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Poliovirus infectious RNA can be synthesized in vitro using phage DNA-dependent RNA-polymerases. These
synthetic transcripts contain several extra nucleotides at the 5* end, which are deleted during replication to
generate authentic viral genomes. We removed those 5*-end extra nucleotides utilizing a hammerhead ribozyme
to produce transcripts with accurate 5* ends. These transcripts replicate substantially more rapidly in cell
culture, demonstrating no lag before replication; they also replicate more efficiently in Xenopus laevis oocytes
and in in vitro translation-replication cell extracts. In both systems, an exact 5* end is necessary for synthesis
of positive-strand RNA but not negative-strand RNA.

The successful reconstruction of a positive-stranded RNA
virus genome as an infectious cDNA clone allowed the use of
reverse genetics to study the replication cycle of these viruses
(29). The system was improved by the use of viral RNA syn-
thesized in vitro by DNA-dependent RNA polymerases using
biologically active cDNA clones as templates (1, 36). A number
of positive- and negative-strand RNA viruses require exact
termini for successful replication. Addition and deletion of
sequences at the 59 and 39 ends often have deleterious effects
on replication or are repaired at low frequency in vivo to
generate authentic ends (reviewed in reference 9).

The effect of nonauthentic ends on in vitro transcripts during
replication has been studied for several members of the family
Picornaviridae. For example, the nonviral guanosine residues at
the 59 ends of poliovirus and mengovirus in vitro transcripts are
removed during replication in tissue culture cells, resulting in
authentic 59 ends (12, 17, 36). In vitro-transcribed coxsackievi-
rus B3 RNA missing the two 59-terminal uridine residues re-
gains these nucleotides during replication, and it has been
proposed that the addition takes place during positive-strand
RNA synthesis (21). These observations suggest that the well-
conserved enterovirus 59-UU terminus plays an essential role
during genome replication.

Poliovirus, a member of the family Picornaviridae and genus
Enterovirus, contains a single plus-strand RNA genome of ap-
proximately 7.5 kb. There are two noncoding regions, at the 59
and 39 ends, flanking an open reading frame of 6,528 nucleo-
tides (16, 35). Poliovirus RNA is translated into a single
polypeptide which is processed into its smaller, functional pro-
teins mainly by the viral proteases 3Cpro and 3CDpro, with two
additional cleavages by 2Apro (16, 19, 35).

Poliovirus RNA replication follows a strategy common to all
positive-stranded RNA viruses: the viral genome is transcribed
into a complementary RNA (negative strand), which in turn is
used as a template to synthesize new strands of genomic RNA.
The virus-encoded RNA-dependent RNA polymerase (3Dpol)
catalyzes the synthesis of both strands. However, because
3Dpol is a primer-dependent enzyme, several other viral and
cellular factors are likely to be involved in the initiation process

of RNA synthesis. Genetic analysis has implicated most of the
nonstructural viral proteins in RNA synthesis (7, 10, 15, 20, 22,
24). Uridylation of the viral polypeptide VPg has been postu-
lated to be an essential step during initiation of poliovirus
replication. This reaction can be mediated by 3Dpol in vitro in
the presence of poly(A) (28). VPg-pUpU has been proposed to
act as a primer for both negative- and positive-strand RNA
synthesis and can be detected covalently attached to each
strand in virally infected cells. In addition, initiation of posi-
tive-strand RNA synthesis requires a ribonucleoprotein com-
plex that forms at the 59 end of the positive strand, which
contains the cellular factor poly(rC) binding protein and the
precursor of the viral proteinase- and polymerase (3CD)-con-
taining polypeptides (2, 3, 18). This complex participates in
trans initiation of positive-strand synthesis (2). Many aspects of
this mechanism have yet to be worked out in detail.

Although poliovirus in vitro transcripts containing extra nu-
cleotides at the 59 end are able to initiate the replication cycle
in tissue culture cells, they do not replicate efficiently in alter-
native experimental systems. Positive-strand RNA synthesis
was not detected in experiments using Xenopus laevis oocytes
injected with poliovirus in vitro transcripts, though negative-
strand RNA synthesis was demonstrated (12; J. Herold and R.
Andino, unpublished observation). Similarly, scant (33, 34) or
no detectable (5, 6) positive-strand RNA was synthesized in a
cell-free translation-replication system.

