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The cre(2C) hairpin is a cis-acting replication element in poliovirus RNA and serves as a template for the
synthesis of VPgpUpU. We investigated the role of the cre(2C) hairpin on VPgpUpU synthesis and viral RNA
replication in preinitiation RNA replication complexes isolated from HeLa S10 translation-RNA replication
reactions. cre(2C) hairpin mutations that block VPgpUpU synthesis in reconstituted assays with purified VPg
and poliovirus polymerase were also found to completely inhibit VPgpUpU synthesis in preinitiation replica-
tion complexes. Surprisingly, blocking VPgpUpU synthesis by mutating the cre(2C) hairpin had no significant
effect on negative-strand synthesis but completely inhibited positive-strand synthesis. Negative-strand RNA
synthesized in these reactions immunoprecipitated with anti-VPg antibody and demonstrated that it was
covalently linked to VPg. This indicated that VPg was used to initiate negative-strand RNA synthesis, although
the cre(2C)-dependent synthesis of VPgpUpU was inhibited. Based on these results, we concluded that the
cre(2C)-dependent synthesis of VPgpUpU was required for positive- but not negative-strand RNA synthesis.
These findings suggest a replication model in which negative-strand synthesis initiates with VPg uridylylated
in the 3� poly(A) tail in virion RNA and positive-strand synthesis initiates with VPgpUpU synthesized on the
cre(2C) hairpin. The pool of excess VPgpUpU synthesized on the cre(2C) hairpin should support high levels of
positive-strand synthesis and thereby promote the asymmetric replication of poliovirus RNA.

Poliovirus is a prototypic positive-strand RNA virus with a
single-stranded genome that contains a 3�-terminal poly(A) tail
and a 5�-terminal covalently linked protein, VPg (1, 15, 27).
Once released into the cytoplasm of infected cells, poliovirion
RNA serves as an mRNA for translation and then as a tem-
plate for negative-strand synthesis. Multiple rounds of positive-
strand synthesis on each molecule of negative-strand RNA
result in the synthesis of excess genomic RNA. Overall, the
ratio of positive- to negative-strand synthesis is greater than
30:1 (10, 24), which is essential for the production of high
yields of virion RNA and progeny virus in infected cells.

cis-active replication sequences that are present at the 3� and
5� ends of poliovirion RNA play an important role in regulat-
ing poliovirus RNA replication. The 3� nontranslated region
(NTR) and the associated poly(A) tail are important cis-active
determinants that are required for efficient negative-strand
RNA synthesis (14, 21, 22, 28, 30, 36). The 5�-terminal clover-
leaf structure in poliovirus RNA is a multifunctional element
that is required in cis for negative-strand synthesis, RNA sta-
bility, and VPg uridylylation in membrane replication com-
plexes (8, 14, 17, 23, 34). A new cis-acting replication element
(cre) was recently identified in the genomes of several picor-
naviruses (9, 11, 16, 18, 20). The cre was originally identified in
the P1 capsid coding region of HRV14 [cre(VP1)] (19). Mu-
tational analysis of the cre hairpin structure suggested that the
positive-sense structure was critical for function during viral
RNA replication (20). Furthermore, the cre hairpin was posi-
tion independent, and translation was not required for its func-

tion (20). Similar observations were made for the cre hairpins
identified in other picornaviruses, including poliovirus
[cre(2C)] (11, 16, 18). Therefore, multiple cis-active replication
elements are required for various steps in the viral RNA rep-
lication cycle and for the specific recognition of viral RNAs in
infected cells.

VPg is covalently linked to the 5� terminus of all newly
synthesized viral RNAs, and therefore it is generally assumed
that VPg or a uridylylated form of VPg serves as a primer for
the viral RNA polymerase, 3Dpol (1, 32, 33, 35, 37). Experi-
mental evidence that VPg can serve as a primer for RNA
synthesis was first demonstrated by Paul et al. (26), who
showed that purified 3Dpol can utilize VPg and a poly(A)
template to synthesize VPg-poly(U). In subsequent studies, it
was shown that the cre hairpins in poliovirus and rhinovirus
RNAs can function as effective templates for VPg uridylyla-
tion, especially in the presence of 3CDpro (9, 25, 29, 38). Based
on this finding, it was suggested that VPgpUpU is first synthe-
sized on the cre(2C) hairpin and then translocated to the 3�-
terminal poly(A) tail to act as a primer for negative-strand
synthesis (25). This model provided an explanation for the
functional significance of the cre hairpins and an efficient
mechanism for the synthesis of VPgpUpU.

Recently, we reported that a poliovirus RNA transcript that
contained a large internal deletion in the polyprotein coding
sequence was a functional template for negative-strand RNA
synthesis (8). This was a surprising result, since the 2C coding
sequence including the cre(2C) hairpin was deleted from this
RNA. In this study, we conducted experiments to further in-
vestigate this interesting observation by examining the effect of
mutations in the cre(2C) hairpin on VPg uridylylation and viral
RNA replication in preinitiation replication complexes
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(PIRCs). The results showed that the cre(2C) hairpin was re-
quired for the synthesis of VPgpUpU and positive-strand
RNA, but it was not needed for the synthesis of VPg-linked
negative-strand RNA. Therefore, it appears that different
mechanisms are used to uridylylate VPg during the initiation of
negative- and positive-strand RNA synthesis.

