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A cloverleaf structure at the 5’ terminus of poliovirus
RNA binds viral and cellular proteins. To examine the
role of the cloverleaf in poliovirus replication, we
determined how cloverleaf mutations affected the
stability, translation and replication of poliovirus
RNA in HeLa S10 translation-replication reactions.
Mutations within the cloverleaf destabilized viral
RNA in these reactions. Adding a 5" 7-methyl guano-
sine cap fully restored the stability of the mutant
RNAs and had no effect on their translation. These
results indicate that the 5" cloverleaf normally protects
uncapped poliovirus RNA from rapid degradation by
cellular nucleases. Preinitiation RNA replication com-
plexes formed with the capped mutant RNAs were
used to measure negative-strand synthesis. Although
the mutant RNAs were stable and functional mRNAs,
they were not active templates for negative-strand
RNA synthesis. Therefore, the 5’ cloverleaf is a multi-
functional cis-acting replication element required for
the initiation of negative-strand RNA synthesis. We
propose a replication model in which the 5’ and 3’ ends
of viral RNA interact to form a circular ribonucleo-
protein complex that regulates the stability, transla-
tion and replication of poliovirus RNA.
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Introduction

Poliovirus genomic RNA is a multifunctional molecule
that serves as an mRNA for viral protein synthesis and as a
template for negative-strand RNA synthesis. The RNA
contains cis-active elements, which regulate its translation
and replication, and a single open reading frame that
encodes the viral capsid and replication proteins
(Figure 1A). The multifunctional nature of this RNA
molecule necessitates that regulatory mechanisms, medi-
ated by cis-active RNA replication elements and frans-
active viral and cellular proteins, control its many
activities.

Following translation, poliovirus genomic RNA acts as
a template for negative-strand RNA synthesis. Once
poliovirus RNA templates are cleared of translating
ribosomes, the RNA replication cycle begins with the

© European Molecular Biology Organization

initiation of negative-strand RNA synthesis. This requires
a membrane-associated replication complex of viral and
cellular proteins and a viral RNA template that contains
the cis-active replication elements needed for negative-
strand synthesis (Caliguiri and Tamm, 1969, 1970; Bienz
et al., 1987, 1992, 1994; Egger et al., 2000). Conserved
sequences and structures in the 3’ untranslated region
(UTR) in poliovirus RNA are needed for efficient nega-
tive-strand synthesis (Sarnow et al., 1986; Rohll et al.,
1995; Pilipenko et al., 1996; Melchers et al., 1997;
Mirmomeni et al., 1997; J.Wang et al., 1999). Although
needed for efficient replication, there appears to be a
significant degree of flexibility in the sequences and
structures needed for this function since chimeric
polioviruses, which contain 3" UTRs from other picorna-
viruses are viable (Rohll ef al., 1995). The 3’ terminal
poly(A) tail is also essential for poliovirus replication. It is
known that the length of the poly(A) tail is an important
factor in the virus replication cycle since removing most of
the poly(A) tail from poliovirion RNA or using transcripts
with a poly(A), tail reduces the specific-infectivity of
viral RNA by >10-fold (Spector and Baltimore, 1974;
Sarnow, 1989). A comparison of poliovirus RNA tran-
scripts with poly(A);, and poly(A)go tails in HeLa S10
translation—replication reactions showed that a short
poly(A) tail has no significant effect on translation but
severely inhibits negative-strand RNA synthesis (Barton
et al., 1996). Therefore, the 3 UTR and the associated
poly(A) tail serve as important cis-active determinants in
the initiation of negative-strand synthesis.

A conserved stem—loop structure in the 2C coding
sequence and a 5’ terminal cloverleaf structure are also
important determinants in the replication of poliovirus
RNA. The stem—loop structure in the 2C coding sequence
is reported to be a cis-active replication element (CRE)
that is required for negative-strand synthesis in cells
transfected with viral RNA (Goodfellow et al., 2000;
Rieder et al., 2000) and in the synthesis of VPg-pUpU
in vitro (Paul et al., 2000; Rieder et al., 2000). The 2C
CRE is conserved in the Enterovirus genus and appears to
be functionally related to a similar replication element in
the Pl-coding region of human rhinovirus type 14
(McKhnight and Lemon, 1998) and cardioviruses (Lobert
et al., 1999). The 5’ cloverleaf structure is also conserved
in other enterovirus genomes (Zell and Stelzner, 1997).
Disrupting this structure can severely inhibit poliovirus
RNA replication in infected cells (Andino et al., 1990a,
1993; Xiang et al., 1995; Zhao et al., 2000) and block the
association of viral and cellular proteins with this RNA in
binding assays (Andino et al., 1990a, 1993; Xiang et al.,
1995). Based on these and other observations, it was
suggested that the 5” cloverleaf forms a functional
ribonucleoprotein complex that is required in trans for
the initiation of synthesis of a new positive-strand RNA
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Fig. 1. Effect of 5" cloverleaf mutations on viral protein synthesis and negative-strand RNA synthesis. (A) Diagram of poliovirus transcript RNA,
T7-PV1(A)gg RNA, and 5’ cloverleaf structure. The wild-type cloverleaf structure, the GUAC insertion in stem—loop D in DJB19 RNA and the GUAC
deletion (black box) in stem—loop D in DJB20 RNA are shown. (B) Viral protein synthesis was measured in HeLa S10 in vitro translation—replication
reactions containing either T7-PV1(A)go RNA (wild type), DJB19 RNA or DJB20 RNA. The translation reactions contained [*S]methionine