We show here that the 59 end of the input genome is crucial
for efficient positive-strand RNA synthesis during poliovirus
replication. Taking advantage of a cis-active ribozyme, we were
able to synthesize viral RNAs with authentic 59 ends in vitro.
These transcripts replicated in tissue culture cells with im-
proved kinetics, were capable of replicating in X. laevis oocytes,
and replicated in a cell-free replication system comparably to
virion RNA.

MATERIALS AND METHODS

Virus and cells. HeLa S3 cells (ATCC CCL 2.2) were grown either (i) in tissue
culture flasks in Dulbecco’s modified Eagle medium–nutrient mixture F-12
(Ham) (1:1), supplemented with 2 mM L-glutamine, 100 U of penicillin and
streptomycin per ml, and 10% newborn calf serum or (ii) in suspension in
suspension minimal essential medium (Joklik modified) supplemented with 2
mM L-glutamine, 100 U of penicillin and streptomycin per ml, and 10% fetal calf
serum. 293 cells (ATCC CRL 1573) were used for transfection experiments and
cultured in minimal essential medium Eagles with Earle’s balanced salt solution,
supplemented with 2 mM L-glutamine, 100 U of penicillin and streptomycin per
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ml, and 10% newborn calf serum. Poliovirus type 1 (Mahoney) was grown in
HeLa S3 cells.

Oligonucleotides. The following oligonucleotides were used in this study:
I, 59-TGCAGCGCGCAGGCCTTAATACGACTCACTATAGGGTGTTTTA
A-39; II, 59-ATCAGTTAAAACACCCTATAGTGAGTCGTATTAAGGCCTG
CGCGCTGCA-39; III, 59-CTGATGAGGCCGAAAGGCCGAAAACCCGGT
ATCCCGGGTTCTTAAAACAGCTCTGGGGTTG-39; IV, 59-CCAGAGCT
GTTTTAAGAACCCGGGATACCGGGTTTTCGGCCTTTCGGCCTC-39; V,
59-CTGATGAGGCCGAAAGGCCGAAAACCCGGTATCCCGGGTTGTTA
AAACAGCTCTGGGGTTG-39; VI, 59-CCAGAGCTGTTTTAACAACCCGG
GATACCGGGTTTTCGGCCTTTCGGCCTC-39; VII, 59-TACCCACCCCAG
AGGCCCACGTGGCGCGCACGT-39; VIII, 59-ACGTGCGCGCCACGTGG
GCCTCTGGGGTGGGTACAA-39; and IX, 59-GGCGTACAAGGGTACCGC
AA-39.

Plasmids. Oligonucleotides I to VIII were 59 phosphorylated with T4 polynu-
cleotide kinase. Equimolar amounts of oligonucleotide pairs I/II, III/IV, V/VI,
and VII/VIII were combined and annealed by heating to 94°C in 10 mM Tris-
HCl (pH 7.5)–50 mM NaCl and slowly cooling to 20°C. Pairs I/II, III/IV, and
VII/VIII (representing a T7 RNA polymerase promoter, a hammerhead ri-
bozyme, the 43 59-terminal nucleotides of the poliovirus type 1 [Mahoney]
genome and restriction sites for cloning purposes) or I/II, V/VI, and VII/VIII
(like the other pairs, but containing a mutated hammerhead ribozyme) were
ligated and cloned into a pBluescript II vector, resulting in pBlue rib(1) and
pBlue rib(2), respectively. After sequence analysis, the inserts were cloned in
front of cDNA copies of either the Mahoney strain of poliovirus (pXpA) or a
luciferase-expressing, poliovirus-derived replicon (pRLuc31 [2]), resulting in
prib(1) or (2)XpA and prib(1) or (2)RLuc.

