from Whatman, Inc., Clifton, N.J. All
radioisotopes were from New England Nuclear Corp.,
Boston, Mass. Methyl mercury hydroxide was from Alpha
Products, Danvers, Mass. Nitrocellulose BA85 was from
Schleicher & Schuell, Inc., Keene, N.H. Seal-A-Meal bags
were from Dazey, Industrial Airport, Kans.

Cells and virus. Growth of HeLa S3 cells and purification
of the Mahoney strain of poliovirus type I has been previ-
ously described (8).

Preparation of RNA. Poliovirus RNA was prepared from
virions dialyzed against TNE (10 mM Tris hydrochloride
[pH 8.3], 0.15 M NaCl, 5 mM EDTA). The suspension was
extracted twice with TNE-saturated phenol at room temper-
ature. The aqueous phase was collected and adjusted to 0.2
M sodium acetate, and poliovirus RNA was precipitated
with 2 volumes of ethanol at -20°C overnight. After collec-
tion by centrifugation at 16,000 x g at 0°C for 30 min, RNA
was dissolved in sterile water and stored at a concentration
of 1 mg/ml. The RNA was used directly or adjusted to 10 mM
Tris hydrochloride (pH 7.4)-0.1% sodium dodecyl sulfate
(SDS)-200 jig of pronase per ml and incubated at 37°C for 1
h. The pronase-treated RNA was again extracted with phe-
nol and precipitated with ethanol as described above. Both
pronase-treated and untreated RNAs behaved identically for
the experiments described below.

Purification of poliovirus polymerase. The polymerase
preparation was as previously described (36) with the omis-
sion of the final hydroxylapatite column. Briefly, 1.5 x 109
HeLa cells were infected with the Mahoney strain of
poliovirus type 1 at a multiplicity of infection of 100 PFU/cell
for 5 h. The cells were collected, washed, suspended in 20 ml
of RSB (10 mM Tris hydrochloride [pH 7.4], 10 mM NaCl,
1.5 mM MgCl2), and disrupted by Dounce homogenization.
Nuclei were removed by centrifugation at 9,000 x g for 5
min. A high-speed supernatant was prepared from the cyto-
plasmic extract by centrifugation at 200,000 x g for 2 h at
4°C. A solution of saturated ammonium sulfate was added to
achieve 35% saturation, and the mixture was incubated on
ice for 20 min with stirring followed by 20 min without
stirring. The precipitate was collected by centrifugation at
10,000 x g for 20 min and then dissolved in 20 ml of TB-1
buffer (50 mM Tris hydrochloride [pH 8.0], 20% glycerol,
0.1% Nonidet P-40, 2 mM dithiothreitol, 10 jig of bovine
serum albumin per ml) prior to application to a phospho-
cellulose column (1 by 6 cm) as prepared by Burgess (6). The
column was previously equilibrated with TB-1 buffer at a
flow rate of 20 ml/h. After loading, the column was washed
with 40 ml of TB-1 and eluted with a 40 ml of 0 to 0.5 M KCl
gradient in TB-1. Fractions were assayed for
poly(A)-oligo(U)-dependent poly(U) polymerase activity as
described below. Active fractions (8 to 10 ml) were pooled
and dialyzed against 4 liters of TB-1 overnight at 4°C and
then concentrated three- to fourfold against solid sucrose
and applied to a Sephacryl S-200 column (1 by 80 cm)
equilibrated in TB-1 with 0.2 M KCI. The column was eluted
with the same buffer, and active fractions were pooled and
dialyzed against TB-2 buffer (50 mM Tris hydrochloride [pH
8.0], 50% glycerol, 2 mM dithiothreitol, 0.1 M KCl). The
enzyme was stored in aliquots at -70°C and showed little
loss in activity even after 1 year of storage.