(1.2 mCi/ml) and 50 pug/ml RNA as indicated. At the indicated times, 1 pl samples were removed from each reaction. The labeled viral proteins were
precipitated in 5% trichloroacetic acid, collected on filters and quantitated by scintillation counting. The amount of labeled protein synthesized in each
reaction was plotted as a function of reaction time. (C) SDS-PAGE analysis of the labeled viral proteins. At the indicated times, 4 ul samples were
removed from each translation reaction. The labeled viral proteins were solubilized in 50 pl of SDS sample buffer, denatured at 100°C for 3 min and
20 pl portions were separated by electrophoresis in an SDS-9-18% polyacrylamide gel. The gel was fixed and fluorographed. (D) Negative-strand
RNA synthesis was measured using preinitiation RNA replication complexes isolated from HeLa S10 translation-RNA replication reactions containing
guanidine HCL and each of the indicated RNAs using the procedures described in Materials and methods. Reactions containing the preinitiation RNA
replication complexes were incubated at 37°C for 32 min and 3?P-labeled negative-strand RNA was fractionated by CH;HgOH-agarose gel
electrophoresis. The position of poliovirus negative-strand RNA is indicated.

molecule at the 3" end of negative-strand RNA templates
(Andino et al., 1993). A similar model was also proposed
for the replication of the positive-strand RNA plant virus,
brome mosaic virus (Progue and Hall, 1992).

In this study, we investigated the role of the 5" cloverleaf
in the initiation of poliovirus negative-strand RNA
synthesis. We show that 5" cloverleaf mutations decreased
the stability of poliovirus RNA and dramatically inhibited
negative-strand RNA synthesis in preinitiation replication
complexes. A 5" 7-methyl guanosine cap stabilized the
mutant RNAs but did not restore their ability to serve as
templates for negative-strand synthesis. The results of this
study indicate that the 5" cloverleaf structure is a cis-acting
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replication element in poliovirus genomic RNA that is
needed for both stability and negative-strand RNA
synthesis. We propose a model in which the 5 and
3’ ends of poliovirus RNA interact to form a circular
ribonucleoprotein complex that is required for the initi-
ation of negative-strand RNA synthesis.

Results

Effect of 5’ cloverleaf mutations on protein
synthesis and negative-strand RNA synthesis

To investigate the role of the 5" cloverleaf structure in
poliovirus RNA replication, we compared the translation



and replication of two mutant RNAs with that of T7-
PV1(A)gg RNA (wild type) wusing HeLa SI10
translation—RNA replication reactions and preinitiation
RNA replication complexes. Small insertion and deletion
mutations were engineered in stem—loop D of the
5" cloverleaf to form DJB19 RNA [T7-PV1(A)gg
Ges+(GUAC) RNA] and DJB20 RNA [T7-PVI(A)go
AGg7-C79 RNA], respectively (Figure 1A). In agreement
with previous studies (Trono et al., 1988), DJB20 RNA
was non-infectious in transfected cells and DJB19 RNA
resulted in the formation of virus with a small-plaque
phenotype (data not shown) (Kuge and Nomoto, 1987;
Andino et al., 1990b).

Viral protein synthesis and polyprotein processing were
quantitatively normal for DIB19 RNA relative to wild-
type RNA (Figure 1B and C, lanes 5—12). Protein synthesis
was reduced by about half in reactions containing DJB20
RNA although polyprotein processing was normal
(Figure 1B and C, lanes 13-16). The initial rate of
DJB20 RNA translation was similar to wild-type RNA, but
was significantly inhibited after 30 min (Figure 1B). The
reduced level of protein synthesis found with DJB20 RNA
was unexpected since the 5’ cloverleaf is not required for
translation initiation by the internal ribosome entry site
(IRES) in the 5" UTR of poliovirus RNA (Wimmer et al.,
1993).

Negative-strand synthesis was measured using preini-
tiation RNA replication complexes that were resuspended
in reaction mixes containing puromycin and [0-32P]CTP
as described in Materials and methods. The presence of
puromycin in these reactions displaced translating ribo-
somes from viral RNA templates and provided optimal
conditions for negative-strand RNA synthesis (Barton
et al., 1999). We and others have previously shown that
only labeled negative-strand RNA 1is synthesized in
reactions containing preinitiation replication complexes
formed with transcript RNAs containing two non-viral
5" terminal Gs (Figure 1A) (Barton et al., 1996, 1999;
Herold and Andino, 2000). The presence of the two extra
5" Gs has no effect on negative-strand synthesis but
reduces positive-strand synthesis below detectable levels.
As expected, full-length labeled negative-strand RNA was
synthesized in preinitiation RNA replication complexes
containing wild-type RNA transcripts (Figure 1D, lane 2).
In marked contrast, negative-strand RNA synthesis was
severely inhibited in preinitiation complexes containing
DJB19 RNA (Figure 1D, lane 4). With DJB20 RNA,
negative-strand synthesis was inhibited below detectable
levels (Figure 1D, lane 6). Therefore, disruption of the
5’ cloverleaf structure resulted in a dramatic inhibition of
negative-strand synthesis.