In vitro transcription. Poliovirus-specific transcripts were obtained using a T7
Megascript transcription kit (Ambion, Austin, Tex.) after linearization of the
plasmid DNA. Fifty microcuries of [a-33P]UTP (10 mCi/ml; Amersham Pharma-
cia Biotech, Piscataway, N.J.) were added to transcription reactions to obtain
uniformly radiolabeled transcripts.

Primer extension. Oligonucleotide IX (complementary to nucleotides 60 to 80
of the poliovirus genomic RNA) was 59-end labeled with 33P using T4 polynu-
cleotide kinase. Subsequently, 10 ng was used as a primer in a 20-ml reverse
transcription reaction (10 mM dithiothreitol, 1 mM each deoxynucleoside
triphosphate [dNTP], 50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM MgCl2, 200
U of Superscript II reverse transcriptase [Life Technologies]) with either 1 mg of
poliovirus genomic RNA isolated from virions, rib(1)XpA-RNA, rib(2)XpA-
RNA, or XpA-RNA as templates. After 30 min of incubation at 37°C, the
reaction products were denatured and separated on denaturing 6% polyacryl-
amide gels and visualized by autoradiography.

RNA transfection. 293 cells were trypsinized, washed twice with phosphate-
buffered saline, and adjusted to 4 3 106 cells/ml. Then 800-ml aliquots were
electroporated in 0.4-ml cuvettes with 20 mg of RNA, using a Electro Cell
Manipulator 600 (BTX Inc., San Diego, Calif.) with the following settings: 300 V,
1,000 mF, 24 V. Subsequently, 10 volumes of medium was added, and depending
on the experiment, 2 3 105, 1 3 106, or 2 3 106 cells were plated per 10-cm2 dish
and incubated at 37°C in a 5% CO2 incubator. Guanidinium hydrochloride
(Sigma Chemical Co., St. Louis, Mo.) was added to the medium to a final
concentration of 2 mM when indicated.

Luciferase expression. Replicon-transfected cells (5 3 105) were scraped off,
washed once with phosphate-buffered saline, and then lysed in 200 ml of cell
culture lysis reagent (Promega, Madison, Wis.). Luciferase activity in 10 ml of
lysate was determined in a luminometer.

Isolation and analysis of intracellular poly(A)1 RNA. Poly(A)1 RNA was
isolated from 106 RNA-transfected cells or 2 3 106 33P-labeled-RNA-transfected
cells, using oligo(dT)25-Dynabeads (Dynal A.S., Oslo, Norway) (32). The RNAs
were separated by electrophoresis in a 2.2 M formaldehyde–0.8% agarose gel.
The gel was dried at 60°C under vacuum and hybridized with 33P-59-end-labeled
oligonucleotide IX as described elsewhere (25).

Replication in X. laevis oocytes. RNA (1 mg/ml; 25 ng/oocyte), together with
HeLa cell S10 cell lysate (25 nl/oocyte), was injected into X. laevis oocytes as
described elsewhere (13). [a-33P]UTP (10 mCi/ml; 250 nCi/oocyte) was injected
after 1 h. Total RNA was isolated from 3, 6, 9, and 12 h of incubation at 30°C in
the presence of actinomycin D (50 mg/ml), analyzed after poly(A)1 selection in
native Tris-borate-EDTA (TBE)-agarose gels, and detected by autoradiography
after drying the gel at 60°C under vacuum.

Replication in cell extracts. Preparation of HeLa cell S10 extracts and initia-
tion factors has been described in detail (4). The ability of in vitro-transcribed
RNA to replicate in vitro was tested by method III (4), with some minor
modifications. Briefly, 1 mg of RNA was mixed with 25 ml of S10 extract, 10 ml
of initiation factors, 5 ml of 103 NTP/energy mix (10 mM ATP, 2.5 mM GTP, 2.5
mM CTP, 600 mM potassium acetate, 300 mM creatine phosphate, 155 mM
HEPES-KOH [pH 8.0], 4 mg of creatine kinase per ml [Boehringer Mannheim,
Mannheim, Germany]), and 1 ml of 100 mM guanidinium hydrochloride in a total
volume of 50 ml and then incubated at 30°C for 4 h. After centrifugation at
15,000 3 g for 15 min, the supernatant was discarded and the preinitiation
complexes were resuspended in 50 ml of labeling mix (40 ml of S10 extract,
previously dialyzed for 3 h against 1,000 volumes of dialysis buffer [40 mM
HEPES {pH 8.0}, 120 mM potassium acetate, 5.5 mM magnesium acetate, 10
mM potassium chloride, 6 mM dithiothreitol], 5 ml of [a-33P]UTP [10 mCi/ml]