Purification of HF. The purification of HF was adapted
from Baron and Baltimore (4). Uninfected HeLa cells (4 x
109) were washed in phosphate-buffered saline and sus-
pended in 60 ml of buffer I (10 mM HEPES [N-2-hy-
droxyethylpiperazine-N'-2-ethanesulfonic acid; pH 8.0], 15

mM NaCl, 1.5 mM MgCl2, 5 mM 2-mercaptoethanol, 5 mM
phenylmethylsulfonyl fluoride). The cells were allowed to
swell at 0°C for 10 min before disruption by Dounce homog-
enization. Nuclei and membranes were removed by centrif-
ugation at 27,000 x g for 3 min. A high-speed cytoplasmic
supernatant (S130) was prepared by centrifugation at 130,000
x g for 2 h at 4°C. Pulverized ammonium sulfate was added
to the S130 with stirring for 30 min, and the 40 to 60%
saturated fractional precipitate was allowed to stir for an
additional 30 min at 4°C. The precipitate was collected by
centrifugation at 20,000 x g for 15 min, suspended in buffer
A (20 mM HEPES [pH 8.0], 50 mM KCl, 5% glycerol, 0.1
mM EDTA, 5 mM 2-mercaptoethanol) and dialyzed over-
night against 4 liters of buffer A with one change. The
material was chromatographed on a DEAE-Sephacel column
(1.5 by 20 cm) equilibrated in buffer A. The column was
washed with 140 ml of buffer A before elution with a 100-ml
0 to 0.5 M KCI gradient in buffer A. The flow rate was
maintained at 20 ml/h. Fractions were assayed for HF
activity as described below, and active fractions were pooled
and dialyzed against 4 liters of buffer A. The HF was stored
frozen at -70°C and was stable for at least 6 months.

Polymerase assay conditions. The polymerase was assayed
under three different conditions, either as a poly(U) poly-
merase, an oligo(U)-dependent RNA transcriptase, or an
HF-dependent RNA transcriptase. Reaction conditions were
identical in all three cases and varied only in the added
template and primer. A total of 5 ,ul of polymerase (approx-
imately 50 ng of protein) was assayed in a 50-,ul reaction
mixture containing 50 mM HEPES (pH 8.0); 500 jiM
each ATP, CTP, and GTP; 4 mM dithiothreitol; 3 mM
Mg(CH3COO)2; and 60 jiM ZnCl2. UTP was used as the
labeling nucleotide and was present at 11.4 jiM. The specific
activity of [3H]UTP was 8 x 104 dpm/pmol, and that of
[32P]UTP was 3 x 104 dpm/pmol. The template used for the
poly(U) polymerase assay was 1 jig of poly(A) in the
presence of 0.34 jig of oligo(U). Oligo(U)-dependent RNA
transcriptase activity was monitored with 1 jig of poliovirus
RNA as the template in the presence of 0.034 jig of oligo(U).
HF-dependent RNA transcription was measured with 1 jig
of poliovirus RNA as the template and 5 jil of HF (approx-
imately 5 jig of protein). Incubation was for 60 min at 30°C.

Construction of pPOV-l, pPOV-2, and pPOV-3. pPOV-1
contains a 1.4 kilobases of poliovirus cDNA BamHI frag-
ment from the 5' third of the poliovirus genome (see Fig. 4)
inserted into the BamHI site of pBR322. pPOV-2 contains a
2.5-kiobase poliovirus cDNA BamHI fragment from the
middle third of the poliovirus genome also inserted into
pBR322 at its BamHI site. These cDNAs were synthesized
by reverse transcription of poliovirus RNA primed with
oligo(dT) (31). After hydrolysis of the RNA template in 0.1
M NaOH and second-strand synthesis with reverse tran-
scriptase, product DNA was cut with BamHI and ligated to
pBR322 linearized with BamHI. pPOV-3 contains a 2.9-
kilobase poliovirus cDNA from the 3'-terminal sequence of
the poliovirus genome inserted into the BamHI-SphI gap of
pBR322. pBR322 was cut with SphI and tailed with
deoxythymidylate by using terminal transferase. The tailed
plasmid was used to prime cDNA synthesis directly on
poliovirus RNA. RNA in the RNA-DNA hybrids was hydro-
lyzed in alkali, and second-strand synthesis was accom-
plished with reverse transcriptase. The DNA was then cut
with BamHI and ligated. All DNAs were used to transform
Escherichia coli HB101, ampicillin-resistant colonies were
screened for the presence of poliovirus cDNA by colony blot
hybridization (24), and plasmid preparations grown from
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isolated colonies were analyzed by restriction enzyme diges-
tion to identify cDNA inserts.