Mutations in 5’ cloverleaf destabilize poliovirus
RNA

Because defects in viral RNA stability would ultimately
lead to defects in translation and RNA replication, we
compared the stability of the mutant RNAs with wild-type
poliovirus RNA in HeLLa S10 translation—RNA replication
reactions. The stability of viral RNAs added to these
reactions was determined by measuring the amount of
32P_labeled full-length RNA that was recovered as a
function of incubation time. Since the HeLa S10
translation—replication reactions were programmed with

5’ cloverleaf required for PV (-)strand synthesis

2000000]

q
17500004
/ —=—  Wildtype RNA
15000004
—e— DJB19RNA

1250000

—4&— DJB20 RNA

1000000+

750000

Genome-Length RNA
(P.l. Units)

500000

2500004

Time (h)

Fig. 2. Mutations in 5" cloverleaf structure decrease the stability of
poliovirus RNA. Four micrograms of 32P-labeled T7-PV1(A)gy RNA,
DJB19 RNA or DJB20 RNA (~580 000 c.p.m./ug) were added to 50 ul
of HeLa S10 translation-RNA replication reactions containing 2 mM
guanidine HCI. The reactions were incubated at 34°C and 7 pl samples
were removed at the indicated times and added to 300 pl of 0.5% SDS
buffer. The labeled RNA samples were phenol extracted, ethanol
precipitated and analyzed by electrophoresis in a CH;HgOH-agarose
gel. The amount of full-length labeled viral RNA detected at each time
point was quantitated using PhosphorImager (PI) analysis. Arbitrary PI
units of full-length viral RNA were plotted versus incubation time.

excess amounts of input RNA to obtain maximum rates of
protein synthesis, a significant amount of this RNA is
degraded during the first 30 min of the reaction (Figure 2).
The majority of the remaining input RNA, however, was
stable for the balance of the reaction. DJB19 RNA and
DJB20 RNA were both degraded more rapidly than wild-
type RNA in these reactions (Figure 2). DJB20 RNA was
very unstable and was completely degraded during the first
hour of the reaction (Figure 2). DJB19 RNA exhibited an
intermediate level of stability, and the amount of this RNA
that was detected at 4 h was about half the amount of wild-
type RNA (Figure 2). These results indicate that the
5" cloverleaf plays a crucial role in maintaining the
stability of poliovirus RNA.

The results of the stability assays appear to be generally
consistent with the amount of labeled viral protein that was
synthesized in the same reactions. When viral protein
synthesis was measured using wild-type RNA, labeled
proteins were found to accumulate in a linear manner
during the first 2 h of the reaction (Figure 1B). In contrast,
protein synthesis was inhibited after ~30 min in reactions
containing DJB20 RNA (Figure 1B). The rapid degrad-
ation of DJB20 RNA in this reaction was consistent with
the early termination of protein synthesis and the inhib-
ition of negative-strand synthesis. The reduced stability of
DJB19 RNA might also be expected to have some effect
on the translation of this mutant RNA. However, the fact
that excess input RNA was added at the start of the HeLa
S10 translation-RNA replication reactions may explain
why the reduced stability of DJB19 RNA did not appear to
have a measurable effect on translation. Although viral
protein synthesis was not inhibited by the mutation in
DJB19 RNA, negative-strand synthesis was severely
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Fig. 3. Capped DIB19 and DJB20 RNAs are stable and translate at wild-type or slightly reduced levels but are not functional templates for negative-
strand synthesis. (A) Labeled viral protein synthesis was measured as described in Figure 1 using HeLa S10 translation-RNA replication reactions
that contained T7-PV1(A)go RNA (wild type), DJB19 RNA or DJB20 RNA (50 pg/ml) with or without a 5’ cap as indicated. Labeled viral proteins
synthesized at each time point were analyzed by SDS—-PAGE as described in Figure 1C. (B and C) The stability of the input RNAs and negative-
strand RNA synthesis was measured in reactions containing preinitiation RNA replication complexes that were isolated from HeLa S10 translation—
RNA replications containing guanidine HCI and the indicated viral RNAs. The reactions were incubated at 37°C for 30 min and the total RNA and
the labeled product RNAs were analyzed by CH;HgOH—-agarose gel electrophoresis as described in Materials and methods. (B) UV light visualization
of total RNA within the gels after being stained with ethidium bromide is shown. The position of the input viral RNA in the gel is indicated.

(C) 3?P-labeled negative-strand RNA detected by autoradiography of the dried gels. The position of 3?P-labeled poliovirus negative-strand

RNA is marked.

inhibited (Figure 1D, lane 4). The difference observed
between translation and negative-strand synthesis could
have resulted in part from the fact that the majority of the
viral proteins were synthesized during the first 2 h of the
reaction. In contrast, the preinitiation RNA replication
complexes were isolated after 4 h of incubation. Therefore,
the instability of the mutant RNAs might be expected to
have a greater effect on negative-strand synthesis than on
translation.

