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The cis-acting replication element (CRE) is a 61-nucleotide stem-loop RNA structure found within the coding
sequence of poliovirus protein 2C. Although the CRE is required for viral RNA replication, its precise role(s)
in negative- and positive-strand RNA synthesis has not been defined. Adenosine in the loop of the CRE RNA
structure functions as the template for the uridylylation of the viral protein VPg. VPgpUpU,y, the predom-
inant product of CRE-dependent VPg uridylylation, is a putative primer for the poliovirus RNA-dependent
RNA polymerase. By examining the sequential synthesis of negative- and positive-strand RNAs within pre-
initiation RNA replication complexes, we found that mutations that disrupt the structure of the CRE prevent
VPg uridylylation and positive-strand RNA synthesis. The CRE mutations that inhibited the synthesis of
VPgpUpU,y, however, did not inhibit negative-strand RNA synthesis. A Y3F mutation in VPg inhibited both
VPgpUpU, synthesis and negative-strand RNA synthesis, confirming the critical role of the tyrosine hydroxyl
of VPg in VPg uridylylation and negative-strand RNA synthesis. frans-replication experiments demonstrated
that the CRE and VPgpUpU,, were not required in cis or in frans for poliovirus negative-strand RNA
synthesis. Because these results are inconsistent with existing models of poliovirus RNA replication, we
propose a new four-step model that explains the roles of VPg, the CRE, and VPgpUpU, in the asymmetric

replication of poliovirus RNA.

Poliovirus possesses a single-stranded positive-polarity RNA
genome that is 7,441 nucleotides (nt) in length (39). VPg, a
virally encoded 22-amino-acid protein, is covalently linked to
the 5’ uridine of poliovirus RNA. When released into the
cytoplasm of susceptible cells, VPg is removed from the 5’
terminus of poliovirus RNA by a host enzyme (1, 2). Following
the removal of VPg, viral RNA functions sequentially as an
mRNA for viral protein synthesis and then as a template for
negative-strand RNA synthesis during viral RNA replication.
Translation of the long open reading frame in viral mRNA
yields a single polyprotein which undergoes both co- and post-
translational processing, culminating in the synthesis of viral
capsid and replication proteins (21, 24, 32). The viral replica-
tion proteins interact with both the viral mRNA and com-
ponents of the host cell to produce membrane-associated
ribonucleoprotein complexes (9-11, 44, 45). cis-active RNA
structures found within the 5’ and 3’ nontranslated regions
(NTRs) of poliovirus RNA mediate the sequential translation
and replication of viral RNA (4, 8, 20, 28, 38, 41). Poliovirus
mRNA, like other eukaryotic mRNAs (43), may circularize
within messenger ribonucleoprotein complexes. Likewise, be-
cause viral negative-strand RNA synthesis requires RNA struc-
tures from both the 5 and 3" NTRs, the template for viral
negative-strand RNA synthesis may exist in a circularized con-
formation via RNA-protein-protein-RNA interactions (8, 20).
Amplification of viral RNA within membranous replication
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complexes occurs asymmetrically. Viral RNA is first copied
into a negative strand, which then becomes the template for
the reiterative synthesis of multiple copies of positive-polarity
RNA identical to the genome of the virus that initiated the
infection.

Recent studies identifying cis-active structures within the
open reading frames of picornaviruses seem to complicate
models of translation and replication based exclusively on in-
teractions between the 5’ and 3’ termini of viral RNA. In 1998,
an RNA structure located within the open reading frame of
human rhinovirus 14 was identified as being necessary for
RNA replication (27). Mutations in this cis-acting replication
element (CRE) prevented any detectable RNA replication in
cells (27). Since 1998, CRE structures have been described
within the open reading frames of the rhinoviruses (15, 27),
enteroviruses (17, 35), and cardioviruses (25) and are pre-
dicted to exist within the open reading frames of the aphtho-
virus, hepatovirus, and teschovirus genera (48). Biochemical
characterization of the CREs from poliovirus type 1 Mahoney
(40) and human rhinovirus type 2 (16) indicate that the CRE
functions as a template for the uridylylation of viral protein 3B
(VPg). The CREs described thus far are all simple stem-loop
structures in which the conserved sequence 5’AAAC-3’ can be
found (Fig. 1A) (50). Reaction mixtures containing the CRE,
VPg, UTP, and 3D"* were used to demonstrate that the uri-
dylylation of VPg is based on the most 5’ A of the conserved
5'AAAC-3" sequence (40). Viral protein 3CD dramatically
stimulates VPg uridylylation in these reactions (35, 40). After
addition a single uridine to VPg, the nascent VPgpU ,;-poly-
merase-substrate complex is believed to slide back on the tem-
plate sequence S’AAAC-3’ to allow a second uridine resi-
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FIG. 1. Poliovirus CRE and RNA replicons. (A) Wild-type (WT) CRE structure and mutations engineered into the CRE structure. The CRE
presented is based on the enterhino CRE common motif proposed by Yang et al. (50) . (B) Mutant CRE RNA structure. (C and D) Diagrams of
RNA replicons possessing either wild-type CRE or mutant CREs. (C) Replicons used to assay positive-strand RNA synthesis. Replicons with
5'-terminal hammerhead ribozymes were used to generate replicon RNAs with authentic 5’ termini necessary for positive-strand RNA synthesis.
(D) Replicons used to assay negative-strand RNA synthesis. Replicons with two 5'-terminal guanosine residues (capable of inhibiting positive-
strand RNA synthesis) were used to characterize negative-strand RNA synthesis that is independent of positive-strand RNA synthesis.

due to be incorporated to form VPgpUpUgy (40). Once
VPgpUpUgyy, is formed, the polymerase-substrate complex is
suspected to dissociate from the template, as VPgpUpU
accumulates both in infected cells and in reconstituted reaction
mixtures containing the CRE, VPg, and poliovirus 3D"! (13,
35, 40). Before the discovery of CRE structures within the
open reading frames of picornaviruses, it was thought that the
3’-terminal poly(A) tails of viral RNA functioned as the tem-
plates for VPg uridylylation (36). Because the 5’ cloverleaf
RNA structure of poliovirus is required in cis for both the
initiation of negative-strand RNA synthesis and the uridylyla-
tion of VPg (26), a more complicated conformation of viral
RNA than that previously proposed (8, 20) may be involved in
RNA replication.

