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Picornavirus RNA replication involves the specific synthesis of negative-strand intermediates followed by an
accumulation of positive-strand viral RNA in the presence of a multitude of cellular mRNAs. Previously, in an
effort to identify cis-acting elements required for initiation of negative-strand RNA synthesis, we deleted the
entire 3’ noncoding regions from human rhinovirus and poliovirus genomic RNAs. These deletion mutation
transcripts displayed a severe delay in RNA accumulation following transfection of HeLa cells. Interestingly,
in subsequent infection of HeLa cells, the deletion-mutant poliovirus displayed only a moderate deficiency in
RNA synthesis. These data suggested that the delay in the production of cytopathic effects after transfection
may have been due to an RNA replication defect overcome by the accumulation of a compensatory mutation(s)
generated during initial rounds of RNA synthesis. In this study, we have sequenced the entire genome of the
deletion-mutant virus and found only two nucleotide changes from the parental clone. Transfection analysis of
these sequence variants revealed that the sequence changes did not provide compensatory functions for the 3’
noncoding region deletion mutation replication defect. Further examination of the deletion mutant phenotype
revealed that the severe replication defect following RNA transfection is due, in part, to nonviral terminal
sequences present in the in vitro-derived deletion mutation transcripts. Our data suggest that poliovirus RNA

harboring a complete 3’ noncoding region deletion mutation is infectious (not merely quasi-infectious).

In the first step of poliovirus (PV) RNA replication, viral
and host cell proteins form a membranous replication complex
in which positive-strand viral RNA is used as the template to
generate full-length, negative-strand RNA. The viral RNA
polymerase (3DP°') has been shown to be necessary and suffi-
cient for elongation of an oligo(U)-primed, polyadenylated
RNA template in vitro (17). Furthermore, the viral polymerase
can nonspecifically generate the reverse complement of non-
viral polyadenylated RNAs when provided with oligo(U) (13,
50). Because the replication complex discriminates between
the biochemically similar 3’ ends of cellular polyadenylated
mRNAs and the polyadenylated PV genome, a cis-acting RNA
replication element is thought to be required for template
selection and the proper assembly of the replication initiation
complex.

Within the family Picornaviridae, several RNA elements in-
volved in genomic replication have been described. A stem-
loop structure required for viral RNA replication was identi-
fied within the capsid-coding sequence of human rhinovirus 14
(35, 36). This replication element, termed cre, is located about
2.3 kb downstream from the 5’ end and more than 4 kb from
the 3’ end of the genome. Elements with similar structures
have been described in a number of other picornaviruses, each
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containing a conserved AAACA motif (21, 22, 33, 46). In PV1,
the cre is located in the coding region of the nonstructural
protein 2C. Additional studies have shown that the in vitro
uridylylation of the viral protein VPg is greatly stimulated by
the presence of the PV1 cre (46). The uridylylated form of VPg
has long been thought to act as a protein primer for both
positive-strand and negative-strand RNA synthesis, suggesting
that the cre is necessary for the uridylylation of VPg during a
PV infection.

Another replication element is found in enterovirus se-
quences corresponding to nucleotides 1 to ~100 of the posi-
tive-strand genomic RNA (3, 74). This element is confined
within stem-loop I of the PV 5’ NCR (noncoding region) (24)
and has a cloverleaf-like structure (3). This RNA structure
binds viral protein 3CD and host protein PCBP, forming a
ribonucleoprotein complex (2, 19, 45). Mutational analysis of
the cloverleaf RNA suggests that the ribonucleoprotein com-
plex is required for RNA replication (2, 54, 56) by acting either
in cis for negative-strand synthesis (7, 20) or in trans for pos-
itive-strand synthesis (3). In addition, a ribonucleoprotein
complex has also been shown to form at the 3’ end of the
complementary negative-strand RNA (9, 54). Further compli-
cating the analysis, mutations of the cloverleaf structure have
resulted in defects in cap-independent translation of the po-
liovirus genome (45, 60). It has also been suggested that the 5’
cloverleaf ribonucleoprotein complex is involved in RNA sta-
bility (40), which would indirectly account for the apparent
role in both replication and translation. Whether direct or
indirect, the mechanism by which the PV 5’ cloverleaf contrib-
utes to genomic replication has not been fully elucidated.