Preparation of M13mpl8-1809(+) and M13mpl8-1809(-)
strands. The pSV-2 plasmid used in the construction of
M13mpl8-1809 was a gift from D. Baltimore. pSV-2 contains
DNA representing the poliovirus sequence from nucleotides
1 to 1809 inserted into the PstI site of pBR322.
M13mpl8 was a gift from J. Messing. Phage growth and

purification of both replicative-form and single-stranded
DNAs were as previously described (25). Both pSV-2 and
M13mpl8 replicative-form DNAs were cut with PstI, phenol
extracted, and ethanol precipitated. The two DNAs were
then mixed, ligated, and used to transform E. coli JM101.
Phage were screened on B plates in the presence of X-Gal
and IPTG (5-bromo-4-chloro-3-indolyl-D-galactopyranoside
and isopropyl-3-D-thiogalactopyranoside, respectively) (25).
Clear plaques were picked and used to grow 2-ml phage
stocks. The stocks were spotted onto nitrocellulose paper as
previously described (25) and probed separately with both
labeled poliovirion RNA (plus strand) and poliovirus cDNA
synthesized by calf thymus DNA-primed reverse transcrip-
tion (minus strand). This screen allowed the detection of
phage stocks with either the plus or minus polarity of the
poliovirus sequence. Additionally, replicative-form DNA
was purified from stocks containing poliovirus sequences,
and restriction analysis was done to ensure the presence of
the entire 1,809-nucleotide poliovirus DNA. M13mpl8-
1809(+) contains the poliovirus plus-strand DNA insert; i.e.,
it is identical to poliovirion RNA. M13mpl8-1809(-) con-
tains the poliovirus minus-strand DNA insert; i.e., it is
complementary to poliovirion RNA.

Denaturing agarose electrophoresis. Denaturing agarose
electrophoresis was done as described by Bailey and David-
son (2) with the following modifications. All equipment and
solutions, except methyl mercury hydroxide, were either
autoclaved or treated with 0.1% diethylpyrocarbonate to
inactivate contaminating ribonucleases. Samples were dena-
tured for 15 min at room temperature in sample buffer
containing 15 mM methyl mercury hydroxide, 0.05 M boric
acid, 0.005 M sodium borate, 0.001 M EDTA, 0.01 M sodium
sulfate, and 10% glycerol. Electrophoresis was through
either 0.7 or 1% agarose with a Bethesda Research Labora-
tories horizontal minigel apparatus. Staining with ethidium
bromide was done in the presence of 0.5 M NH4C2H302 as
described by Bailey and Davidson (2). After examination of
the ethidium bromide staining material, the gel was fixed
with 10% acetic acid for 15 min and soaked for several hours
in methanol. The methanol was removed under vacuum, and
the gel was exposed to Kodak XAR film overnight at -70°C
with a DuPont Cronex Lightning-Plus intensifying screen.

Hybridizations. Gel electrophoresis of DNA to be blotted
was done in 0.7% agarose in Tris-acetate buffer as described
by Maniatis et al. (23). Transfer ofDNA from the agarose gel
to BA85 nitrocellulose was done as described by Southern
(32). Labeled product RNA was used as a probe and
prepared as follows. In vitro transcription reaction mixtures
of 100 ,ul were run under standard reaction conditions with
[32P]UTP as the label. The reaction mixture was extracted
with phenol, the aqueous phase was collected and adjusted
to 0.3 M sodium acetate (pH 5.5), and the nucleic acid was
precipitated with 3 volumes of 95% ethanol at -20°C over-
night. The precipitate was collected and suspended in 200 RI
of 10 mM Tris hydrochloride (pH 7.4)-i mM EDTA and
loaded onto a G-25 Sephadex column (1 by 40 cm) equili-
brated in 0.03 M Tris hydrochloride (pH 7.4)-0.2 M
LiCl-0.002 M EDTA-0.1% SDS. The flow rate of the column