Current models for poliovirus RNA replication suggest that,
once formed, VPgpUpUgy is translocated from the CRE
RNA template (via an unknown mechanism) to the 3’ ter-
minus of the viral RNA, where it serves to prime negative-
strand RNA synthesis (35). VPgpUpUygy, is also believed to

prime positive-strand RNA synthesis. VPgpUpU;; may form
Watson-Crick base pairs with viral RNA templates to facilitate
the initiation of RNA synthesis (19). The 3’-terminal poly(A)
tail of positive-strand RNA as well as the two 3’-terminal
adenosine residues of negative-strand RNA may accommodate
complementarity with VPgpUpU,; primers. Two 5'-terminal
nonviral guanosine residues on T7 transcripts of poliovirus
RNA prevent positive-strand RNA synthesis but do not pre-
vent negative-strand RNA synthesis (19). It is likely that the
two 5'-terminal guanosine residues on T7 transcripts of polio-
virus positive-strand RNA are copied into 3’-terminal cytosine
residues on negative-strand RNA. 3'-terminal cytosine resi-
dues on negative-strand RNA would preclude complementar-
ity with VPgpUpU; primers, consistent with the observed
inhibition in positive-strand RNA synthesis (19). Therefore, it
is believed that the interaction of VPgpUpUg,; with the 3’
terminus of the negative strand would allow VPgpUpU,; to
prime positive-strand RNA synthesis in a manner that would
faithfully reproduce the viral genome (19).
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The steps of poliovirus replication affected by lethal muta-
tions in viral RNA are difficult to determine in experiments
with transfected cells. In contrast, sequential translation and
replication of poliovirus RNA in cell-free reactions along with
synchronous RNA replication within preinitiation RNA repli-
cation complexes allows one to identify the precise steps of
replication affected by lethal mutations in viral RNA. Reaction
mixtures containing cytoplasmic extracts from uninfected
HeLa cells faithfully support the sequential translation and
replication of poliovirus RNA in vitro (5, 29). In the presence
of 2 mM guanidine HCI, a reversible inhibitor of viral protein
2CATPase (6, 37), preinitiation RNA replication complexes con-
taining poliovirus RNA templates accumulate in these reaction
mixtures (5). Preinitiation RNA replication complexes are ad-
vantageous because they catalyze the sequential synthesis of
radiolabeled negative- and positive-strand RNA upon their
incubation in reaction mixtures containing >?P-nucleoside
triphosphates (6). Preinitiation RNA replication complexes
also catalyze the synthesis of VPgpUpUgy (26). In this study,
we used preinitiation RNA replication complexes containing
poliovirus RNA templates with either wild-type or mutant
CREs to evaluate the role of the CRE in RNA replication. Our
data confirm that the CRE is the predominate template for the
uridylylation of VPg. Furthermore, contrary to previous pre-
dictions, our data indicate that CRE-dependent VPg uridyly-
lation is not required for the initiation of negative-strand RNA
synthesis but is required for the synthesis of positive-polarity
RNAs. Our data demonstrate that, while VPgpUpU 4y is not
required for the initiation of negative-strand RNA synthesis,
the tyrosine hydroxyl of VPg is absolutely required for nega-
tive-strand RNA synthesis. Based on these results, we propose
a new four-step model that explains the mechanisms by which
the CRE, VPg, and VPgpUpU,;; mediate the asymmetric
replication of poliovirus RNA.

MATERIALS AND METHODS

c¢DNA and cloning. (i) pRNA2. pPRNA2 contains the subgenomic wild-type
poliovirus (Mahoney, type 1) RNA replicon, which possesses two 5’ nonviral
guanosine residues (Fig. 1D). It was kindly provided by James B. Flanegan
(University of Florida College of Medicine, Gainesville). This plasmid encodes
RNA2, a subgenomic poliovirus replicon containing an in-frame deletion of
poliovirus nt 1175 to 2956 within the capsid genes (12). T7 transcription of
Miul-linearized RNA2 ¢cDNA produces RNA2 replicon RNA. RNA2 has two
nonviral guanosine residues at its 5’ terminus.

(i) pDJB14. pDJB14 is the subgenomic RNA template for negative-strand
RNA synthesis (see Fig. SA) and was kindly provided by James B. Flanegan,
(University of Florida College of Medicine). T7 transcription of Mlul-linearized
pDJB14 yields DJB14 RNA. DJB14 RNA consists of the 5’-terminal 629 nt of
poliovirus RNA, poliovirus nt 6012 to 6056, and the 3’-terminal 1,007 nt of
poliovirus RNA with a poly(A) tail 83 bases in length.

(iii) pDNVR2. pDNVR2 contains wild-type CRE helper RNA (see Fig. 5A)
and, as previously described (26), is a cDNA encoding a chimeric viral RNA
composed of the 5" NTR of hepatitis C virus and the P2/P3 coding sequence, 3’
NTR, and poly(A) tail of poliovirus.

(iv) pDNVR21d. A mutation was engineered into the CRE coding sequence of
pDNVR2. This mutation was designed to disrupt the structure of the CRE (Fig.
1A and B and see Fig. 5A) without changing the coding sequence of the viral
protein 2CATPas¢. h)DNVR21d was made using a Stratagene (La Jolla, Calif.)
Quickchange site-directed mutagenesis kit and the following two primers:
21A (5'CATACTATTAACAACTATATCCAATTTAAATCCAAGCACCGT
ATTGAACC3') and 21B (5'GGTTCAATACGGTGCTTGGATTTAAATTGG
ATATAGTTGTTAATAGTATG3').

(v) pDNVR26. pDNVR26 (with a mutant CRE in an RNA2 background [Fig.
1D]). was created by cutting pRNA2 and pDNVR21d with Pvul and AvrIl. Gel
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purification of fragments was followed by ligation (sticky-sticky), yielding
pDNVR26.