MATERIALS AND METHODS

Viral cDNA clones and transcript RNAs. The following cDNA clones of the
Mahoney strain of type 1 poliovirus were used in this study. (i) DNA plasmids
pT7-PV1(A)80 and pT7-PV1(A)80 �C869-T6011 (pT7-DJB2) were constructed as
previously described and served as the parental clones for the other constructs
used in this study (8). Transcripts of these plasmids were designated as PV1 RNA
and PV1�C869-T6011 RNA, respectively. (ii) pT7-PV1(A)80 VPgY3F containing
the mutations A5379T and C5380T was engineered by site-directed mutagenesis
with the Transformer site-directed mutagenesis kit (Clonetech). Transcripts of
this plasmid were designated PV1VPgY3F RNA. (iii) pT7-PV1(A)80

cre(2C)mut1 containing the mutations G4462A and C4465U and pT7-PV1(A)80

cre(2C)mut7 containing the mutation A4472C (29) were engineered with the
QuikChange site-directed mutagenesis protocol (Stratagene). Transcripts of
these plasmids were designated as PV1cre(2C)mut1 RNA and PV1cre(2C)mut7
RNA. (iv) pT7-Rz-PV1(A)80, pT7-Rz-PV1(A)80 cre(2C)mut1, and pT7-Rz-
PV1(A)80 �C869-T6011 were identical to their respective parental plasmids, ex-
cept they contained a hammerhead ribozyme (Rz) sequence between the T7
promoter and the 5� end of the poliovirus sequence. RNA transcripts derived
from these plasmids were indicated by the Rz designation. (v) pT7-PV1(A)80

�G7418-A7422, pT7-PV1(A)80 cre(2C)mut1�G7418-A7422, and pT7-PV1(A)80

cre(2C)mut7�G7418-A7422 were engineered as described above to contain a
GUAAA deletion (�GUA3) in the 3� NTR (8). All plasmids constructed were
verified by sequencing. Transcripts of these plasmids were used as helper RNAs
in complementation assays and were designated as PV1�GUA3 RNA (or wild-
type helper), PV1cre(2C)mut1�GUA3 RNA [or cre(2C)mut1 helper], and
PV1cre(2C)mut7�GUA3 RNA [or cre(2C)mut7 helper]. All viral RNAs were
transcribed in reaction mixtures containing bacteriophage T7 RNA polymerase
and 500 �M each nucleoside triphosphate (NTP) as described previously (5).
RNA transcripts were stored in ethanol at �20°C and used within 2 days of
transcription and purification.

RNA replication assays. Poliovirus RNA synthesis was measured in PIRCs by
method 4 as previously described (4, 6). PIRCs were resuspended in 50-�l
reaction mixtures containing [�-32P]CTP and incubated at 37°C for 1 h. The
resulting 32P-labeled product RNAs were analyzed by CH3HgOH-agarose gel
electrophoresis. In the trans-replication assays, the PIRCs contained both a
subgenomic-size template RNA that did not encode any viral replication proteins
and a nonreplicating helper RNA (8). The labeled product RNAs synthesized in
these reactions were isolated and characterized as described above.

VPg uridylylation assays. The cre(2C)-dependent synthesis of VPgpUpU was
assayed in reaction mixtures containing either purified polymerase and VPg
(method 1) or PIRCs (method 2).

(i) Method 1. The synthesis of VPgpUpU was measured in a 20-�l reconsti-
tuted assay that contained purified poliovirus RNA polymerase and VPg as
previously described (25, 29). These reaction mixtures also contained 1 �l of a
HeLa S10 translation reaction mixture, which contained 3CD but no other viral
proteins. The 3CD protein included amino acid changes T181K and Q182D,
which blocked normal proteolytic processing of 3CD to form 3C and 3D (2, 12).
The uridylylated VPg products were resolved by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE [9 to 18% polyacrylamide]).

(ii) Method 2. VPgpUpU was synthesized in reaction mixtures containing
PIRCs and then immunoprecipitated with anti-VPg antibody. The uridylylation
reactions were identical to those described above for the RNA replication assays,
except the reaction mixtures contained 5 �M UTP, which was provided by the
addition of 100 �Ci of [�-32P]UTP (400 Ci/mmol; Amersham) and 250 �M
(each) ATP, CTP, and GTP. The reactions were terminated by adding 5.6 �l of
10% SDS, resuspended in 560 �l of radioimmunoprecipitation assay (RIPA)
buffer (1% Triton X-100, 1% sodium deoxycholate, 10 mM Tris � HCl [pH 8], 150
mM NaCl) and centrifuged at 6,000 rpm in an Eppendorf microcentrifuge (mod-
el 5415C) for 4 min. Affinity-purified anti-VPg antibody (2 �l, 0.35 mg/ml) was
added to one-half of the supernatant, which was then incubated for 1.5 h on a
rotary mixer at 23°C. As a control, no antibody was added to the other half of the
supernatant. A 10% suspension of Pansorbin cells (Calbiochem) in RIPA buffer
(100 �l) was added, and the reaction mixtures were incubated at 23°C for 45 min
on a rotary mixer. The Pansorbin cells were isolated by centrifugation at 4,000

rpm for 5 min and washed once with 800 �l of RIPA buffer. VPgpUpU was
released from the Pansorbin cells by resuspending the cells in 60 �l of Laemmli
sample buffer and heating them at 60°C for 2 min. After centrifugation, a portion
of the supernatant was analyzed by SDS-PAGE (9 to 18% polyacrylamide).