TABLE 1. Activity of poliovirus RNA polymerase
[3H]UMP

Reaction conditionsa incorporated
(pmol)

Complete + oligo(U) .... .......... 5.7
Complete + HF.............. 1.25
Minus primer .............. <0.05
Minus template .............. <0.05
Minus enzyme .............. <0.05

a The reaction conditions were as described in Materials and Methods.
Labeled product RNA was precipitated with 7% trichloroacetic acid, collect-
ed on glass fiber filters, and analyzed for radioactivity.

was 20 ml/h, and 1-ml fractions were collected. The excluded
peak of radioactivity was pooled and ethanol precipitated.
The final precipitate was suspended in water and stored at
-20°C. Routinely, 100,000 cpm Cerenkov was used to probe
blots. The probe was first fragmented in 0.05 M NaOH at
20°C for 30 min. This treatment left the probe in fragments
less than 2,000 bases long. The nitrocellulose was trans-
ferred to a Seal-A-Meal bag, and a hybridization solution of
50% formamide-0.4 M NaCl-0.1 M HEPES (pH 8.0)-5 mM
EDTA-0.2% SDS-50 ,ug of yeast RNA per ml was added.
Hybridization occurred at 42°C with rocking for 24 h. After
hybridization, the blots were washed at room temperature
with two changes, 15 min each, of 0.3 M NaCl-0.03 M
sodium citrate-0.1% SDS. The blots were then washed at
52°C with two changes of 0.015 M NaCl-1.5 mM sodium
citrate-0. 1% SDS. The blots were dried and then exposed to
Kodak XAR film with a DuPont Cronex Lighting-Plus inten-
sifying screen at -70°C overnight.

RESULTS

The RNA polymerase activities of the 3DPOl preparations
used in this study were completely dependent on the addi-
tion of a template RNA and either an oligo(U) primer or an
HF preparation from uninfected HeLa cells. (Table 1; Fig.
1). The reason for the lag in the appearance of HF products
in Fig. 1B is unclear, although a similar lag was noted by
Morrow et al. (27). Analysis of the enzyme preparation by
SDS-polyacrylamide gel electrophoresis revealed four
polypeptides by silver staining, the most prominent of which
migrated with an apparent molecular weight of 53,000 and
which we assume is 3DPOl of approximately 80% purity (data
not shown).
The products of both the oligo(U)-primed and HF-

mediated reactions were examined by electrophoresis
through methyl mercury hydroxide-containing agarose gels.
When oligo(U) was used to prime reactions directed by
poliovirus RNA, the products were a population ofRNAs up
to the size of the template (7,500 nucleotides) in length (Fig.
2, lane 1). The reaction products synthesized in the presence
of HF (lane 2), however, included RNAs of twice the length
of the template. These results are in agreement with data
presented by Young et al. (38) and are consistent with a
template priming reaction, mediated by HF, occurring in
vitro.

Figure 3 shows the products of reactions in which globin
mRNA (lanes 1 and 2) or poliovirus RNA (lanes 3 and 4) was
used as the template. The autoradiogram was exposed for a
shorter period to detect relative intensities of products.
When oligo(U) was used to prime the reaction (lanes 1 and
3), intense bands comigrating with the template were ob-
served, indicating that an abundance of full-length products

J. VIROL.



SYNTHESIS OF RNA FROM POLIOVIRION RNA TEMPLATE

E
CL

0

r0

0
0

a

0
CL

0~

0 15 30 45 60
REACTION TIME (minutes)