(vi) pDNVR27. pMO-3, a plasmid encoding wild-type poliovirus, was gener-
ously provided by Craig E. Cameron (Pennsylvania State University, University
Park). pMO-3 encodes a 5'-terminal hammerhead ribozyme such that in vitro T7
transcription produces an RNA possessing an authentic poliovirus 5’ terminus.
pDNVR27 (with a wild-type CRE in an RNA2 ribozyme construct [Fig. 1c]) was
generated by cutting both pRNA2 and pMO-3 with Agel and Mlul. Following
digestion, the cut fragments were gel purified and ligated.

(vii) pDNVR28. As for pPDNVR27, pDNVR28 (a mutant CRE-ribozyme con-
struct [Fig. 1C]) was created by cutting pMO-3 and, in this case, pPDNVR26 with
Agel and Mlul. Appropriate fragments were gel purified and ligated.

(viii) pY3F. A mutation was engineered into the 3B coding sequence of
pRNA2. This mutation was designed to change the tyrosine residue in position
3 of viral protein 3B to a phenylalanine. pY3F was made with the Stratagene
Quickchange site-directed mutagenesis kit and the following two primers: primer
Y3F (forward) (5'GGACACCAGGGAGCATTCACTGGTTTACCAAAC3')
and primer Y3F (reverse) (5'GTTTGGTAAACCAGTGAATGCTCCCTGGT
GTCC3’). The sequences of all cDNA constructs were confirmed by restriction
analyses and DNA sequencing.

Viral RNA. Poliovirus RNAs were generated by T7 transcription of Mlul-
linearized plasmids by using a commercially available kit (Epicentre, Madison
Wis.). Mlul linearizes all of the plasmids immediately downstream of the 3'-
terminal poly(A) tail of the viral cDNAs. With the exception of RNAs denoted
“-ribozyme,” all RNAs were produced with two 5’-terminal nonviral guanosine
residues. RNAs were extracted with 5 M NH,*CH;CO, followed by ethanol
precipitation. Viral RNA was quantified by determining the optical density at 260
nm.

HeLa S10 translation-replication reactions. HeLa cell S10 extracts (S10) and
HeLa cell translation initiation factors were prepared as previously described (7).
HeLa S10 translation-replication reaction mixtures contained 50% (by volume)
S10, 20% (by volume) translation initiation factors, 10% (by volume) 10X nu-
cleotide reaction mix (10 mM ATP, 2.5 mM GTP, 2.5 mM CTP, or 2.5 mM UTP;
600 mM KCH;CO,; 300 mM creatine phosphate; 4 mg of creatine kinase per ml;
and 155 mM HEPES-KOH [pH 7.4]), 2 mM guanidine hydrochloride, and T7
transcripts of viral RNA at 45 pg/ml. Reaction mixtures were incubated at 34°C
for 4 h.

Viral RNA translation. Poliovirus mRNA translation was assayed by including
[**S]methionine (1.2 mCi/ml; Amersham) in HeLa S10 translation-replication
reaction mixtures. [**S]methionine-labeled proteins synthesized in HeLa S10
translation-replication reactions were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Samples (4 pl) of the HeLa S10
translation-replication reaction mixtures containing [**S]methionine were solu-
bilized in SDS-PAGE sample buffer (2% SDS o, 62.5 mM Tris-HCI [pH 6.8],
0.5% 2-mercaptoethanol, 0.1% bromophenol blue, 20% glycerol). The samples
were heated at 100°C for 5 min and separated by gel electrophoresis in SDS-9 to
18% polyacrylamide gels as previously described (7). The gels were fixed by
soaking them in 50% trichloroacetic acid. The gels were dried, and the [**S]me-
thionine-labeled proteins were detected by phosphorimaging (Bio-Rad, Her-
cules, Calif.).

Negative-strand RNA synthesis. Poliovirus negative-strand RNA synthesis was
assayed by using preinitiation RNA replication complexes containing poliovirus
RNA templates with two 5'-terminal nonviral guanosine residues as previously
described (6). Following 4 h of incubation at 34°C, preinitiation RNA replication
complexes were isolated from HeLa S10 translation-replication reaction mix-
tures by centrifugation at 13,000 X g. Pellets containing preinitiation RNA
replication complexes were resuspended in 50-ul labeling reaction mixtures
containing [*?P]CTP and incubated at 37°C for 1 h. Under these conditions, the
radiolabel is incorporated into nascent negative-strand RNA as it is synthesized
by the viral RNA replication complexes. Two 5'-terminal nonviral guanosine
residues on the T7 RNA transcripts prevent the initiation of positive-strand
RNA synthesis within the preinitiation complexes. The products of the reactions
were phenol-chloroform extracted, ethanol precipitated, denatured with 50 mM
methylmercury hydroxide, and separated by electrophoresis in 1% agarose. 32P-
labeled RNAs were detected and quantified by phosphorimaging (Bio-Rad).

Positive-strand RNA synthesis. Poliovirus positive-strand RNA synthesis was
assayed by using preinitiation RNA replication complexes containing poliovirus
RNA templates with authentic 5’ termini as previously described (5, 6). Follow-
ing 4 h of incubation at 34°C, preinitiation RNA replication complexes were
isolated from HeLa S10 translation-replication reactions by centrifugation at
13,000 X g. Pellets containing preinitiation RNA replication complexes were
resuspended in 50-pl labeling reaction mixtures containing [**P]CTP and incu-
bated at 37°C for 1 h. Under these conditions, the radiolabel was first incorpo-
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rated into nascent negative-strand RNA and then into positive-strand RNA. The
products of the reactions were phenol-chloroform extracted and ethanol precip-
itated. Reaction products were resuspended in a nondenaturing formaldehyde-
formamide gel loading buffer [10% 200 mM 3-(N-morpholino) propanesulfonic
acid (MOPS), 17.5% formaldehyde, 50% formamide, 8% glycerol, and 0.1%
bromophenol blue] and separated by electrophoresis in 1% agarose-MOPS-
formaldehyde (200 mM MOPS, 2% formaldehyde). 3*P-labeled RNAs were
detected and quantified by phosphorimaging (Bio-Rad).