Immunoprecipitation of 32P-labeled product RNAs. 32P-labeled RNA prod-
ucts synthesized in PIRCs were immunoprecipitated with affinity-purified anti-
VPg antibody by procedures similar to those previously described (3). Briefly,
labeled product RNAs were phenol extracted six times and ethanol precipitated
before immunoprecipitation. The labeled product RNAs were then incubated
sequentially with affinity-purified anti-VPg antibody and then Pansorbin cells.
The reaction mixture containing the immunoprecipitated labeled RNAs was
adjusted to 0.4 M NaCH3CO2, phenol extracted three times, and ethanol pre-
cipitated. The immunoprecipitated RNAs were then analyzed by electrophoresis
on a CH3HgOH-agarose gel.

In the proteinase K-treated control, the phenol-extracted labeled product
RNA was resuspended in 200 �l of 0.5% SDS buffer (100 mM NaCl, 10 mM
Tris-HCl [pH 7.5], 1 mM EDTA, 0.5% SDS) and incubated at 37°C for 45 min
with 1 �l of 20 mg of proteinase K per ml (Fisher Scientific) to digest covalently
linked VPg. The RNA was then phenol extracted three times and ethanol
precipitated. The proteinase K-treated RNA was then used as a negative control
in the immunoprecipitation experiments described above.

RESULTS

VPg uridylylation in PIRCs. In previous studies, PIRCs iso-
lated from HeLa S10 translation-replication reactions have
proven to be very useful in investigating the molecular basis of
poliovirus RNA replication (3, 4). We have further adapted
this assay to examine the VPg uridylylation reaction in PIRCs.
32P-labeled VPgpUpU was immunoprecipitated with affinity-
purified anti-VPg antibody from reaction mixtures containing

FIG. 1. Synthesis of uridylylated VPg in PIRCs. HeLa S10 transla-
tion-RNA replication reaction mixtures containing 2 mM guanidine
HCl were prepared with PV1 RNA and PV1VPgY3F RNA. VPg
uridylylation was measured in PIRCs resuspended in reaction mixtures
containing [�-32P]UTP. The labeled VPgpUpU synthesized in these
reactions was immunoprecipitated with anti-VPg antibody (Ab) as
described in Materials and Methods and resolved by SDS-PAGE.
[35S]methionine-labeled poliovirus proteins were used as markers
(lane 7).
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[�-32P]UTP and PIRCs isolated from HeLa S10 translation-
replication reaction mixtures containing PV1 RNA (Fig. 1,
lane 2). The 32P-labeled VPgpUpU recovered in these exper-
iments migrated to the same approximate position in the gel as
poliovirus protein 3A as previously reported (32).

VPg is covalently linked to UMP by a phosphodiester bond
between the 5� phosphate in UMP and the single tyrosine
residue in VPg (1, 31). To confirm that [32P]UMP in the
immunoprecipitated VPg was linked to tyrosine, we used viral
transcript RNA that contained a VPg(Y3F) mutation. VPg
uridylylation was completely blocked in PIRCs containing PV1
VPg(Y3F) RNA (Fig. 1, compare lanes 2 and 4). Therefore,
the synthesis of VPgpUpU was dependent on the tyrosine
residue of VPg, indicating that authentic VPgpUpU was syn-
thesized in PIRCs. Additionally, VPg uridylylation in PIRCs
was completely inhibited by 2 mM guanidine HCl (data not
shown), consistent with the findings of Lyons et al. (17).

Effect of cre(2C)mut1 on VPgpUpU synthesis. Several mu-
tations that disrupt the structure of the cre(2C) hairpin have
been characterized in previous studies (29). cre(2C)mut1 con-
tains two silent nucleotide changes that disrupt the upper stem
of the cre(2C) hairpin structure and was previously shown to
inhibit virus formation in transfected cells and block VPg uri-
dylylation in vitro (29). We engineered the cre(2C)mut1
changes into PV1 RNA and Rz-PV1 RNA. Both mutant RNAs
had a lethal phenotype in transfected cells (data not shown).
By using the previously described reconstituted assay that con-
tained synthetic VPg and purified 3Dpol (25), we confirmed
that 32P-labeled VPgpUpU was synthesized in reaction mix-
tures containing the wild-type RNAs (Fig. 2, lanes 2 and 4), but
not in reaction mixtures containing the PV1cre(2C)mut1
RNAs (Fig. 2, lanes 3 and 5).

To ensure that similar results would also be observed in
membrane-associated replication complexes, we assayed for
VPgpUpU synthesis in PIRCs isolated from HeLa S10 trans-
lation-replication reaction mixtures containing either wild-type

RNA or PV1cre(2C)mut1 RNA. No significant effect on viral
protein synthesis or polyprotein processing was observed in the
reaction mixtures containing the cre(2C)mut1 RNAs or wild-
type RNAs (Fig. 3, lanes 1 to 4). The synthesis of 32P-labeled
VPgpUpU, however, was completely inhibited in the reaction
mixtures containing the PV1cre(2C)mut1 RNA (Fig. 3, com-
pare lanes 6 and 10 with lanes 8 and 12). Therefore,
cre(2C)mut1 inhibited VPgpUpU synthesis below detectable
levels in both the reconstituted reactions and in the mem-
brane-associated PIRCs.