FIG. 1. Time course of RNA synthesis by poliovirus RNA
polymerase. Reaction conditions were as described in Materials and
Methods except that the reaction volume was 150 ,ul. Each reaction
contained 15 ,ul of polymerase and 3 ,ug of poliovirion RNA as the
template. (A) Reaction carried out in the presence of 0.1 ,ug of
oligo(U). (B) Reaction carried out in the presence of 15 1ld of HF.
Samples (20 ,ul) were withdrawn at the indicated times, precipitated
in 7% trichloroacetic acid, filtered, and counted.

was formed. A variable and minor amount of product larger
than the template was sometimes detectable in oligo(U)-
primed reactions, resulting from contamination of the poly-
merase preparation with small amounts of endogenous HF.
Template-length products were also obtained with vesicular
stomatitis virus mRNAs in the presence of oligo(U) primer
(data not shown). The reaction products synthesized from
poliovirion RNA template include a reproducible set of
subgenomic RNAs that appear to be strong stop products of
various lengths (Fig. 3, lane 3, arrows). The lengths of these
products are consistent with stops occurring at regions of
computer-predicted secondary structures in the template
strand, as described by Curry et al. (9a). Since all of the
products probably start by extension of the oligo(U) primer,
it seems likely that, under in vitro transcription conditions,
the poliovirus polymerase prematurely terminates when
attempting to traverse regions of tightly folded templates.

In the presence of HF, globin mRNA template yielded a
major product migrating at exactly twice the length of the
template (Fig. 3, lane 2). The same result was also obtained
with vesicular stomatitis virus mRNAs (data not shown).
Poliovirus RNA template (Fig. 3, lane 4) showed a popula-
tion of products, the majority of which ranged in size from
approximately 1,000 nucleotides to twice the length of the
template.
The polarity of the product RNAs was tested by hybrid-

ization to cloned poliovirus DNA sequences that were
blotted onto nitrocellulose sheets after electrophoresis

through agarose gels. pPOV-1, pPOV-2, and pPOV-3 are
double-stranded cDNAs in pBR322 representing nearly the
entire poliovirus genome (Fig. 4). M13mpl8-1809(+) and
M13mpl8-1809(-) are single-stranded DNAs corresponding
to the 5' end of the plus strand and the 3' end of the minus
strand of poliovirus, respectively (Fig. 4). Poliovirus plus-
strand RNA was provided as a template, and products from
oligo(U)-primed or HF-mediated reactions were fragmented
to an average size of about 1,000 nucleotides and used as
probes; the results of the hybridizations are shown in Fig. 5.
The oligo(U)-primed products hybridized strongly to pPOV-
1, pPOV-2, and pPOV-3 (Fig. 5A), indicating the presence of
product sequences from the entire poliovirus genome. This
was expected, since a large proportion of the product was of
genome length. The relatively reduced hybridization to
pPOV-1 may be indicative of the increased probability of the
polymerase to terminate as it traverses the template and
therefore represents a deficiency of 3' minus-strand se-
quences in the shorter, strong stop RNAs seen in Fig. 3.
There was efficient hybridization to M13mpl8-1809(+), in-
dicating the presence of a minus-strand product complemen-
tary to the 5' end of the plus-strand template. No hybridiza-
tion to M13mpl8-1809(-) was evident, demonstrating the
absence of plus-strand sequences in the oligo(U)-primed
product.

Products synthesized in an HF-polymerase reaction also
hybridized to pPOV-1, pPOV-2, and pPOV-3 (Fig. SB). In
this case, hybridization to pPOV-3 was less intense than that
which occurred with the oligo(U)-primed product. We be-