VPg uridylylation. VPg uridylylation was assayed by using preinitiation RNA
replication complexes containing the indicated poliovirus RNA templates as
previously described (26). Preinitiation RNA replication complexes were isolated
from HeLa S10 translation-replication reactions in the same manner as that used
for negative-strand RNA. The preinitiation RNA replication complexes were
resuspended in reaction mixtures containing [a->*P]JUTP rather than [a->?P]
CTP. The reaction mixtures were incubated for 60 min at 37°C. Following
incubation, the reaction mixtures were centrifuged at 13,000 X g to pellet the
viral RNA replication complexes. Radiolabeled VPgpUpUy and viral RNA
remained in the replication complexes and were not released into the soluble
portion of the reaction mixtures. The supernatant containing unincorporated
radiolabel was discarded unless otherwise indicated. The pellets containing VPg-
pUpUgy were solubilized in Tris-Tricine sample buffer (3% SDS o, 62.5 mM
Tris-hydrochloride [pH 6.8], 5% B-mercaptoethanol, 10% glycerol, and 0.1%
bromophenol blue). The samples were fractionated by electrophoresis (75 mA of
constant current for 15 min followed by 11 mA of constant current for 17 h) in
a 0.75-mm-thick polyacrylamide (29:1 ratio of acrylamide to bis-acrylamide)-
Tris-Tricine gel system (a 4% polyacrylamide stacking gel [4% polyacrylamide,
0.7 M Tris-HCI {pH 8.45}, and 0.1% SDS] and a 12% polyacrylamide separating
gel [1 M Tris-HCI {pH 8.45} and 0.1% SDS]) by using a Tris-Tricine running
buffer (0.1 M Tris-Tricine [pH 8.25], 0.3% SDS). Radiolabeled products in the
gel were detected by phosphorimaging.

RESULTS

A CRE mutation completely inhibited VPg uridylylation and
positive-strand RNA synthesis. To study the role of the CRE
in poliovirus replication, eight bases were mutated within po-
liovirus replicons to disrupt the structure of the CRE (Fig. 1).
The 5'-terminal A in the conserved 5'AAAC-3' sequence of
the CRE, the template for VPg uridylylation, could not be
mutated without changing the lysine residue encoded by the 2C
gene. The eight bases mutated disrupted the structure of the
CRE without altering the coding sequence of the 2C gene (as
illustrated in Fig. 1A and B). A comparable mutation was
shown by Goodfellow et al. to prevent poliovirus RNA repli-
cation in transfected cells (17); however, the precise defect in
viral RNA replication was not defined. In order to evaluate
more precisely the effects of the CRE mutations on negative-
and positive-strand RNA synthesis independently, we engi-
neered this CRE mutation into two slightly different wild-type
poliovirus replicons (Fig. 1C and D). To assay the effect of the
CRE mutation on positive-strand RNA synthesis, a replicon
with a 5'-terminal hammerhead ribozyme was used to generate
replicon RNAs with authentic 5’ termini (as illustrated in Fig.
1C). To assay the effect of the CRE mutation on negative-
strand RNA synthesis, a replicon with two nonviral guanosine
residues at the 5’ terminus was employed (as illustrated in Fig.
1D).

RNA replicons with authentic 5" termini allowed us to eval-
uate the effect of the CRE mutation on positive-strand RNA
synthesis (Fig. 2). Disruption of the CRE structure had no
effect on viral protein synthesis or polyprotein processing (Fig.
2A, lanes 3 and 4 versus lanes 1 and 2). Preinitiation RNA
replication complexes containing wild-type replicon RNA tem-
plates synthesized robust amounts of both VPgpUpUy,; (Fig.
2B, lane 2) and viral RNA (Fig. 2C, lane 2). Radiolabeled
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VPgpUpUy,; and viral RNA products were not released into
the soluble portion of the reaction mixtures but remained
associated with the repelleted membranous replication com-
plexes (see “VPg uridylylation” in Materials and Methods)
(26). As previously described (26), 2 mM guanidine HCI in-
hibited the uridylylation of VPg (Fig. 2B, lanes 1 and 3) and
viral RNA synthesis (Fig. 2C, lanes 1 and 3). Replicative-
intermediate, replicative-form (RF), and positive-strand RNAs
were synthesized by using preinitiation RNA replication com-
plexes containing wild-type RNA templates (Fig. 2C, lane 2).
Quantifying the RF RNA and the positive-strand RNA (Fig.
2C) indicated that ~20 positive strands were synthesized for
each negative-strand RNA molecule. As predicted, VPg uri-
dylylation was completely inhibited within preinitiation RNA
replication complexes containing the replicon RNA with the
mutant CRE (Fig. 2B, lane 4). Preinitiation RNA replication
complexes containing mutant CRE RNA templates were able
to synthesize the RF RNA (Fig. 2C, lane 4) but were unable to
synthesize any detectable positive-strand RNA (Fig. 2C, lane
4). The CRE mutation led to diminished incorporation of
radiolabel into RF RNA (Fig. 2C, lane 4 versus lane 2) because
wild-type RNA replicons incorporated radiolabel into both the
negative and positive strands of the RF RNA, while radiolabel
was incorporated only into the negative strand of the mutant
RF RNA. These data suggest that negative-strand RNA syn-
thesis was supported by both wild-type and CRE-mutant tem-
plates, but only the wild-type RNA template supported VPg
uridylylation and positive-strand RNA synthesis.