and 5 ml of 103 NTP/energy mix). Aliquots of 10 ml were removed after 15, 30,
60, and 90 min and mixed with 190 ml of TENSK buffer (50 mM Tris-HCl [pH
7.5], 5 mM EDTA, 100 mM NaCl, 1% sodium dodecyl sulfate, 200 mg of
proteinase K per ml). After a 20-h incubation at 30°C, proteins were extracted
with 1 volume of phenol-chloroform (1/1, vol/vol), and the RNA was precipitated
with ethanol. Subsequently, the radiolabeled RNAs were separated in native
TBE-agarose gels and detected by autoradiography after drying the gel at 60°C
under vacuum.

RESULTS

Construction of a cis-active hammerhead ribozyme. To ex-
amine whether poliovirus requires a precise 59 end for efficient
replication, a cDNA copy of a cis-active hammerhead ri-
bozyme (8, 31) (Fig. 1A), was cloned between the T7 RNA
polymerase promoter and the 59-terminal sequences of a full-
length poliovirus cDNA (pXpA) or a luciferase-expressing po-
liovirus replicon cDNA (pRLuc31). The resulting plasmids
were named prib(1)XpA and prib(1)RLuc, respectively (Fig.
1B). As a control, we constructed two molecular clones,
prib(2)XpA and prib(2)RLuc, that differ from prib(1)XpA
and prib(1)RLuc only at an essential cytosine at position 21
of the hammerhead ribozyme, which was mutated to guanosine
(Fig. 1A). This mutation yields an inactive form of the ri-
bozyme.

In vitro transcripts were analyzed by primer extension to
determine whether the ribozyme generated authentic poliovi-
rus 59 ends. Using poliovirus RNA as a template, two reaction
products were detected (Fig. 1C, lane 5): one with the expected
length of 80 nucleotides corresponding to the authentic 59 end
of the genomic RNA, and a second comprised of 81 nucleo-
tides. As previously described, this second product acquired
the additional nucleotide in a non-template-dependent fashion
during reverse transcription (11). An identical double band
was detected when rib(1)XpA-RNA was examined (Fig. 1C,
lane 6), suggesting that a large fraction of rib(1)XpA-RNA is
autocatalytically cleaved (compare 80/81-nucleotide reaction
products with reaction products with a length of around 130
derived from the uncleaved RNA) to generate authentic 59
ends. In contrast, when rib(2)XpA-RNA, carrying an inactive
form of the ribozyme, was used as a template, the reaction
product was comprised of approximately 130 nucleotides (Fig.
1C, lane 7). An 82-nucleotide product, corresponding to the
first 80 nucleotides of the genomic RNA plus two additional
59-end guanydyl residues required for efficient T7 RNA poly-
merase activity, was detected with XpA-RNA (Fig. 1C, lane 8).

Thus, in vitro-synthesized poliovirus transcripts containing
an active hammerhead ribozyme at the 59 end generated up to
80% of transcripts with authentic poliovirus 59 ends.