The effect of cre(2C)mut1 on viral RNA replication. In pre-
vious studies, we showed that synthesis of both negative- and
positive-strand RNAs occurs in PIRCs isolated from HeLa S10
translation-replication reaction mixtures containing polio-
virion RNA (3, 4, 7). Viral RNA synthesis initiates with the
synthesis of negative-strand RNA, which is followed by the
asymmetric synthesis of excess positive-strand RNA and infec-
tious virus (3, 4). One-dimensional RNase T1 fingerprints were
used to confirm the polarity of the product RNAs synthesized
in these reactions (see Fig. 4 and 7 in reference 4). In contrast,
only negative-strand RNA is synthesized in PIRCs containing
poliovirus transcript RNA (PV1 RNA). PV1 RNA contains
two nonviral 5�-terminal G nucleotides that have no effect on
negative-strand synthesis but inhibit the synthesis of labeled
positive-strand RNA below detectable levels in PIRCs (5, 6,

FIG. 2. Effect of cre(2C)mut1 on VPg uridylylation in reconstituted
reactions. VPg uridylylation was measured in reconstituted reaction
mixtures containing 3Dpol, VPg, [�-32P]UTP, the indicated RNAs, and
3CD as described in Materials and Methods (lanes 2 to 5). 32P-labeled
VPgpUpU synthesized in these reactions was resolved by SDS-PAGE
(9 to 18% polyacrylamide). [35S]methionine-labeled poliovirus pro-
teins were used as markers and are shown in lane 1.

FIG. 3. Effect of cre(2C)mut1 on VPg uridylylation in PIRCs. Viral
protein synthesis was measured in HeLa S10 translation-replication
reaction mixtures containing the indicated RNAs and [35S]methionine
(1.2 mCi/ml) (lanes 1 to 4). VPg uridylylation was measured in PIRCs
isolated from identical HeLa S10 translation-replication reaction mix-
tures containing each of the indicated RNAs. Reaction mixtures con-
taining the PIRCs and [�-32P]UTP were incubated at 37°C for 1 h.
Labeled VPgpUpU was immunoprecipitated with anti-VPg antibody
(Ab) as described in Materials and Methods (lanes 5 to 12). The
labeled viral proteins and immunoprecipitated products were resolved
by SDS-PAGE (9 to 18% polyacrylamide).
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13). Therefore, only labeled negative-strand RNA is synthe-
sized in PIRCs containing PV1 transcript RNA (Fig. 4A, lane
3). The negative polarity of the labeled RNA synthesized on
PV1 RNA was again confirmed with a one-dimensional RNase
T1 fingerprint analysis (Fig. 4B, compare lanes 1 and 2).

Viral RNAs that have the correct 5�-terminal sequence can
be prepared by using transcripts that contain a 5�-terminal
hammerhead ribozyme (Rz-PV1 RNA). As expected, Rz-PV1
RNA functions like poliovirion RNA in cell-free reactions and
in transfected cells (7, 13). Previous studies showed that full-
length positive-strand RNA is synthesized in reaction mixtures
containing Rz-PV1 RNA and virion RNA but not in reaction
mixtures containing PV1 RNA (7, 13). In addition, equivalent
titers of infectious virus are produced in HeLa S10 translation-
replication reaction mixtures containing either Rz-PV1 RNA
or poliovirion RNA when translation is normalized to equiva-
lent levels (data not shown). Therefore, Rz-PV1 RNA allows
for both negative- and positive-strand RNA synthesis (Fig. 4A,
lane 7). The increase in labeled product RNA synthesized in
reaction mixtures containing the Rz-PV1 RNA represents pos-
itive-strand RNA that is synthesized in addition to negative-
strand RNA (Fig. 4A, compare lanes 3 and 7) (7, 13). The
polarity of the labeled RNA synthesized in reaction mixtures
containing Rz-PV1 RNA was confirmed by RNase T1 finger-
print analysis (Fig. 4B, lane 5). As expected, positive-strand
RNA was the predominant RNA synthesized in this reaction

(Fig. 4B, compare lanes 5 and 6). Therefore, by using both PV1
RNA and Rz-PV1 RNA, it is possible to specifically measure
negative- and positive-strand RNA synthesis.