1 2

15,000-

7,500 -

FIG. 2. Analysis of labeled product RNA by CH3HgOH agarose
gel electrophoresis. Product RNA labeled with [32P]UTP was syn-
thesized under standard reaction conditions, extracted with phenol,
and precipitated with ethanol prior to analysis by denaturing agarose
gel electrophoresis. The autoradiogram was overexposed to empha-
size the size difference of product RNA transcribed from a
poliovirion RNA template in the presence of oligo(U) (lane 1) or HF
(lane 2). Molecular weight estimates were made by ethidium bro-
mide staining EcoRI digestion products of P22 DNA analyzed in an
adjacent lane.
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lieve that this result was due to snapback hybridization of
the hairpin fragments in the probe that contain the 3' end of
the template and its covalently attached complementary
product RNA. Self-annealing of these fragments would
effectively prevent them from hybridizing to pPOV-3. The
HF products hybridized, as expected, to M13mpl8-1809(+)
(Fig. 5B). Surprisingly, however, there was also efficient
hybridization to M13mpl8-1809(-), indicating the presence
of plus-strand sequences in the product RNA. These hybrid-
ization results could not be due to covalent linkage of
minus-strand product to plus-strand template RNA because
the use of M13mpl8-1809(-) selects for sequences at the 5'
end of the plus strand, over 6,000 nucleotides away from the
3' end. The product fragments used as probes in hybridiza-
tion experiments were all smaller than 2,000 bases. Finally,
we considered the possibility that short snapback products
(<2,000 bases) may have formed on 5'-end fragments of
template molecules and that these would hybridize to
M13mpl8-1809(-) by virtue of the covalent linkage of the
labeled minus-strand sequences to the plus-strand template
fragments. To eliminate this possibility, labeled product
RNA was denatured and resolved on a preparative agarose
gel, and gel fragments containing only molecules larger than
7,500 nucleotides were excised and phenol extracted to
prepare a single-stranded probe. This single-stranded mate-
rial was then fragmented and used to probe the same DNAs

1 2 3 4

1 1809
- MI13mp18-1809(+)

1 1809
5, ^ M13mpl8-l809(-)
S'1 7500 Polio(+)RNA

668 209,42124 4595 7500

pPOV-1 pPOV-2 pPOV-3

FIG. 4. Map of poliovirus DNA inserts in cloned plasmids and
phage. The plasmids pPOV-1, pPOV-2, and pPOV-3 (below line)
represent double-stranded poliovirus DNAs cloned into the BamHI
site of pBR322. M13mpl8-1809(+) and M13mpl8-1809(-) represent
single-stranded DNAs cloned into the PstI site of M13mpl8.
M13mpl8-1809(+) contains sequences identical in polarity to the
poliovirion RNA 5' end, while M13mpl8-1809(-) represents the
complement of the poliovirion RNA 5' end.

shown in Fig. 5. The results were identical to those shown in
Fig. SB, indicating that the plus-strand sequences were not
derived from short template fragments attached to a labeled
snapback product.
HF-mediated reaction products were prepared as probes

for blot hybridization at early (7.5 min), intermediate (15
min), and late (30 min) times during the course of the in vitro
polymerase reaction. The results suggested that plus-strand
sequences did not appear in the product until after minus-
strand sequences were synthesized (data not shown). Thus,
taken together, these data suggest that minus-strand product
RNA generated in vitro is utilized as the template for
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FIG. 3. Poliovirus RNA polymerase products synthesized from
different templates. Product RNA labeled with [32P]UTP was syn-
thesized under standard reaction conditions using either globin
mRNA (lanes 1 and 2) or poliovirion RNA (lanes 3 and 4) as the
template. The autoradiogram was made following CH3HgOH
agarose gel electrophoresis of product RNA transcribed from globin
mRNA template in the presence of oligo(U) (lane 1) or HF (lane 2)
and from poliovirion RNA template in the presence of oligo(U) (lane
3) or HF (lane 4). Arrows show strong stop bands in lane 3.
Molecular weight determinations were made by ethidium bromide
staining markers in adjacent lanes. Globin mRNA is approximately
600 nucleotides; poliovirion RNA is approximately 7,500 bases.

FIG. 5. Southern blots of poliovirus DNAs made by using in
vitro transcription products as probes. Plasmids pPOV-1 and pPOV-
2 were cut with BamHI prior to electrophoresis through agarose
gels. Plasmid pPOV-3 was cut with both BamHI and SalI. Equal
amounts of poliovirus DNA were applied to each gel lane. (A) The
blot was probed with oligo(U)-primed transcription products from a

poliovirion RNA template. (B) The blot was probed with HF-
mediated transcription products from a poliovirion RNA template.