In vitro transcripts with authentic 5* ends replicate more
efficiently after transfection in tissue culture cells. To examine
the effect of the 59 ends on replication, in vitro-transcribed
rib(1)RLuc-RNA, rib(2)RLuc-RNA, or RLuc31-RNA was
electroporated into 293 cells. Cells were harvested every hour
during the first 6 h after transfection to determine luciferase
activity, which can be taken as an indication of the replication
efficiency of each construct. While the luciferase activity in
cells transfected with rib(1)RLuc-RNA increased exponen-
tially immediately, the luciferase activity in rib(2)RLuc-RNA-
or RLuc31-RNA-transfected cells show a sigmoid curve with a
delay of approximately 1.5 h (Fig. 2A). At 2 to 3 h posttrans-
fection, the luciferase activity in rib(2)RLuc-RNA or RLuc31-
RNA starts to increase exponentially until it reaches levels
comparable to those for rib(1)RLuc-RNA-transfected cells at
6 h posttransfection (Fig. 2A). The initial luciferase activity
detected during the first 2 h in cells transfected with
rib(2)RLuc-RNA or RLuc31-RNA was derived from transla-
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tion of the input RNA, because luciferase activity of cells
incubated with 2 mM guanidinium hydrochloride, a potent
inhibitor of poliovirus replication, is comparable to that of
untreated cells during the first 2 h (Fig. 2A). Thus, the extra
sequences present in rib(2)RLuc-RNA or RLuc31-RNA de-
lay replication in tissue culture cells by 1 to 2 h.

To confirm these results, we measured the amount of posi-
tive-strand RNA produced after transfection by Northern blot-
ting. Newly synthesized positive-strand RNA was detected 3 h
posttransfection in cells transfected with rib(1)XpA-RNA
(Fig. 2B). In contrast, it took 4 to 5 h to accumulate similar
amounts of transcript in cells transfected with rib(2)XpA-
RNA or XpA-RNA (Fig. 2B). Primer extension and sequence
analysis of RNA isolated at 6 h posttransfection demonstrated
that the viral transcripts that accumulated in cells transfected
with rib(2)XpA-RNA and XpA-RNA have authentic poliovi-
rus 59 ends (data not shown).

Next, we determined whether an authentic 59 end is neces-
sary for efficient initiation of negative-strand RNA synthesis in

vivo. Uniformly 33P-labeled rib(1)XpA-RNA or rib(2)XpA-
RNA was transfected into 293 cells, and poly(A)1 RNA was
isolated at 1 and 2 h posttransfection. At 2 h, double-stranded
RNA (dsRNA) molecules were readily detected in both
rib(1)XpA-RNA- and rib(2)XpA-RNA-transfected cells
(Fig. 2C, lanes 4 and 5). On a longer exposure, we also ob-
served equal levels of dsRNAs for each construct at 1 h post-
transfection (Fig. 2C, lanes 6 and 7). This dsRNA corresponds
to the replicative-form (RF) RNA and is a direct measurement
of negative-strand RNA synthesis (14). On the other hand, the
single-stranded (ssRNA) detected corresponds to input RNA
that either has not yet been used as a template or has been
already displaced from the RF during subsequent positive-
strand RNA synthesis. It is possible that the block of positive-
strand RNA synthesis is responsible for the slightly higher
amounts of RF accumulated 2 h after transfection of
rib(2)XpA-RNA (Fig. 2C, lanes 4 and 5). This result shows
that negative-strand RNA synthesis in vivo is not affected by
the two extra nucleotides at the 59 end of the positive strand,

FIG. 1. A poliovirus-specific cis-acting hammerhead ribozyme. (A) Predicted secondary structure of the cis-active hammerhead ribozyme attached to the 59 end of
the poliovirus genome. Core residues of the ribozyme are shown in bold; poliovirus sequences are in italic. Numbering refers to the first poliovirus nucleotide U as 1.
The active ribozyme contains a cytosine at position 21; the inactive form has a guanosine. (B) Schematic presentation of the in vitro transcripts used throughout this
study. Either poliovirus type 1 (Mahoney) transcripts (XpA) or luciferase-expressing replicon RNA (RLuc) were used. Constructs containing an active ribozyme at the
59 end are referred to as rib(1); those containing the inactive form are indicated as rib(2). The parental constructs contain two extra guanosine residues at the 59 end
upon transcription. (C) 59-end analysis of in vitro transcripts by primer extension. Radiolabeled oligonucleotide IX was hybridized to virion RNA or in vitro-transcribed
RNA and extended with reverse transcriptase. The reaction products were analyzed on a denaturing 6% polyacrylamide gel. Lanes 1 to 4, sequencing reaction using
the plasmid prib(1)XpA as a template and oligonucleotide IX as sequencing primer; lanes 5 to 8, primer extension using virion RNA (lane 5), rib(1)XpA-RNA (lane
6), rib(2)XpA-RNA (lane 7), or XpA-RNA (lane 8) as the template.
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and that the defect in replication is specific for positive-strand
RNA synthesis.