In reactions with PV1cre(2C)mut1 and Rz-PV1cre(2C)mut1
RNAs, we determined how cre(2C)mut1 specifically affected
negative-and positive-strand RNA synthesis. Equivalent
amounts of labeled RNA were synthesized in PIRCs contain-
ing either PV1cre(2C)mut1 RNA or PV1 RNA (Fig. 4A, lanes
1 and 3). RNase T1 fingerprints verified that labeled negative-
strand RNA was synthesized in both reactions (Fig. 4B, lanes
2 and 3). These results indicated that inhibition of the cre(2C)-
dependent synthesis of VPgpUpU had no significant effect on
the synthesis of negative-strand RNA. In contrast, experiments
with Rz-PV1cre(2C)mut1 RNA indicated that positive-strand
synthesis was strongly inhibited by cre(2C)mut1. No increase in
labeled RNA synthesis was observed with Rz-PV1cre(2C)mut1
RNA compared to that observed with PV1cre(2C)mut1 RNA
or PV1 RNA (Fig. 4A, compare lane 5 with lanes 1 and 3). This
was in contrast to the marked increase in positive-strand RNA
synthesis observed with the wild-type ribozyme transcript (Rz-
PV1 RNA) (Fig. 4A, lanes 5 and 7). Since no increase in
labeled RNA synthesis was observed with Rz-PV1cre(2C)mut1
RNA above that observed with PV1cre(2C)mut1 RNA, we
concluded that cre(2C)mut1 specifically inhibited positive-
strand synthesis without affecting negative-strand synthesis.
The negative polarity of the RNA synthesized in reaction

FIG. 4. Effect of cre(2C)mut1 on negative- and positive-strand RNA synthesis. (A) PIRCs containing the indicated viral RNAs were prepared
as described in Materials and Methods, resuspended in reaction mixtures containing [�-32P]CTP, and incubated at 37°C for 1 h. The 32P-labeled
product RNAs synthesized in these reactions were characterized by CH3HgOH-agarose gel electrophoresis. (B) 32P-labeled product RNAs were
isolated from reactions identical to those described in panel A above, digested with RNase T1, and then characterized by electrophoresis in a 20%
polyacrylamide–7 M urea gel as previously described (4). Because of the increased amount of 32P-labeled product RNA from the Rz-PV1 RNA
reaction, only 20% of the digested RNA from this reaction was loaded in lane 5. RNase T1 digests of [32P]CMP-labeled poliovirus negative-strand
(lane 1) and positive-strand (lane 6) transcript RNAs were used as strand-specific oligonucleotide markers. The 32P-labeled oligonucleotides were
detected by autoradiography.
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mixtures containing either Rz-PV1cre(2C)mut1 RNA or
PV1cre(2C)mut1 RNA was confirmed by RNase T1 fingerprint
analysis (Fig. 4B, lanes 3 and 4).

VPg is linked to negative-strand product RNA. The results
presented above suggested that negative-strand RNA was ef-
ficiently synthesized in reactions in which the cre(2C)-depen-
dent synthesis of VPgpUpU was inhibited. Since cre(2C)-de-
pendent uridylylation of VPg was only required for the
initiation of positive-strand RNA synthesis, we determined if
the negative-strand RNA synthesized in the cre(2C)mut1 re-
actions was linked to VPg. RNA replication reactions were
performed with PIRCs that contained either PV1 RNA or
PV1cre(2C)mut1 RNA. Labeled product RNA was isolated
from both reactions and phenol extracted to remove nonco-
valently linked proteins. The labeled product RNA from the
PV1 RNA reaction immunoprecipitated with anti-VPg anti-
body, indicating that it was linked to VPg (Fig. 5A, lane 2). As
expected, pretreatment of this RNA with proteinase K to re-
move VPg blocked its immunoprecipitation with anti-VPg an-
tibody (Fig. 5A, lane 4). Labeled RNA isolated from the
PV1cre(2C)mut1 RNA reaction was then tested for its ability
to immunoprecipitate with anti-VPg antibody. This RNA im-
munoprecipitated with anti-VPg antibody at levels equivalent
to those observed with labeled RNA from the PV1 RNA re-
action (Fig. 5B, compare lanes 2 and 4). These results showed
that equivalent amounts of VPg-linked negative-strand RNA
were synthesized on both PV1 RNA and PV1cre(2C)mut1
RNA.

Effect of cre(2C) mutations on RNA synthesis in trans-rep-
lication assays. To further investigate the requirement for the
cre(2C)-dependent synthesis of VPgpUpU, we performed
trans-replication assays. In these assays, the replication pro-

teins were provided in trans to copy template RNAs that con-
tained a large internal deletion, which included the cre(2C)
hairpin (PV1�C869-T6011 RNA and Rz-PV1�C869-T6011 RNA)
(Fig. 6). RNA replication was measured in PIRCs that were
isolated from HeLa S10 translation-replication reaction mix-
tures that contained a template RNA and either wild-type
helper RNA or cre(2C)mut1 helper RNA. All of the helper
RNAs used in this study contained a 3� NTR deletion mutation
that inhibited their replication so that RNA synthesis was only
observed on the template RNAs. To optimize these reactions,
RNA synthesis was measured on PV1�C869-T6011 RNA in
reactions in which the ratio of wild-type helper RNA to tem-
plate RNA was varied from 1:1 to 1:3. Maximum amounts of
labeled RNA synthesis were observed in reaction mixtures
containing equivalent amounts of the helper and template
RNAs (Fig. 7A, compare lanes 1 to 3 and 4 to 6). As expected,
labeled RNA synthesis was not observed on the template
RNAs in the absence of the helper RNA (Fig. 7B, lanes 1 and
2).