Effect of 5'cap on the translation, stability and
replication of DJB19 and DJB20 RNAs

As part of a separate study, we discovered that the
presence of a 5" terminal 7-methyl guanosine cap restored
the stability of a mutant poliovirus RNA that contained a
large (30 nt) deletion in the 5" cloverleaf (data not shown).

1442

This suggested that the instability observed with 5
cloverleaf mutations was due to an increased susceptibility
of these RNAs to degradation by nucleases present in the
HeLa S10 extracts. By overcoming defects in RNA
stability by adding a 5 cap, we were able to determine
whether the 5’ cloverleaf mutations in DJB19 and DJB20
RNA affected subsequent steps in the viral replication
cycle independent of their effect on RNA stability.

As expected, a 5" cap had no significant effect on the
translation (Figure 3A, lanes 1-8 and 17-24), stability
(Figure 3B, lanes 1, 2, 5 and 6) or replication (Figure 3C,
lanes 1, 2, 6 and 7) of wild-type RNA. Capped DIB19
RNA (Figure 3A, lanes 13—16) was translated with equal
efficiency with wild-type RNA (Figure 3A, lanes 5-8) and
was stable in preinitiation RNA replication complexes
(Figure 3B, lanes 3 and 4). Capped DJIB19 RNA, however,
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Fig. 4. Complementation analysis of DJB2 and DJB18 RNA replication in vitro. (A) Diagram of RNA2(A);»,AGUA;, the helper RNA used in this
experiment. The co-translation of this helper RNA provided the viral replication proteins in trans in reactions containing viral transcript RNAs that
contained a deletion in the coding sequence for the viral replication proteins. DJB2 RNA does not encode any of the viral replication proteins but

was shown in a separate study in our laboratory to contain all of the cis-active replication elements required to act as a template for negative-strand
RNA synthesis. DJB18 RNA is identical to DJB2 RNA except for the deletion of poliovirus nucleotides 67-70 in the 5" cloverleaf. (B) HeLa S10
translation-RNA replication reactions (100 pl) that contained 2 mM guanidine HCI and the indicated RNA (*) 5’ cap were incubated for 4 h at 34°C.
The helper RNA was added at a 2:1 molar ratio relative to DJB2 RNA or DJB18 RNA, and the total RNA concentration was maintained at 100 pg/ml
in each reaction. Negative-strand RNA synthesis was measured in preinitiation RNA replication complexes that were isolated from these reactions as
described in Materials and methods. Reactions containing the preinitiation RNA replication complexes were incubated at 37°C for 25 min, and labeled
negative-strand synthesis was analyzed by CH;HgOH-agarose gel electrophoresis. The mobility of DJB2 RNA, DJIB18 RNA and the helper RNAs is
shown. Control experiments showed that equivalent amounts of the viral replication proteins were synthesized in each reaction that contained the

helper RNA (data not shown).

did not serve as a functional template for negative-strand
RNA synthesis (Figure 3C, lane 5). In contrast to wild-type
RNA, only a trace amount of labeled negative-strand RNA
was synthesized in a 30 min reaction. Therefore, negative-
strand synthesis was severely inhibited with this mutant
RNA although it was stable and translated normally.

The presence of a 5" cap also restored the stability of
DJB20 RNA in preinitiation RNA replication complexes
(Figure 3B, lanes 7 and 8). A slight increase in translation
was observed with capped DJB20 RNA (Figure 3A,

compare lanes 25-28 and 29-32), but viral protein
synthesis remained at ~60% of the level observed with
wild-type RNA (Figure 3A, lanes 17-24). This result was
similar to a previous report where a six-nucleotide
insertion mutation in the cloverleaf was reported to
partially inhibit the translation of poliovirus RNA in
infected cells (Simoes and Sarnow, 1991). Although
capped DJB20 RNA was stable and was translated to
produce all of the viral replication proteins, albeit in
reduced amounts, negative-strand RNA synthesis was
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completely inhibited in reactions containing this RNA
(Figure 3C, lanes 9 and 10). Taken together, the results
indicate that the 5" cloverleaf mutations inhibited nega-
tive-strand RNA synthesis independently of their effect on
viral RNA stability or translation.

In vitro complementation assays for the
replication of DJB2 and DJB18 RNAs

Since the decreased level of translation that was observed
with DJB20 RNA might result in less than optimal
conditions for measuring negative-strand synthesis, we
measured negative-strand synthesis in complementation
assays where the viral replication proteins were provided
in trans. In this experiment, DJB2 RNA (T7-
PV1(A)goACggo-Tso11 RNA) was used as the positive
control for measuring RNA replication (Figure 4A). This
subgenomic RNA transcript did not encode any of the viral
replication proteins itself, but it acted as a functional
template for negative-strand synthesis when co-translated
with a helper RNA. Therefore, DJB2 RNA contained the
minimum set of the cis-active sequences that were
required for negative-strand RNA synthesis in vitro.
DJB18 RNA (T7-PV1(A)goACg69-Tes011AGs7-C79 RNA)
was used as the mutant RNA template in this experiment
(Figure 4A). DJB18 RNA was identical to DJB2 RNA
except that it contained a 4 nt deletion mutation in the
5’ cloverleaf. This deletion was identical to the mutation in
DJB20 RNA (Figure 4A). As described in Materials and
methods, RNA2(A);,AGUA; (Figure 4A) was used as the
helper RNA in these experiments to provide all of the viral
replication proteins in trans.