- 7,500 A.
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synthesis of new plus-strand sequences by poliovirus poly-
merase and HF.

DISCUSSION
We studied poliovirus RNA synthesis in an in vitro

transcription system consisting of a highly purified polio-
virus polymerase preparation and a relatively crude HF
fraction. Transcription of poliovirion RNA, as well as globin
or vesicular stomatitis virus mRNAs, yielded products ap-
proximately twice the length of the templates. These results
agree with those of Young et al. (38), who reported covalent
addition of product RNA to poliovirus RNA template in a
similar system. The polarity of the products synthesized
from a plus-strand poliovirus RNA template was analyzed
by Southern blotting experiments by using hybridization of
labeled product RNA to probe single-stranded poliovirus
DNAs cloned into M13 vectors. The results demonstrated
that the HF-mediated polymerase reaction produces plus-
strand products, presumably arising from transcription of
newly synthesized minus-strand products.
The mechanism that produces a plus-strand product is not

known at this time. If HF functions to induce or stabilize a
terminal hairpin so that templates can self-prime, then it is
possible that the same reaction occurs to produce a self-
priming hairpin on the newly synthesized minus strand,
allowing secondary hairpins and synthesis of new plus-
strand sequences. Alternative models include nicking activ-
ity in the HF preparation that nicks plus-strand template
which is hybridized to newly synthesized minus-strand prod-
uct. Peeling off of the downstream template and elongation
of the 3' end at the nick site would result in synthesis of
plus-strand sequences. Clarification of the biochemical roles
of HF is essential to the interpretation of these results.
The production of dimer-length products in vitro raises the

question of whether such a structure represents an interme-
diate in the synthesis of monomer-length single strands or
whether it results from a reaction that occurs when authentic
initiation events are prevented owing to the absence of a
required component such as a VPg donor or another uniden-
tified factor. In the former case, VPg addition would be
coupled to subsequent endonucleolytic cleavage at the hair-
pin, as suggested by Young et al. (38). Significant concen-
trations of snapback dimers are found in infected cells (38;
unpublished data), but these could similarly represent either
replication intermediates or dead-end products formed when
a component required for single-strand initiation is limiting.
In this case, hairpin formation would be an aberrant reac-
tion, and the initiation event that generates single-stranded
RNA products would require priming by a VPg donor or
another unidentified component. VPg-pUpU has been de-
tected in vivo (9) and can be synthesized in vitro by crude
membrane-associated replication complexes from infected
cells (33). Evidence that it or any other form of VPg
sequences can be incorporated into newly made RNA,
however, is still lacking.
Whether or not the snapback dimer is an intermediate in

the reaction, reports of different reaction products obtained
by different laboratories (5, 10, 38) remain to be reconciled.
One suggestion is that monomer-length products might result
when the polymerase preparation is contaminated with a
functional VPg donor. Such a donor could either prime the
reaction or clip a hairpin, leaving monomer-length products
attached to VPg, as previously reported (5, 10, 29). Con-
versely, a polymerase preparation free of VPg donor mole-
cules could synthesize complementary product RNAs added
directly to the template by an HF-induced hairpin formation.

The enzyme preparation used in the studies reported here
was highly purified and similar to the polymerase prepara-
tion used by others to form snapback products. Further-
more, we were unable to detect VPg sequences in our
enzyme preparations by immunoblotting with anti-VPg se-
rum (data not shown). Consistent with this hypothesis is the
observation that anti-VPg antibodies immunoprecipitate
product RNAs synthesized by the monomer-producing en-
zyme-HF preparation, and the VPg sequences appear to be
linked to the product by the naturally occurring uridyl-
phosphotyrosine bond (28). Products synthesized from the
dimer-producing enzyme preparation are not immuno-
precipitated by anti-VPg antibodies if VPg sequences have
been removed from the template by proteinase K treatment
(38).
Although much progress has been made in the study of

poliovirus RNA polymerase reactions in vitro, caution still
needs to be exercised in applying these results to our
knowledge of the RNA replication reaction in vivo.
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