Wild-type helper RNA supported negative-strand synthesis
on PV1�C869-T6011 RNA (Fig. 7B, lane 3) and both negative-
and positive-strand syntheses on Rz-PV1�C869-T6011 RNA
(Fig. 7B, lane 4). In contrast, cre(2C)mut1 helper RNA sup-
ported equivalent amounts of labeled RNA synthesis on both
template RNAs (Fig. 7B, compare lanes 6 and 7). Since no
increase in labeled product RNA was observed with the Rz
template RNA, it appears that only negative-strand synthesis
was supported by the cre(2C)mut1 helper RNA. This con-
firmed our previous observations that the cre(2C)-dependent
synthesis of VPgpUpU was only required for positive-strand
RNA synthesis.

A second mutation in the cre(2C) hairpin that was previously
shown to block VPg uridylylation is cre(2C)mut7 (29). This
mutation alters the A1 nucleotide in the A1A2A3CA motif in
the loop portion of the cre(2C) hairpin and completely blocks
the VPg uridylylation reaction (see Discussion) (29). To fur-
ther demonstrate that the cre(2C)-dependent synthesis of
VPgpUpU is not required for negative-strand synthesis,
cre(2C)mut7 helper RNA was used in trans-replication assays.
PIRCs were formed in HeLa S10 translation-replication reac-

FIG. 5. Negative-strand product RNA is linked to VPg. (A) PIRCs
formed with PV1 RNA were resuspended in reaction mixtures con-
taining [�-32P]CTP and were incubated for 1 h at 37°C. The 32P-
labeled product RNA was phenol extracted and ethanol precipitated.
Half of the product RNA was treated with proteinase K to remove
VPg as described in Materials and Methods. The labeled product
RNAs were then immunoprecipitated with anti-VPg antibody (Ab)
and analyzed by CH3HgOH-agarose gel electrophoresis. (B) PIRCs
formed with PV1cre(2C)mut1 RNA or PV1 RNA were resuspended in
reaction reactions containing [�-32P]CTP and incubated at 37°C for
1 h. The 32P-labeled product RNAs were phenol extracted, ethanol
precipitated, and immunoprecipitated with anti-VPg antibody. The
immunoprecipitated products were analyzed by CH3HgOH-agarose
gel electrophoresis.

FIG. 6. Diagram of the RNAs used in the trans-replication exper-
iments. PV1�GUA3 RNA, a nonreplicating helper RNA, is full length
and contains either a wild-type 2C sequence (wild-type helper) or a
cre(2C) mutation [cre(2C)mut1 helper or cre(2C)mut7 helper]. The
PV1�C869-T6011 and Rz-PV1�C869-T6011 template RNAs contain a
large out-of-frame deletion and do not encode any viral proteins.
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tions with PV1�C869-T6011 RNA as the template and either a
wild-type, cre(2C)mut1, or cre(2C)mut7 helper RNA. Nega-
tive-strand synthesis in PIRCs containing the cre(2C)mut7
helper RNA was similar to that observed in reactions with
either the wild-type or cre(2C)mut1 helper RNA (Fig. 8A,
lanes 1 to 3). As expected, cre(2C)mut7 had no effect on pro-
tein synthesis or polyprotein processing in the translation re-
actions (Fig. 8B, lanes 1 and 2) and completely inhibited
VPgpUpU synthesis in the PIRCs (Fig. 8B, compare lanes 4
and 6). These results confirmed that the cre(2C)-dependent
synthesis of VPgpUpU was not required for negative-strand
synthesis.

DISCUSSION

In this study, we show that mutations in the cre(2C) hairpin
in poliovirus RNA completely blocked the synthesis of
VPgpUpU in PIRCs isolated from HeLa S10 translation-rep-
lication reactions. Inhibition of the cre(2C)-dependent synthe-
sis of VPgpUpU in PIRCs blocked positive-strand RNA syn-
thesis but had no significant effect on the synthesis of VPg-
linked negative-strand RNA. These results suggest a model for
poliovirus RNA replication in which the 3� poly(A) tail in
virion RNA is used as the template for VPg uridylylation and
the initiation of negative-strand RNA synthesis. In contrast,
the cre(2C) hairpin is used as the template for the synthesis of
VPgpUpU, which is then used as a primer for positive-strand
synthesis at the 3� end of negative-strand RNA templates.

VPg uridylylation in PIRCs. One of the first steps in the
initiation of poliovirus RNA replication involves the formation
of uridylylated VPg, which then serves as a primer for the

poliovirus RNA polymerase (10, 33). Previous studies showed
that uridylylated VPg and VPg-linked poly(U) are synthesized
in reconstituted in vitro assays containing purified polymerase
(3Dpol), UTP, synthetic VPg, and a poly(A) template (26).
Subsequent studies showed that VPg is also uridylylated in
reconstituted reaction mixtures that contain viral protein 3CD
and poliovirus RNA. In this case, the cre(2C) hairpin in polio-
virus RNA functions as the primary template for VPg uridyly-
lation (25). The poliovirus cre(2C) hairpin consists of a stem-
loop structure with a conserved A1A2A3CA motif in the loop
(29). The results of previous studies showed that the duplex
structure of the stem region of the cre(2C) hairpin is required
for uridylylation activity (11, 29). In addition, the A1 residue in
the A1A2A3CA loop sequence is proposed to function as the
template for the addition of both U residues in VPgpUpU as
part of a “slide-back” mechanism by the viral polymerase (9).