In vitro transcripts with authentic 5* ends replicate in al-
ternative experimental systems. X. laevis oocytes, as well as a
cell-free replication system, have been previously established
as alternative experimental systems to study poliovirus trans-
lation and replication (13, 26). However, in vitro transcripts do
not replicate with the same efficiency as virion RNA in these
systems. In fact, in vitro transcripts do not replicate at all in X.
laevis oocytes. In order to determine whether the relative rep-
licative inefficiency of in vitro transcripts is due to the extra
sequences at their 59 ends, we tested X. laevis oocytes and
translation-replication cell extracts with ribozyme-containing
poliovirus transcripts.

Virion-derived RNA, rib(1)XpA-RNA, rib(2)XpA-RNA,
or XpA-RNA was injected into X. laevis oocytes together with

HeLa S10 cell extract. [a-33P]UTP was coinjected after 1 h,
and RNA was isolated after 3, 6, 9, and 12 h. Newly synthesized
viral RNA can be detected as early as 6 h after injection of
virion RNA (Fig. 3A, lanes 1 to 4). For rib(1)XpA-RNA, a
delay of approximately 3 h was observed (Fig. 3A, lanes 5 to 8).
Under these conditions, no products could be detected when
rib(2)XpA-RNA or XpA-RNA was injected (Fig. 3A, lanes 9
to 16), indicating that the additional nucleotides at the 59 end
of the input RNA prevent successful amplification. It has been
previously shown by microinjecting uniformly 32P-labeled
XpA-RNA that the in vitro transcripts can be efficiently tran-
scribed into negative-strand RNA in X. laevis oocytes (14).
Here we were unable to detect any incorporation of
[a-P33]UTP into RNA, possibly because the pool of endoge-
nous ribonucleotides in these cells lowered the effective con-
centration of [a-33P]UTP.

FIG. 2. Replication of in vitro transcripts in tissue culture cells. (A) Luciferase expression in replicon RNA-transfected 293 cells. rib(1)RLuc-RNA, rib(2)RLuc-
RNA, or RLuc31-RNA was transfected into 293 cells, and the luciferase activity (relative light units [RLU]) corresponding to 2.5 3 104 cells was measured every hour
for 6 h. The cells were kept either in the presence (open symbols) or absence (closed symbols) of 2 mM guanidinium hydrochloride (GuHCl). RNA transfections were
repeated at least twice. Error bars have been omitted since the range of variation was smaller than the symbol size. (B) Accumulation of positive-strand RNA in
transfected 293 cells. rib(1)XpA-RNA, rib(2)XpA-RNA, or XpA-RNA was transfected into 293 cells, and poly(A)1 RNA was isolated from 105 cells every hour for
6 h. The RNA was separated by electrophoresis in denaturing agarose gels. The gels were dried and hybridized with oligonucleotide IX. (C) Negative-strand RNA
synthesis in radiolabeled RNA-transfected 293 cells. 33P-labeled (107 cpm/mg) rib(1)XpA-RNA (lanes 2 and 4) or rib(2)XpA-RNA (lanes 3 and 5) was transfected
into 293 cells, and poly(A)1 RNA was isolated after 1 (lanes 2 and 3) and 2 (lanes 4 and 5) h. The RNA was analyzed by electrophoresis in native agarose gels and
detected by autoradiography after exposure for 2 days (lanes 1 to 5) or 7 days (lanes 6 to 9). Lane 1, radiolabeled rib(1)XpA-RNA (104 cpm).
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Finally, we used a cell-free poliovirus replication system (4,
26) to study both positive- and negative-strand RNA synthesis.
Extracts were programmed with rib(1)XpA-RNA or XpA-
RNA; preinitiation complexes were obtained (see Materials
and Methods), resuspended in labeling mix, and further incu-
bated at 30°C. Newly synthesized ssRNA, as well as double-
stranded RF RNA, is readily detectable when rib(1)XpA-
RNA has been used to program the lysate (Fig. 3B, lanes 1 to
4). The ratio of positive-strand RNA to RF was calculated to
be 20 to 1 and is indistinguishable from a reaction programmed
with virion RNA (data not shown) and close to the ratio ob-
served in poliovirus-infected cells (27). Interestingly, RF RNA
but no ssRNA species were generated when XpA-RNA was
used. These results are consistent with observations made by
Barton et al. (5, 6) that show that negative-strand RNA syn-
thesis in the cell-free replication system is not affected by
additional sequences at the 59 end of the positive-strand RNA.
Also, the data presented in Fig. 3B are consistent with the
results obtained in intact cells (Fig. 2C), and they establish that
an authentic 59 end is essential for the initiation of positive-
strand RNA synthesis under the in vitro experimental condi-
tions.