Negative-strand synthesis was measured in preinitiation
replication complexes isolated from HeLa S10
translation—replication reactions containing the helper
RNA and either DJB2 RNA (*) 5" cap or DJB18 RNA
(%) 5" cap as indicated (Figure 4B). As expected, DJIB2
RNA (%) 5’ cap was an active template for negative-strand
synthesis in the presence of the helper RNA (Figure 4B,
lanes 4-6). In contrast, capped DJB18 RNA, although
stable, was not an active template for negative-strand
synthesis even in the presence of the viral replication
proteins (Figure 4B, lanes 1-3). Because DJB18 RNA and
DIJB2 RNA were identical except for the cloverleaf
mutation, these results indicate that the 5" cloverleaf was
a cis element that was required for negative-strand RNA
synthesis.

Discussion

This paper shows that disrupting the structure of the
5" cloverleaf affects the stability, translation and replica-
tion of poliovirus RNA. The addition of a 5" cap to the
mutant RNAs restored their stability to wild-type levels.
The restoration of stability, however, did not overcome all
of the observed effects of the cloverleaf mutations on
translation and negative-strand synthesis. A key finding of
this study is that the 5" cloverleaf is a cis-acting replication
element in the poliovirus genome that is required for
stability and the initiation of negative-strand synthesis. We
propose a replication model in which the 5" and 3" ends of
poliovirus RNA interact to form a circular ribonucleo-
protein (RNP) complex that regulates poliovirus RNA
replication (Figure 5).
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Fig. 5. Model of circular RNP complex that is used to initiate negative-
strand RNA synthesis. Viral proteins 3CD and VPg, poly(A) binding
protein (PABP) and poly(rC) binding protein (PCBP) interact with each
other and the ends of the viral RNA to form a circular RNP complex.
The inhibition of translation initiation allows for the clearance of the
viral RNA over time by the elongation of translating ribosomes to the
3" end of the coding sequence (top). Once the template RNA is cleared
of translating ribosomes, VPg-pUpU (or VPg) associates with the 3" end
of the viral RNA template and completes the formation of the circular
preinitiation RNA replication complex (middle). Negative-strand
synthesis initiates by the elongation of the VPg-primer by the viral
polymerase, 3DP°! (bottom). Additional viral and cellular proteins,
proteolytic processing events and cellular membranes are also required
for viral RNA replication but for clarity are not depicted in this model.
See text for additional details.

Role of 5’ cloverleaf in maintaining RNA stability

VPg is a small viral protein that is covalently linked to the
5" end of poliovirus RNA (Flanegan et al., 1977; Nomoto
et al., 1977). This protein is removed from the RNA by a
cellular enzyme upon its entry into the cytoplasm of
infected cells or HeLLa S10 extracts (Hewlett ef al., 1976;
Nomoto et al., 1976, 1977; Ambros et al., 1978; Ambros
and Baltimore, 1980). The resulting RNA possesses a
5’ terminal phosphate rather than a 5° cap like most
eukaryotic mRNAs. Removal of the 5" cap from cellular
mRNAs leads to their rapid degradation by cellular
nucleases (Decker and Parker, 1994). In contrast, polio-
virus RNA although lacking a 5’ cap is relatively stable in
the cytoplasm of infected cells and in HeLa S10 extracts.
As demonstrated in this paper, disrupting the structure of
the 5" cloverleaf caused a dramatic reduction in RNA
stability. The presence of a 5" cap on these RNAs,
however, restored their stability to wild-type levels. These
results suggest that the 5" cloverleaf, most likely in the
form of an RNP complex, functions like a 5’ cap and
protects poliovirus RNA from rapid degradation by
cellular nucleases. Because significant levels of the viral
proteins were not expressed in vitro until after 30 min, a



5" cloverleaf-RNP complex containing only cellular
proteins was apparently responsible for initially protecting
the viral RNA from degradation. This in vitro situation
mimics what must also occur in vivo when poliovirus RNA
is released from virions into the cytoplasm of infected
cells. Poly(rC) binding proteins 1 and 2 (PCBP1 and
PCBP2) are known to bind to the 5" cloverleaf (Gamarnik
and Andino, 1997; Parsley et al., 1997). The interaction of
PCBP and perhaps other cellular proteins with the
5’ cloverleaf may mediate the initial stability of poliovirus
RNA prior to the synthesis of the viral replication proteins.
This possibility appears to be related to the known ability
of PCBP (also described as ooCP1 and aCP2) to mediate
the stability of o-globin mRNA by binding to a cis-acting
stability element in the 3 UTR and to poly(A) binding
protein (PABP) bound to the poly(A) tail (Kiledjian et al.,
1995; Z.Wang et al., 1999; Wang and Kiledjian, 2000).
Therefore, the interaction of PCBP and perhaps other
cellular proteins with the 5" cloverleaf may help mediate
the stability of poliovirus RNA after the removal of VPg
and prior to the synthesis of viral replication proteins.