As part of this study, we showed that two previously char-
acterized mutants that completely inhibit VPg uridylylation in
the reconstituted assays, cre(2C)mut1 and cre(2C)mut7, also
inhibited VPgpUpU synthesis in PIRCs. In cre(2C)mut1, the
duplex structure of the cre(2C) hairpin is disrupted by mutating
two nucleotides in the stem region, and in cre(2C)mut7, the
uridylylation template nucleotide (A1) in the A1A2A3CA loop
sequence is altered (29). Therefore, all of the labeled
VPgpUpU that was synthesized in PIRCs was dependent on
the cre(2C) hairpin. Being able to inhibit VPgpUpU synthesis
in these reactions allowed us to investigate the relationship
between the cre(2C)-dependent uridylylation of VPg and viral
RNA replication.

cre(2C)-dependent VPg uridylylation and negative-strand

FIG. 7. Effect of cre(2C)mut1 on negative- and positive-strand RNA synthesis in trans-replication assays. (A) PIRCs were isolated from
HeLa-S10 translation replication reaction mixtures that contained a nonreplicating helper and template RNAs at the indicated molar ratios. In
lanes 1 to 3, the helper and template RNA concentrations were varied, while the total RNA concentration was kept constant at 50 �g/ml. In lanes
4 to 6, the helper RNA concentration was kept constant at 38 �g/ml, while the template RNA concentration was varied. PIRCs were resuspended
in reaction mixtures that contained [�-32P]CTP and were incubated for 1 h at 37°C. The 32P-labeled product RNAs were analyzed by CH3HgOH-
agarose gel electrophoresis. (B) HeLa S10 translation-replication reactions that contained 2 mM guanidine HCl and the indicated template and
helper RNAs were incubated at 34°C for 4 h. The overall RNA concentration in each reaction mixture was 50 �g/ml with equal molar amounts
of the helper and template RNAs. PIRCs were isolated from these reaction mixtures and resuspended in a reaction mixture containing [�-32P]CTP
and then incubated for 1 h at 37°C. The 32P-labeled product RNAs were analyzed by CH3HgOH-agarose gel electrophoresis. The positions of the
template and helper RNAs in the gel are indicated above. Control experiments showed that equivalent amounts of the viral replication proteins
were synthesized in each reaction (data not shown).
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synthesis. Recent studies from our laboratory demonstrated
that a subgenomic poliovirus RNA that did not contain the
cre(2C) sequence (i.e., PV1�C869-T6011 RNA [or DJB2]), was
a functional template for negative-strand synthesis in a trans-
replication assay containing a wild-type helper RNA (8). This
observation suggested that either the cre(2C) hairpin was not
required for negative-strand synthesis, or it was able to func-
tion in trans as part of the wild-type helper RNA. In the
present study, we showed that negative-strand RNA synthesis
on PV1�C869-T6011 RNA was not inhibited in trans-replication
assays containing a cre(2C)mut1 helper RNA. In addition,
negative-strand synthesis was not inhibited on full-length
cre(2C)mut1 RNA. These results indicate that the cre(2C)-
dependent synthesis of VPgpUpU is not required for negative-
strand synthesis.

In a previous study, however, it was shown that cre(2C)mut1
RNA, upon transfection, produced revertants after five blind
passages (29). This result suggests that extremely low levels of
VPgpUpU synthesis and RNA replication may occur in cells
transfected with cre(2C)mut1 RNA. In contrast, revertants
were never observed after repeated passages with cre(2C)mut7
RNA (29). This was consistent with the proposal that the A1

nucleotide in the A1A2A3CA loop sequence serves as the tem-
plate for the VPg uridylylation reaction as previously dis-
cussed. cre(2C)mut7 creates an absolute block in VPgpUpU
synthesis. Finding that negative-strand synthesis was not inhib-
ited in assays containing cre(2C)mut7 confirmed the results of

the experiments with cre(2C)mut1. Therefore, we concluded
that the cre(2C)-dependent synthesis of VPgpUpU is not re-
quired for negative-strand synthesis. This raises a question
about the mechanism used to synthesize negative-strand RNA.
Is VPg required to initiate negative-strand synthesis? Immu-
noprecipitation of labeled negative-strand RNA with anti-VPg
antibody showed that negative-strand RNA synthesized in re-
actions containing cre(2C)mut1 RNA was covalently linked to
VPg. Thus, VPg is used to initiate negative-strand synthesis,
even though VPgpUpU synthesized on the cre(2C) hairpin is
not required for this reaction.

cre(2C)-dependent VPg uridylylation and positive-strand
synthesis. In marked contrast to negative-strand synthesis, pos-
itive-strand synthesis was totally dependent on the synthesis of
VPgpUpU on the cre(2C) hairpin. Positive-strand synthesis
was inhibited in PIRCs containing cre(2C)mut1 RNA and in
trans-replication assays containing cre(2C)mut1 helper RNA.
Therefore, the cre(2C) hairpin is required for the synthesis of
VPgpUpU, which is then used as a primer to initiate positive-
strand synthesis. The cre hairpins in the coding region of pi-
cornavirus genomes were initially described as cis-active repli-
cation elements that are required for viral RNA replication,
apparently at the level of negative-strand synthesis (11, 16, 20).
However, the measurement of negative-strand RNA levels in
transfected cells is complicated by the fact that the synthesis of
the vast majority of negative-strand RNA is dependent on the
synthesis of positive-strand RNA, which serves as a template