CRE-dependent uridylylation of VPg is not required for
negative-strand RNA synthesis. To more precisely analyze the
role of CRE-dependent VPg uridylylation and VPgpUpU g in
the synthesis of negative-strand RNA, we used replicon RNAs
with two nonviral guanosine residues at the 5’ terminus (as
illustrated in Fig. 1D). The presence of the two nonviral
guanosine residues at the 5’ terminus of the RNA prevents the
initiation of positive-strand RNA synthesis without inhibiting
negative-strand RNA synthesis (19), allowing us to specifically
evaluate the effect of the CRE mutation on negative-strand
RNA synthesis. In the absence of 2 mM guanidine HCI, preini-
tiation RNA replication complexes containing wild-type RNA
were able to robustly synthesize VPgpUpUqy (Fig. 3A, lane
2). Additionally, the wild-type construct was found to be a
competent template for negative-strand RNA synthesis (Fig.
3B, lane 2). The negative-strand RNA synthesized (Fig. 3B, lane
2) possessed two times more radiolabel than VPgpUpUy,
(Fig. 3A, lane 2). The specific radioactivities of CTP and UTP
used to radiolabel negative-strand RNA and VPgpUpUy,
were identical. VPgpUpU,; possessed two uracil residues,
while the negative-strand RNA synthesized in these exper-
iments possessed 1,791 cytosine residues. Therefore, ~500
VPgpUpU,;; molecules were synthesized for each negative-
strand RNA molecule (Fig. 3, lanes 2). Preinitiation RNA
replication complexes containing mutant CRE RNA templates
revealed no VPgpUpUy, synthesis (Fig. 3A, lane 4); however,
the mutant CRE RNA was an efficient template for negative-
strand RNA synthesis (Fig. 3B, lane 4). Quantitation of the
viral RNA in Fig. 3B indicated that the CRE mutation had no
adverse effect on negative-strand RNA synthesis. Thus, the
CRE mutation completely abolished VPgpUpU,,; synthesis
without inhibiting negative-strand RNA synthesis.
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FIG. 2. CRE-dependent VPg uridylylation is required for positive-strand RNA synthesis. Poliovirus protein synthesis, VPg uridylylation, and
positive-strand RNA synthesis were assayed as described in Materials and Methods. Poliovirus RNA replicons with wild-type (WT) or mutant
CRE:s in an RNA2 background and authentic 5" termini were used as illustrated in Fig. 1C. (A) SDS-PAGE. Poliovirus proteins were synthesized
in reaction mixtures containing [**SJmethionine and the wild-type CRE replicon (duplicate samples in lanes 1 and 2) or mutant CRE replicon
(duplicate samples in lanes 3 and 4). Radiolabeled proteins were fractionated by SDS-PAGE and detected by phosphorimaging. (B) VPg
uridylylation. VPgpUpU,,; was synthesized in reaction mixtures containing [a->P]JUTP by preinitiation RNA replication complexes containing
wild-type poliovirus RNA templates (lanes 1 and 2) or mutant CRE RNA templates (lanes 3 and 4). Reactions were performed in the presence
(lanes 1 and 3) and absence (lanes 2 and 4) of 2 mM guanidine HCI (GuHCI). Products from the reactions were fractionated by polyacrylamide—
Tris-tricine gel electrophoresis and detected by phosphorimaging. (C) Positive-strand RNA synthesis. Poliovirus RNA was synthesized in reaction
mixtures containing [a-**P]CTP by preinitiation RNA replication complexes containing wild-type poliovirus RNA templates (lanes 1 and 2) or
mutant CRE RNA templates (lanes 3 and 4). Reactions were performed in the presence (lanes 1 and 3) and absence (lanes 2 and 4) of 2 mM
guanidine HCI. Products from the reactions were fractionated by electrophoresis in a nondenaturing agarose gel. Radiolabeled RNA in the gel
was detected by phosphorimaging. The mobility of positive-strand, RF, and replicative-intermediate (RI) RNA is indicated.

VPg is required for the synthesis of negative-strand RNA. that the CRE RNA structure could function in trans. To fur-
To assess the role of VPg in negative-strand RNA synthesis, we ther analyze the possibility of the CRE functioning in trans,
engineered a tyrosine-to-phenylalanine mutation in VPg (Fig. we engineered the CRE mutation illustrated in Fig. 1 into
4A). Phenylalanine is structurally similar to tyrosine; however, DNVR2 RNA (thereby creating DNVR21d) (Fig. 5A). The
phenylalanine lacks the critical phenolic hydroxyl moiety nec- absence of the 5’ cloverleaf of poliovirus on DNVR2 RNA
essary for the uridylylation of VPg by 3D"°' (Fig. 4A) (15, 16, prevents both VPg uridylylation and negative-strand RNA syn-
22, 23, 42). Protein synthesis and polyprotein processing were thesis (26, 30). Therefore, DNVR2 and DNVR21d are repli-
unaffected by the Y3F mutation (Fig. 4B, lanes 3 and 4 versus cation-incompetent helper RNAs (26, 30). Both DNVR2 and
lanes 1 and 2). As predicted, the Y3F mutation in VPg pre- DNVR21d RNAs contain the 5 NTR of hepatitis C virus
vented negative-strand RNA synthesis (Fig. 4C, lane 4). Ad- fused to the poliovirus P2/P3 open reading frame and the PV
ditionally, the Y3F mutation prevented the synthesis of 3" NTR (as illustrated in Fig. 5A). DJB14 RNA is a sub-
VPgpUpUy (Fig. 4D, lane 4). These results indicate that the genomic poliovirus template for negative-strand RNA synthe-
tyrosine residue of VPg is required for VPg uridylylation and sis (as illustrated in Fig. 5A). DNVR2 RNA and CRE-mutant
for negative-strand RNA synthesis. DNVR21d RNA expressed equal amounts of poliovirus repli-

Poliovirus negative-strand RNA synthesis does not require cation proteins when they were cotranslated with DJB14 RNA
the CRE in cis or in trans. Previous frans-replication experi- (Fig. 5B, lanes 1 to 4). DJB14 RNA does not possess a CRE or
ments established that the poliovirus CRE RNA structure was encode any of the viral replication proteins (Fig. 5A). None-
not required in cis for negative-strand RNA synthesis (8, 30). theless, as previously described (30), DJB14 RNA functioned
These experiments, however, did not rule out the possibility perfectly well as a template for negative-strand RNA synthesis



4744 MURRAY AND BARTON

A.