Switch from translation to RNA replication

After being translated to synthesize the viral proteins,
poliovirus RNA is cleared of translating ribosomes and
then copied to synthesize negative-strand RNA. The
molecular mechanisms that regulate this process are not
well defined. The viral polymerase is not able to displace
translating ribosomes from viral RNA templates and
directly mediate the switch from translation to negative-
strand synthesis (Barton et al., 1999). Therefore, a
mechanism apparently exists to prevent the continuous
translation of a molecule of viral RNA, or the replication
of this RNA would be inhibited. One or more of the viral
proteins may play a role in a feedback pathway to inhibit
translation initiation. Previous studies have established
that the RNA phages use this type of mechanism to inhibit
translation initiation and to clear viral RNAs of translating
ribosomes (Kolakofsky and Weissmann, 1971; Weber
et al., 1972). For poliovirus, protein 3CD binds the
5’ cloverleaf in association with PCBP (Andino et al.,
1990a,b, 1993; Gamarnik and Andino, 1997; Parsley et al.,
1997). PCBP also binds to the IRES in the 5 UTR of
poliovirus RNA and is required for translation initiation
(Blyn et al., 1996, 1997; Gamarnik and Andino, 1998;
Silvera et al., 1999; Walter et al., 1999). It has been
proposed that the preferential binding of PCBP to the
5" cloverleaf in the presence of 3CD might inhibit
translation initiation, and play a role in the switch from
translation to RNA replication (Gamarnik and Andino,
1998). Although questions remain concerning the func-
tional relevance of this and other models, it seems likely
that the 5" cloverleaf is involved in this process. Therefore,
it is possible that 5" cloverleaf mutations could affect the
feedback inhibition of translation initiation and as a result
indirectly inhibit negative-strand synthesis (Gamarnik and
Andino, 1998). It is important to note that this was not
responsible for the inhibition of negative-strand synthesis
observed in this study, since negative-strand synthesis was
always measured in the presence of puromycin (Barton
et al., 1999). Therefore, we were able to determine how
5" cloverleaf mutations affected negative-strand synthesis
independent of any effect they may have had on the

5’ cloverleaf required for PV (-)strand synthesis

mechanism regulating the normal switch from translation
to replication.

Disrupting the 5’ cloverleaf structure inhibited
negative-strand synthesis

Only trace amounts of labeled negative-strand RNA were
synthesized in preinitiation RNA replication complexes
containing capped DJB19 RNA. Since this RNA was
stable and translated at wild-type levels, we concluded that
the 4 nt insertion mutation in the 5" cloverleaf of this RNA
was directly responsible for the dramatic decrease in
negative-strand RNA synthesis observed. In experiments
with capped DJB20 RNA, we showed that negative-strand
synthesis was completely inhibited by the 4 nt deletion in
the 5’ cloverleaf. Although protein synthesis was partially
inhibited in these reactions, the results suggest that the
structural change in the 5 cloverleaf of this RNA was
responsible for the inhibition in negative-strand synthesis.
This was confirmed in an in vitro complementation assay
where we showed that the 4 nt deletion mutation was
directly responsible for the observed inhibition in nega-
tive-strand synthesis. These results demonstrate that the
5" cloverleaf was required in cis for the initiation of
negative-strand RNA synthesis.

The 5" cloverleaf structure appears to be functionally
different from the 2C CRE that was recently reported to be
needed for negative-strand synthesis in transfected cells
(Goodfellow et al., 2000; Rieder et al., 2000). In the
in vitro replication assays described here, we showed that
poliovirus RNA that contained a deletion of the entire 2C-
coding sequence (i.e. DIB2 RNA) was a functional
template for negative-strand synthesis. This indicates
that the 2C CRE was not required in cis for negative-
strand synthesis in preinitiation replication complexes
in vitro. Although this finding appears to be in conflict with
the published results referenced above, it should be noted
that the helper RNA used in our in vitro assays contained
the 2C coding-sequence including the 2C CRE. Therefore,
it is possible that the 2C CRE was able to function in trans
in the in vitro assays. Although additional work is required
to investigate this possibility, there is a fundamental
difference between the 5 cloverleaf and the 2C CRE in
terms of being required as a component of the template
RNA during negative-strand synthesis in vitro.

Circular model for viral RNA replication

The results of this study indicate that sequences at the
5" end of the viral genome are required for negative-strand
synthesis. Previous studies have shown that sequences at
the 3’ end including the poly(A) tail are also required for
efficient negative-strand synthesis. Therefore, we propose
a model for poliovirus replication that emphasizes a direct
interaction between the seemingly distal RNA structures at
the termini of the genomic RNA (Figure 5). This model is
related to existing models of cellular translation that
propose an interaction between the 5” and 3" terminal RNA
elements of cellular mRNAs (Hentze, 1997; Sachs et al.,
1997). Furthermore, poliovirus RNA may fold into
structures that favor a proximal orientation between the
5" and 3’ ends of the viral genome (Palmenberg and Sgro,
1997). A circular RNP complex, providing communica-
tion between the termini of viral RNA, could then
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coordinately regulate viral RNA stability, translation and
negative-strand synthesis.