DISCUSSION

We designed a cis-active hammerhead ribozyme that was
cloned in front of poliovirus-specific cDNAs. Transcripts de-
rived from these plasmids show improved replication kinetics
in tissue culture cells compared to transcripts that contained
extra sequences at their 59 ends, since the latter were delayed
in the onset of positive-strand RNA synthesis. However, at
later time points poliovirus RNA accumulated to similar levels
irrespective of the nature of the initial 59 end. This is in accor-
dance with results obtained by Sarnow (30) and many others
when measuring the titer produced after transfection of virion
RNA or in vitro transcripts with two extra guanosines at their
59 ends into tissue culture cells. An early report showed that
increasing the length of the 59-end extensions decrease the
infectivity of in vitro-transcribed poliovirus RNA (36). We did

not observe such a correlation with our constructs [com-
pare the levels of replication of RLuc31/XpA-RNA and
rib(2)RLuc/rib(2)XpA]. It therefore seems likely that the
primary sequence of a long 59-end extension determines the
impact on RNA replication.

The luciferase data suggest a reinterpretation of previous
studies of poliovirus replication using subgenomic replicons.
With true 59 ends, there is no initial translation phase of the
input viral genome for 2 to 3 h before a switch to a replicative
state as reported earlier (2). Replication begins early after
infection detectable in about an hour. Thus, the biphasic ex-
pression of luciferase from replicon RNAs observed was not
due to the necessity to accumulate viral proteins involved in
replication, but rather reflects the need to remove extra nucle-
otides at the 59 end. The use of cis-acting ribozymes to produce
authentic 59 ends might be also useful for generating infectious
transcripts that initiate more faithfully replication of other,
noncapped, positive-stranded RNA viruses infecting plants
and animals.

As also shown by others, nonauthentic 59 ends are repaired
during poliovirus replication (17, 36), and several possible re-
pair mechanisms could be envisioned: (i) the 59 end of the
input RNA has to be trimmed by a 59-exonucleolytic activity to
the correct length before initiation of negative-strand RNA
synthesis can occur; (ii) the 39 end of the newly synthesized
negative-strand RNA is trimmed by a 39-exonucleolytic activ-
ity, so that initiation of positive strand can occur at the correct
initiation site; and (iii) priming of positive-strand RNA syn-
thesis by VPg-pUpU can occur internally, at much lower effi-
ciency, generating an authentic genomic 59 end in newly syn-
thesized positive strands. Experiments presented here show
that negative-strand RNA synthesis is not affected by extra
nucleotides at the 59 end of the input RNA. Therefore, we
consider the first of the proposed repair mechanisms to be
unlikely. Since the length of the 59 extension in the range
investigated here (2 or 50 nucleotides) had no influence on the
duration of the delay, we suggest that internal priming of
initiation of positive-strand RNA synthesis by VPg-pUpU is
the mechanism for generating perfect 59 ends. However, fur-