w
oc
E (&]
s
o g
s
E S
=

1 2 3 4

<4——VPgpUpUoH

J. VIROL.

WT CRE
Mutant CRE

GuHClI + - + -

(-) Strand RNA

1 2 3 4

FIG. 3. CRE-dependent VPg uridylylation is not required for negative-strand RNA synthesis. Poliovirus VPg uridylylation and negative-strand
RNA synthesis were assayed as described in Materials and Methods. Poliovirus RNA replicons with wild-type (WT) or mutant CREs and two
nonviral guanosine residues at their 5" termini were used as illustrated in Fig. 1D. (A) VPg uridylylation. VPgpUpU o, was synthesized in reaction
mixtures containing [«-**P]JUTP by preinitiation RNA replication complexes containing wild-type poliovirus RNA templates (lanes 1 and 2) or
mutant CRE RNA templates (lanes 3 and 4). Reactions were performed in the presence (lanes 1 and 3) and absence (lanes 2 and 4) of 2 mM
guanidine HCl (GuHCI). Products from the reactions were fractionated by polyacrylamide-Tris-Tricine gel electrophoresis and detected by
phosphorimaging. (B) Negative-strand RNA synthesis. Poliovirus RNA was synthesized in reaction mixtures containing [a->*P]CTP by preinitiation
RNA replication complexes containing wild-type poliovirus RNA templates (lanes 1 and 2) or mutant CRE RNA templates (lanes 3 and 4).
Reactions were performed in the presence (lanes 1 and 3) and absence (lanes 2 and 4) of 2 mM guanidine HCI. Products from the reactions were
fractionated by electrophoresis in a denaturing methylmercury hydroxide agarose gel. Radiolabeled negative-strand RNA in the gel was detected

by phosphorimaging.

when it was cotranslated with DNVR2 helper RNA (Fig. 5C,
lane 4). Mutating the CRE within the helper RNA had no
effect on the ability of DJB14 to function as a template for
negative-strand RNA synthesis (Fig. 5C, lane 4 versus lane 2).
Furthermore, DJB14 negative-strand RNA synthesis occurred
in reactions that did not synthesize VPgpUpU 4 (Fig. 5C and
D). These findings, like those illustrated in Fig. 3, demonstrate
that the CRE and VPgpUpU,, are not required in cis or in
trans for the synthesis of negative-strand RNA.

Poliovirus polyproteins and RNA synthesis. To examine the
viral proteins associated with RNA replication complexes, we
radiolabeled poliovirus proteins with [**S]methionine in HeLa
S10 reactions and examined the viral proteins before and after
fractionation (Fig. 6). Although most viral proteins were found
in the supernatant fraction, a significant portion of viral pro-
teins cofractionated with preinitiation RNA replication com-
plexes (Fig. 6, compare lane 3 with lanes 1 and 2). Significant
amounts of poliovirus proteins P3, P2, 3BCD, 3CD, 2BC, 3AB,
2C, and 2A cofractionated with preinitiation RNA replication

complexes (Fig. 6, lane 3). Incubation of preinitiation RNA
replication complexes for 1 h in the presence and absence of 2
mM guanidine HCl revealed very little additional processing of
the viral polyproteins (Fig. 6, lanes 4 and 5). As shown previ-
ously (5), poliovirus RNA replication complexes have very
little mature 3D"°' (Fig. 6; 3D"! is not readily visible) and
inhibition of RNA synthesis with 2 mM guanidine HCI has no
effect on viral polyprotein processing (Fig. 6).

DISCUSSION

VPg and/or VPgpUpUy is a potential primer for poliovirus
3D"°! (36). In this study, we have shown that CRE-dependent
VPg uridylylation is required for the synthesis of positive-
strand RNA but that CRE-dependent VPg uridylylation is not
required for negative-strand RNA synthesis. We also show that
the tyrosine residue of VPg is required for negative-strand
RNA synthesis and VPg uridylylation. These results indicate
that negative-strand RNA synthesis and positive-strand RNA



VoL. 77, 2003 ROLE OF CRE IN POLIOVIRUS RNA REPLICATION 4745

(=]
-
A B. >
] -

.
O

O<KA>PA T—- "4 I<ZTXAXXZUTreo-EAm>» 0

Y3F

<
U
(]

g ggg: g(D;IATPase

O<L<KXAX>»A T~ 4 IV<ZIVTXRXXZTre-A<>»0

IWT VPg
Y3F
g

|vp
O

C.

GuHCI +

4

(-) Strand
RNA

™
12 34 12 34

FIG. 4. VPgis required for negative-strand RNA synthesis. Poliovirus protein synthesis, negative-strand RNA synthesis, and VPg uridylylation
were assayed as described in Materials and Methods. Poliovirus RNAZ2 replicons with two 5'-terminal nonviral guanosines encoding wild-type (WT)
or Y3F mutant VPg (VPg">F) were used. (A) Diagrams of wild-type VPg and VPg**F. (B) SDS-PAGE. Poliovirus proteins were synthesized in
reaction mixtures containing [**S]methionine and the wild-type (WT) RNA2 replicon (duplicate samples in lanes 1 and 2) or VPg¥?¥ replicon
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strand RNA synthesis. Poliovirus RNA was synthesized in reaction mixtures containing [a->>P]CTP by preinitiation RNA replication complexes
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wild-type poliovirus RNA templates (lanes 1 and 2) or mutant VPg¥*" RNA templates (lanes 3 and 4). Reactions were performed in the presence
(lanes 1 and 3) and absence (lanes 2 and 4) of 2 mM guanidine HCI. Products from the reactions were fractionated by polyacrylamide—Tris-Tricine
gel electrophoresis and detected by phosphorimaging.
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synthesis are differentially primed. We suggest that VPg primes
negative-strand RNA synthesis and that VPgpUpU 4 primes
positive-strand RNA synthesis.