Since poliovirus genomic RNA is a linear molecule, the
finding that the 5’ cloverleaf is required for the initiation of
negative-strand synthesis at its 3" end suggests that there is
a direct interaction between the ends to form a circular
complex. An RNP complex would form that is composed
of the 5" and 3’ ends as well as viral and cellular proteins
(Figure 5). Interactions between the proteins bound to the
two ends may form a protein bridge and help form a
circular RNP complex. For example, 3CD is known to
bind to the 5" and 3" UTRs (Andino et al., 1993; Harris
et al., 1994; Xiang et al., 1995; Gamarnik and Andino,
1997). Therefore, a homodimer of 3CD bound to both ends
might support the formation of a circular RNP complex.
PCBP and PABP are known to bind to the 5" and 3’ ends of
poliovirus RNA, respectively. These two proteins are also
known to bind to each other in an RNA-dependent fashion
(Z.Wang et al., 1999; Wang and Kiledjian, 2000). PCBP is
known to bind to the cytosine-rich element in the 3 UTR
of o-globin mRNA (Chkheidze et al., 1999) and to PABP
bound to the poly(A) tail. PABP enhances the binding of
PCBP to the o-globin 3" UTR, and conversely, PCBP
enhances the binding of PABP to the poly(A) tail (Wang
and Kiledjian, 2000). In the case of poliovirus RNA, PCBP
binds to a cytosine-rich element in the 5" cloverleaf and
PABP binds to the 3" poly(A) tail. Therefore, an RNA-
dependent PCBP-PABP interaction could also help
stabilize the circular RNP complex depicted in Figure 5.

An attractive aspect of a circular RNP replication
complex is that its formation could play a direct role in the
switch from translation to replication, stabilize the RNA
against nuclease digestion and facilitate the ability of the
5" cloverleaf to play a direct role in the initiation of
negative-strand synthesis. The formation of a circular RNP
complex in the presence of the viral replication proteins
may effectively block the continued binding of translation
initiation factors and ribosomes to the 5 terminal IRES.
As a result, the viral RNA would be naturally cleared of
translating ribosomes over a period of time via their
continued elongation and termination at the 3" boundary of
the viral open reading frame (Figure 5, top). The cleared
genomic RNA could then serve as a template for negative-
strand synthesis. To avoid the dilemma of polymerase/
ribosome collisions, it is likely that the synthesis of a VPg-
pUpU primer (Figure 5, middle) and negative-strand
initiation (Figure 5, bottom) does not occur until the viral
RNA is cleared of translating ribosomes. One possibility is
that the conserved stem-loop structure in the 2C CRE
sequence, which is required for VPg uridylylation in vitro
(Paul et al., 2000; Rieder et al., 2000), only folds into a
functional stem—loop structure after this region of the viral
RNA is cleared of translating ribosomes. This would act as
a RNA molecular switch in the template that detects the
end of translation and initiates VPg uridylylation and
negative-strand RNA synthesis. The synthesis of negative-
strand RNA would be expected to disrupt the circular
orientation of the genomic RNA and prevent additional
rounds of negative-strand synthesis. This could be an
important factor in limiting negative-strand synthesis in
establishing an asymmetric mode of replication that favors
positive-strand synthesis overall. Finally, positive-strand
RNA synthesis would involve repeated rounds of initiation
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on the newly synthesized negative-strand template essen-
tially as previously described (Andino et al., 1993; Harris
et al., 1994). Therefore, the 5" cloverleaf appears to be a
multifunctional cis-active structure that is used to regulate
RNA stability, translation and both steps in the RNA
replication cycle. It also plays a key role in the recognition
of viral RNAs by the viral replication proteins and
increases the fidelity of replication by insuring that viral
RNAs with defective 5" ends are not copied during the
replication cycle. This is another example of how viruses
have evolved to be very efficient in using the limited
amount of genetic information in their genomes.