FIG. 3. RNA replication of in vitro transcripts in alternative replication systems. (A) RNA replication in X. laevis oocytes. Virion RNA (lanes 1 to 4),
rib(1)XpA-RNA (lanes 5 to 8), rib(2)XpA-RNA (lanes 9 to 12), or XpA-RNA (lanes 13 to 16) was injected into X. laevis oocytes together with [a-33P]UTP, and total
RNA was isolated at 3, 6, 9, and 12 h postinjection. After poly(A) selection, the RNA was analyzed on native agarose gels and detected by autoradiography. (B) RNA
replication in translation-replication extracts. rib(1)XpA-RNA (lanes 1 to 4) and rib(2) XpA-RNA (lanes 5 to 8) were used to program a cell extract. After 4 h of
incubation at 30°C in the presence of 2 mM guanidinium hydrochloride, preinitiation complexes were isolated by centrifugation at 15,000 3 g. Preinitiation complexes
were resuspended in labeling mix containing [a-33P]UTP, and total RNA was prepared at 15, 30, 45, and 60 min. The RNAs were separated on native agarose gels and
detected by autoradiography.
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ther experiments are needed to ultimately define the step in
the replication cycle where authentic 59 ends are generated.

Based on our results, we postulate here a functional differ-
ence in the initiation process of positive- and negative-strand
RNA synthesis during poliovirus replication. On the one hand,
we have shown that efficient positive-strand RNA synthesis
depends on a very precise 59 end, suggesting that VPg-pUpU
priming takes place at the extreme 39 end of the template
strand. On the other hand, the dependence on authentic 39
ends of the positive-strand RNA is much less stringent, in vitro
as well as in vivo (5, 30). Negative-strand RNA synthesis seems
not to be initiated at the extreme 39 end but internally, leaving
a protruding poly(A) tail on the RF. Our conclusion is based
on the fact that we were able to isolate RF RNA by poly(A)1
selection after a first round of negative-strand RNA synthesis
in the absence of positive-strand RNA synthesis (Fig. 2C). It is
in principle possible that a small subset of RF lacks a poly(A)
tail and thus escapes detection. However, the levels of this
hypothetical subset must be very low given that the ratio of RF
to ssRNA found after poly(A)1 selection of RNA derived from
X. laevis oocytes (Fig. 3A, lane 8) closely matches the ratio
found in vivo (27) and in vitro (Fig. 3B, lane 4). This is in
accordance with previous findings showing that RF RNA iso-
lated at later time points in infection also contains protruding
poly(A) tails (23). Although there is a clear difference in the
requirements for the initiation of positive- and negative-strand
RNA synthesis, the detailed mechanisms and factors involved
remain to be elucidated.

While virion RNA has been successfully used to study trans-
lation and replication in X. laevis oocytes (13), in vitro tran-
scripts failed to undergo a complete replication cycle since they
were stalled at the level of the RF (14). To our knowledge,
there have been only two reports describing the successful
replication of poliovirus transcripts containing additional se-
quences at their 59 ends in a cell-free translation-replication
system (33, 34). In those experiments, the ratio of ssRNA to
RF RNA synthesized in vitro was approximately 1 to 1, com-
pared to 20 to 1 seen in virion RNA programmed extracts.
These authors as well as others (5, 6) proposed that the extra
nucleotides at the 59 end might play a role in the reduced
synthesis of positive-strand RNA in vitro. In the experiment
described above, we did not detect any positive-strand RNA
synthesis at all. We do not know why we failed to observe
positive-strand RNA synthesis when transcripts with extra 59
nucleotides were tested for replication in vitro, but it may have
been due to slight differences in the cell extracts or the exper-
imental procedure.

In conclusion, the use of a hammerhead ribozyme that pro-
duces in vitro transcripts with authentic 59 ends which then
replicate faithfully both in cells and in vitro, together with the
possibility to study the fate of the input RNA, might turn out
to be a powerful tool for further detailed investigations of the
cis-acting sequences and trans-acting factors functional in the
initiation of poliovirus RNA synthesis.
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