Poliovirus RNA replication. Not long ago, it was believed
that the poly(A) tail of poliovirus RNA functioned as the
template for VPg uridylylation (36). VPg primed the synthesis
of VPgpUyy, VPgpUpU gy, and VPg-poly(U) in reaction mix-
tures containing poly(A) templates and poliovirus 3D (36).
More recently, the CRE was found to be a more efficient
template for VPg uridylylation (35, 40). In this study, we found
that mutations in the CRE completely abolished VPgpUpU oy
synthesis despite the presence of poly(A) tails on the viral
RNA templates within preinitiation RNA replication com-
plexes (Fig. 2 and 3). Because of this observation, we conclude
that the poly(A) tail of poliovirus RNA is not used as a tem-
plate for VPgpUpUg,; synthesis within membranous RNA
replication complexes. Other recent studies led to the sugges-
tion that VPgpUpU, generated on the CRE RNA template,
might prime both negative- and positive-strand RNA synthesis
(19, 35). Our results do not support this possibility. We found
that the CRE and VPgpUpUg, are not required for negative-
strand RNA synthesis (Fig. 3 and 5). In other recent studies,
we found that the 5’ cloverleaf of poliovirus RNA was required
in cis for negative-strand RNA synthesis (8, 20, 26). These
results suggested that the 5’ cloverleaf of poliovirus RNA is
required coordinately with the 3’ NTR for the initiation of
negative-strand RNA synthesis. The 5’ cloverleaf of poliovirus
RNA was also found to be necessary for the uridylylation of
VPg within preinitiation RNA replication complexes (26).
These results suggest that the 5’ cloverleaf of poliovirus RNA
may work coordinately with the CRE to uridylylate VPg. In
light of these observations, we propose a new four-step model

+ PIRC +1 hr @ 37C
' PIRC + 1 hr @ 37C

'+ Supernatant

to explain the mechanisms for the asymmetric replication of
poliovirus RNA (Fig. 7).

Model of poliovirus RNA replication. We propose that VPg
primes the initiation of negative-strand RNA synthesis coor-
dinately with ribonucleoproteins present at the 5’ and 3’ ter-
mini of poliovirus RNA (Fig. 7A). The CRE, illustrated as the
simple stem-loop in the middle of poliovirus RNA in Fig. 7A,
is not required for negative-strand RNA synthesis. Membranes
and 2C~TP*<  as evidenced by the inhibitory action of guani-
dine, are also necessary for the initiation of negative-strand
RNA synthesis. Viral protein 3AB is a likely precursor of VPg
(46) at the site of negative-strand RNA synthesis initiation

FIG. 6. Poliovirus polyproteins associated with RNA replication
complexes. Poliovirus proteins were radiolabeled in reaction mixtures
containing [**S]methionine and wild-type (WT) RNA2 in the presence
of 2 mM guanidine HCI (GuHCI) for 4 h at 34°C. Preinitiation RNA
replication complexes (PIRC) were isolated by centrifugation as de-
scribed in Materials and Methods. Samples of poliovirus proteins be-
fore (total, lane 1) and after (supernatant, lane 2; preinitiation RNA
complex, lane 3) fractionation were examined by SDS-PAGE. Preini-
tiation RNA replication complexes were then incubated for 1 h at 37°C
in the presence (lane 4) and absence (lane 5) of 2 mM guanidine HCI
to allow for RNA replication and VPg uridylylation.

FIG. 5. Poliovirus negative-strand RNA synthesis does not require the CRE in cis or in frans. Poliovirus protein synthesis, negative-strand RNA
synthesis, and VPg uridylylation were assayed as described in Materials and Methods. Preinitiation RNA replication complexes containing DJB14
RNA were prepared by cotranslating DNVR2 or DNVR21d (Fig. 5A) with DJB14 RNA as previously described (30). (A) Diagrams of DNVR2,
DNVR21d, wild-type (WT) RNA2, and DJB14 RNAs. The * in the 2C coding region of DNVR2, DNVR21d, and wild-type RNA2 indicates the
approximate location of the CRE. The CRE is not present within DJB14 RNA. (B) SDS-PAGE. Poliovirus proteins were synthesized in reaction
mixtures containing [**S]methionine, DJB14 RNA, and DNVR2 RNA (duplicate samples in lanes 3 and 4) or mutant CRE DNVR21d RNA
(duplicate samples in lanes 1 and 2). Radiolabeled proteins were fractionated by SDS-PAGE and detected by phosphorimaging. (C) Negative-
strand RNA synthesis. Preinitiation RNA replication complexes formed during cotranslation reactions were assayed for their ability to synthesize
negative-strand RNA when the helper virus possessed either a wild-type (lanes 1 and 2) or a mutant (lanes 3 and 4) CRE as indicated in the figure.
Reactions were performed in the presence (lanes 1 and 3) and absence (lanes 2 and 4) of 2 mM guanidine HCI (GuHCI). Products from the
reactions were fractionated by electrophoresis in a denaturing methylmercury hydroxide agarose gel. Radiolabled negative-strand RNA in the gel
was detected by phosphorimaging. (D) VPg uridylylation. Preinitiation complexes formed during cotranslation were evaluated for their ability to
synthesize VPgpUpUy; when the helper virus contained either a wild-type CRE (lanes 3 and 4) or a mutant CRE (lanes 5 and 6). Wild-type RNA
was used as a positive control (lanes 1 and 2). Reactions were performed in the presence (lanes 1, 3, and 5) or the absence (lanes 2, 4, and 6) of
2 mM guanidine HCl. Products from the reactions were fractionated by polyacrylamide-Tris-Tricine gel electrophoresis and detected by
phosphorimaging.
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FIG. 7. Four-step model for the asymmetric replication of poliovirus RNA. (A) Initiation of negative-strand RNA synthesis (first step);
(B) initiation of VPg uridylylation(second step); (C) termination of ongoing VPg Uridylylation(third step); (D) initiation of positive-strand RNA
synthesis (fourth step). See Discussion in the text for an explanation of the individual steps of replication.

(Fig. 7A) (18, 49). Viral protein 3CD binds to both the 5’
cloverleaf RNA (3, 4, 14, 33) and the 3" NTR of poliovirus
RNA (18). 3CD protein-protein bridges between both termini
of poliovirus RNA may coordinately cleave 3AB and 3CD,
releasing VPg and 3DP°! at the site of initiation along the
poly(A) tail. The tyrosine hydroxyl of VPg appears to prime
negative-strand RNA synthesis without the synthesis of stable
VPgpUpU,y intermediates (Fig. 3 to 5). Other viral and cel-
lular proteins, as proposed by others (20, 33, 47), may also be
involved in the initiation of negative-strand RNA synthesis.
After the initiation of negative-strand RNA synthesis, we
propose that the elongating polymerase destroys the protein-
RNA interactions within the 3’-terminal ribonucleoprotein
complex to prevent repeated initiation of negative-strand RNA
synthesis (Fig. 7B). After the 3’-terminal ribonucleoprotein
complex is disassembled by the elongating negative-strand
polymerase, we propose that a reformed 5’-terminal ribonu-
cleoprotein interacts with ribonucleoprotein complexes con-
taining the CRE to initiate VPg uridylylation (Fig. 7B). The
CRE, like the 3" NTR, may form ribonucleoprotein complexes