Materials and methods

Poliovirus cDNA clones

A cDNA clone of the Mahoney strain of type I poliovirus, pT7D-polio
(Sarnow, 1989), was originally obtained from Dr Peter Sarnow (Stanford
University, Palo Alto, CA). The pT7D-polio clone [pT7-PV1(A),,] was
modified by lengthening the 3’ terminal poly(A) sequence from 12 to 80
nucleotides. This modified full-length cDNA clone of poliovirus type 1
was designated as pT7-PV1(A)gy (Figure 1A) and was used as the
parental clone for the following constructs. (i) pDIB2 [pT7-PV1(A)go
ACggo-Teo11] contained a 5143 nt out-of-frame deletion and was
constructed by digesting pT7-PV1(A)gy with Sful, filling in the two
nucleotide overhang with Klenow polymerase, and ligating the blunt
ends. This created a new Nrul site at the junction site at nt 866.
(i) pDIB17 [pT7-PV1(A)g0ACss0-Te011 Gest+(GTAC)] was created by
digesting pDJB2 with Acc65I, filling in the 5" overhang and ligating the
blunt ends. (111) pDJBlS [pT7-PV1(A)goACg69-T5011 AG57-C70] was
constructed by digesting pDJB2 with Kpnl, blunt-end polishing with
bacteriophage T4 DNA polymerase and blunt-end ligating. (iv) pDJB19
[pT7-PV1(A)gp Ges+(GTAC)] was constructed by ligating the Mlul to
Blpl fragments of pDJB17 with the Blpl to Mlul fragments of pT7-
PV1(A)go. This created a full-length poliovirus clone with a GTAC
insertion at nucleotide Ggg. (v) pDIB20 [pT7-PV1(A)go AGg7-C70)] was
engineered by ligating the Mlul to Blpl fragments of pDJB18 with the
BlpI to Mlul fragments of pT7-PV1(A)g to create a full-length clone with
a GTAC deletion following nucleotide Gg6. All mutations were confirmed
by DNA sequencing. A poliovirus mutant similar to pDJB19 was
previously described as SNC-11 or DNC-11 and had a small-plaque
phenotype in transfected cells (Trono et al., 1988; Andino et al., 1990a,b).
Plasmid DNA similar to pDJB20 encoding poliovirus RNA with a lethal
GTAC deletion following nucleotide Ggg was previously described as
pPN-2 (Trono et al., 1988) or AK (Kuge and Nomoto, 1987).
(vi) pRNA2(A)12AGUA; [pT7-PV1(A)12 AC;175-Caos6 AG7a18-Ag422], @
GTA; deletion following nucleotide G74;7, was engineered in the 3 UTR
of pT7-PVI(A);, by site-directed mutagenesis (V.Chow and
J.B.Flanegan, unpublished results). A 1782 nt deletion was then
constructed in the P1 coding region by digesting with Nrul and SnaBI
and blunt-end ligating. Transcription of this plasmid DNA generated a
subgenomic-sized viral RNA transcript with an in-frame deletion in the
capsid-coding region and a GUAj; deletion in the 3" UTR. Translation of
this RNA resulted in the synthesis of all of the viral replication proteins
from the P2 and P3 regions of the viral genome. The presence of the
GUA; deletion in the 3" UTR had no effect on translation but partially
inhibited negative-strand RNA synthesis in the in vitro replication assays
used in this study. These features made RNA2(A);»,AGUA; a good helper
RNA to use in the in vitro replication assays.

Viral RNA preparation

Viral RNA was transcribed in vitro from Mlul-linearized plasmid DNA
with bacteriophage T7 RNA polymerase in reactions containing 1 mM of
each NTP as previously described (Barton et al., 1996). To synthesize
viral RNAs with a 7-methyl guanosine cap analog, the concentration of
GTP in the transcription reactions was lowered to 200 uM, and 1 mM
7-methyl guanosine cap analog (Epicenter Technologies, Madison, WI)
was added. Radiolabeled viral RNA was prepared by including
[0-32P]CTP (Amersham) in the transcription reactions. For all experi-
ments, the viral RNAs were purified by chromatography on a Sephadex
G50 column and by ethanol precipitation. RNA was quantitated by
measuring UV absorption at 260 nm.



HelLa S10 translation-RNA replication reactions

HeLa S10 extracts and HeLa cell translation initiation factors were
prepared as previously described (Barton er al., 1996). HeLa S10
translation—RNA replication reactions contained 50% (by volume) HeLa
S10 extract, 20% (by volume) translation initiation factors, 10% (by
volume) 10X nucleotide reaction mix (10 mM ATP, 2.5 mM GTP,
2.5 mM UTP, 600 mM KCH;CO,, 300 mM creatine phosphate, 4 mg/ml
creatine kinase, 155 mM HEPES-KOH pH 7.4), and the indicated viral
RNA(s) at 50-100 pg/ml as indicated. [3*S]methionine (Amersham;
>1000 Ci/mmol) was included in reactions to measure viral protein
synthesis as previously described (Barton et al., 1996). 3?P-labeled viral
RNA transcripts were added at the start of these reactions to assay for
RNA stability as described in the figure legends.

Viral negative-strand RNA synthesis

Poliovirus negative-strand RNA synthesis was measured using preinitia-
tion RNA replication complexes as previously described (Barton e al.,
1996, method 4). Briefly, HeLa S10 translation—replication reactions
containing poliovirus transcript RNA were incubated for 4 h at 34°C in
the presence of 2 mM guanidine HCl. Preinitiation RNA replication
complexes were isolated from these reactions by centrifugation and
resuspended in 50 pl reaction mixes containing 50 pg/ml puromycin,
5 UM CTP and 20 puCi of [a-*?P]CTP. The reactions were incubated at
37°C for the indicated times in the figure legends and were terminated by
the addition of 350 ul of 0.5% SDS buffer. The reaction products were
then phenol extracted, ethanol precipitated, and analyzed by
CH;HgOH-agarose gel electrophoresis. Labeled product RNA was
detected by autoradiography of the dried gel. We and others have
previously shown that the presence of two non-viral G nucleotides at the
5’ terminus of poliovirus transcript RNAs (Figure 1A) inhibits positive-
strand RNA synthesis below detectable levels in these reactions (Barton
et al., 1996, 1999; Herold and Andino, 2000). Therefore, the preinitiation
replication complexes formed with transcript RNAs were only capable of
supporting the synthesis of labeled negative-strand RNA.
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