FIG. 8. Effect of cre(2C)mut7 on negative-strand RNA synthesis and VPg uridylylation. (A) The effect of cre(2C)mut1 and cre(2C)mut7 on
negative-strand RNA synthesis was measured in trans-replication assays like those described in the legend to Fig. 7. PIRCs were isolated from
HeLa S10 trans-replication reaction mixtures that contained a PV1�C869-T6011 RNA template and the indicated nonreplicating helper RNAs. The
PIRCs were resuspended in reaction mixtures containing [�-32P]CTP and then incubated at 37°C for 1 h. The 32P-labeled product RNAs were then
analyzed by CH3HgOH-agarose gel electrophoresis. (B) Viral protein synthesis was measured in HeLa S10 translation-replication reaction
mixtures containing either wild-type helper RNA or PV1cre(2C)mut7 helper RNA and [35S]methionine (1.2 mCi/ml) (lanes 1 and 2). VPg
uridylylation was measured in PIRCs isolated from identical HeLa S10 translation-replication reaction mixtures containing the indicated RNAs.
Reaction mixtures containing the PIRCs and [�-32P]UTP were incubated at 37°C for 1 h. 32P-labeled VPgpUpU was immunoprecipitated with
anti-VPg antibody (Ab) as described in Materials and Methods (lanes 3 to 6). The labeled viral proteins and immunoprecipitated products were
resolved by SDS-PAGE (9 to 18% polyacrylamide).
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for negative-strand synthesis in subsequent rounds of amplifi-
cation. Hence, a complete block in positive-strand synthesis
will severely inhibit the accumulation of negative-strand RNA.
As shown in this study, the poliovirus cre(2C) mutants com-
pletely inhibited positive-strand RNA synthesis, suggesting
that this could have been a factor limiting the detection of
negative-strand synthesis in the previous studies. Since optimal
amounts of input viral RNA are added to the HeLa-S10 trans-
lation-replication reaction mixtures to maximize viral protein
synthesis and RNA replication, negative-strand synthesis can
be directly measured in PIRCs isolated from these reactions.
Therefore, this system offers a distinct advantage in terms of
measuring negative- and positive-strand RNA synthesis in the
context of membrane-associated RNA replication complexes
that support authentic viral RNA replication and virus forma-
tion.

Models for VPg uridylylation and asymmetric viral RNA
replication. Two models have been proposed to explain the
mechanisms involved in VPg-primed negative-strand RNA
synthesis. The first model suggests that VPg is uridylylated on
the 3� poly(A) tail in poliovirus RNA and then used as a primer
for negative-strand synthesis (26). The second model proposes
that VPgpUpU synthesized on the cre(2C) hairpin is translo-
cated to the 3� end of the poly(A) tail, where it acts as a primer
for negative-strand synthesis (25). The results of this study
clearly support a model in which VPg is uridylylated on the 3�
poly(A) tail and then elongated into negative-strand RNA. It
appears that VPg itself is used to initiate negative-strand syn-
thesis, and that in this case, the uridylylated form of VPg is only
a transient intermediate that is elongated into full-length neg-
ative-strand RNA. Our results also indicate that VPgpUpU,
which is synthesized on the cre(2C) hairpin, is used during
positive-strand synthesis. The cre(2C)-dependent uridylylation
of VPg appears to generate a pool of VPgpUpU, which func-
tions as a primer to initiate positive-strand synthesis by using
the AA sequence at the 3� end of negative-strand RNA tem-
plates. This would provide an efficient mechanism for the ini-
tiation of multiple rounds of positive-strand RNA synthesis.

The asymmetric replication of poliovirus RNA is a funda-
mental property of the viral RNA replication cycle. The pro-
cess of limiting negative-strand synthesis and promoting posi-
tive-strand synthesis establishes asymmetry during the
replication cycle. Negative-strand initiation is believed to re-
quire the formation of a circular RNP complex between the 5�
and 3� ends of the viral genome (8, 14, 34). It is possible that
the formation of this circular complex plays an important role
in facilitating the uridylylation of VPg on the 3� poly(A) se-
quence and the initiation of negative-strand synthesis. The
elongation of the VPg-linked nascent negative strand by the
viral polymerase would disrupt this circular complex and re-
strict additional rounds of negative-strand initiation (8). In
addition, having a relatively inefficient mechanism for VPg
uridylylation that involves the use of the 3� poly(A) tail would
further limit negative-strand synthesis. In contrast, the avail-
ability of a pool of VPgpUpU preformed on the cre(2C) hair-
pin could potentially drive the initiation of positive-strand syn-
thesis and explain the rapid formation of multiple nascent
positive strands on individual negative-strand templates. Over-
all, employing two different mechanisms to uridylylate VPg
during negative- and positive-strand synthesis could result in

an asymmetric mode of replication that favors positive-strand
RNA synthesis. This model helps explain the molecular basis
for the asymmetric replication of poliovirus and other picor-
naviruses and perhaps additional positive-strand RNA viruses
with VPg-linked genomes.
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