containing 3CD (18, 34). Analogous to the situation described
above for the initiation of negative-strand RNA synthesis, pro-
tein-protein interactions between 3CD moieties bound to the
5’ cloverleaf and the CRE may coordinately cleave 3AB and
3CD, releasing VPg and 3D! at the site of VPg uridylylation
along the loop of the CRE (Fig. 7B). Our inability to detect
significant 3CD and 3AB polyprotein processing coordinate
with RNA synthesis in crudely purified replication complexes
(Fig. 6) suggests that a population of preprocessed protein
pools could be used during RNA synthesis. Alternatively, more
rigorously purified replication complexes may reveal polypro-
tein processing coordinate with RNA synthesis.

During the time necessary for the elongation of one mole-
cule of negative-strand RNA, we detected the synthesis of
~500 molecules of VPgpUpUygy,; (data from Fig. 3). We sug-
gest that VPg uridylylation involves repeated formation of
ribonucleoproteins containing 3CD, the 5’ cloverleaf, and the
CRE (Fig. 7B). The ability of guanidine HCI to inhibit VPg
uridylylation suggests that protein 2C*TF¢ activity modifies
the ribonucleoprotein complexes involved in VPg uridylyla-
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tion. We propose that ongoing VPg uridylylation is terminated
by elongating 3D"°' (Fig. 7C), analogous to the termination of
negative-strand RNA synthesis initiation by elongating 3D"!
(Fig. 7B). Presumably, elongating 3D"*' would permanently
alter the nature of the template RNA, preventing the contin-
ued formation of the 5’ cloverleaf-, the CRE-, and 3CD-con-
taining ribonucleoprotein complexes.

Because CRE-dependent VPg uridylylation is required for
positive-strand RNA synthesis, we propose that accumulated
VPgpUpUyg,; primes the initiation of positive-strand RNA
synthesis (Fig. 7D). We find that VPgpUpU,, is not released
into the soluble portion of reaction mixtures but that it remains
associated with membranous replication complexes (Fig. 2 to
4). Because proteolytic processing of new 3AB- and 3CD-con-
taining ribonucleoprotein complexes into VPg and 3D"°' may
be involved in the synthesis of each VPgpUpUg;; molecule,
each VPgpUpU,;; molecule may remain associated with the
3D"! involved in its formation (free VPgpUpUy; molecules
were illustrated rather than VPgpUpU o;;-3DF°! complexes for
simplicity in Fig. 7B to D). Accumulated VPgpUpU ;;-3D!
molecules may prime positive-strand RNA synthesis via the
complementarity of VPgpUpU; with the 3’-terminal adeno-
sine residues of negative-strand RNA templates. Because sig-
nificant amounts of VPgpUpUg,; accumulate in poliovirus-
infected cells (13) as well as in cell-free reaction mixtures (Fig.
2 to 4), VPgpUpUy,; priming of positive-strand RNA synthe-
sis may be rather inefficient. The magnitude of asymmetry of
poliovirus RNA replication in cells is approximately 20 to 50
positive-strand RNA molecules per negative-strand RNA (31).
In this study, we found that preinitiation RNA replication
complexes catalyzed the synthesis of ~20 positive-strand RNA
molecules per negative-strand RNA molecule (Fig. 2C, lane
2) while synthesizing ~500 VPgpUpU; molecules (Fig. 3).
These results suggest that greater than 90% of VPgpUpUgyy
molecules were never used as primers for positive-strand RNA
synthesis.

As predicted by this model, the magnitude of asymmetry of
poliovirus RNA replication might be determined by the
amount of VPgpUpU,; made during negative-strand RNA
synthesis. There are approximately 3,000 bases between the 3’
poly(A) tail, where negative-strand RNA synthesis initiates,
and the CRE, where VPgpUpU, is synthesized. The distance
between the 3’-terminal poly(A) template and the CRE RNA
template and the elongation rate of the negative-strand poly-
merase may be the dominant factors affecting the magnitude of
asymmetry. Intriguingly, the CREs of various picornaviruses
are found at different positions within the viral open reading
frame (48). For poliovirus and other enteroviruses, the CRE is
found within the 2C gene. In rhinovirus type 2, the CRE is
found within the 2A gene. The rhinovirus 14 CRE is found
within VP1, while cardiovirus CREs are found within the VP2
gene. Experimentally, rhinovirus type 14 and poliovirus CREs
can be moved to alternative locations within replicon RNAs
(17, 27). The consequences of alternative CRE locations on
the magnitude of the asymmetric replication of particular vi-
ruses are yet to be determined.

The new model of poliovirus replication proposed above
presents a number of testable predictions not previously pro-
posed in other models. This model suggests that (i) The CRE
is not involved in or required for negative-strand RNA synthe-
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sis; (ii) CRE-dependent VPg uridylylation begins immediately
after the initiation of negative-strand RNA synthesis; (iii) the
only fundamental difference between the initiation of negative-
strand RNA synthesis and the uridylylation of VPg is the na-
ture and conformation of the viral RNA template [the 3" NTR-
poly(A) tail for the initiation of negative-strand RNA synthesis
and the CRE for the uridylylation of VPg]; (iv) the poliovirus
5" cloverleaf and associated ribonucleoprotein complex is re-
quired in cis coordinately with the 3'NTR-poly(A) tail and the
CRE for the initiation of negative-strand RNA synthesis and
VPg uridylylation, respectively; and (v) no cis-active viral RNA
structure, including the 5’ cloverleaf as previously proposed
(3), may be involved directly in the initiation of positive-strand
RNA synthesis except as necessary for the synthesis of nega-
tive-strand RNA and VPgpUpUgy, as illustrated in Fig. 7A
and B.

Largely undefined, due to limited data, are the precise
protein-protein interactions and RNA-protein-protein-RNA
bridges between distal cis-active structures.
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