These findings highlight several important aspects of repli-
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cation elements in picornaviruses. First, conserved sequences
and structures involved in RNA replication need not be merely
targeting signals that recruit the RNA genome to the replica-
tion complex but can be functional elements in any number of
essential processes in the replication cycle. Second, functional
RNA structure elements may be contained in the positive
strand, the negative strand, or both strands of complementary
RNAs. In addition, elements involved in RNA replication need
not be close (in terms of linear sequence) to the sites of RNA
replication initiation. Finally, picornavirus genomes contain
multiple RNA replication element sequences, with each one
likely to have a unique function.

For several reasons, the PV 3’ NCR is a logical candidate to
encode a cis-acting replication element that is required for the
initiation of negative-strand RNA synthesis. Binding of the PV
3’ NCR to components within the replication complex could be
responsible for bringing the 3’ poly(A) tract into close prox-
imity to the 3DP°! to initiate negative-strand synthesis. Further-
more, while the PV 3" NCR is presumably not subject to the
selective pressure of codon maintenance, there is a high degree
of sequence conservation among the genomic 3" NCRs of the
three PV serotypes. Such sequence conservation suggests that
a strong selection pressure, like the preservation of a cis-acting
replication element, is important in maintaining the primary
structure (and therefore secondary structure and/or tertiary
structure) of this region of the viral genome. Finally, it is likely
that a conserved RNA motif is required for the replication
complex to discriminate between PV genomic RNA and the
multitude of cellular mRNAs. While there are at least two
cis-acting replication elements in the PV1 genome, there is no
evidence that either of these elements serves to target the
replication complex.

Several reports have proposed that RNA structures within
the PV 3’ NCR function in PV replication. Jacobson et al.
proposed a pseudoknot structure that involves sequences from
the 3DP°' gene and the 3’ NCR (28). Disruption of this pro-
posed structure by an 8-nucleotide insertion gave rise to a
mutant virus with a temperature-sensitive phenotype; however,
insertions of 2 or 10 nucleotides at the same site produced
viruses with wild-type growth phenotypes (57). A more exten-
sive study designed to disrupt the putative pseudoknot struc-
ture also yielded anomalous infectivities of transfected mu-
tated cDNAs (47). Alternatively, Pilipenko et al. proposed the
existence of two stem-loops (X and Y) within the 3’ NCR of
poliovirus (48). The existence of these structures would pre-
clude the formation of the pseudoknot structure. Furthermore,
a proposed tertiary “kissing” interaction involving base pairing
between the loop regions of stem-loops X and Y was suggested
(48, 49). Transfection of transcripts containing mutations in
either loop region resulted in recovered virus that contained
reversion mutations or second-site compensatory mutations
predicted to reestablish the “kissing” interaction. However, not
all of the recovered viruses had mutations that could reestab-
lish this interaction, and the authors suggested the possible
existence of unidentified second-site compensatory mutations.
While these studies suggested a role for the PV 3" NCR in
genome replication, a clear mechanistic description and a pre-
cise definition of a minimal cis-acting replication element have
yet to emerge.

To more clearly define the minimal boundaries of and re-
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quirements for a cis-acting replication element within the PV
3" NCR, we previously reported the deletion of the entire 3’
NCR from a full-length PV cDNA construct (pT7PVA3'NCR)
(63). Surprisingly, transfections of transcripts harboring this
complete PV 3’ NCR deletion mutation (A3’ NCR PV1) dem-
onstrated that, while the deletion mutation was deleterious to
RNA replication, the lesion was not lethal. When deletion
mutation transcripts were transfected into HeLa cells, there
was a long delay before the detection of cytopathic effects
(CPE) and RNA accumulation. We showed that the replica-
tion delay was not due to a defect in the accumulation of viral
translation products. In contrast, virus recovered from these
transfections had only a moderate RNA replication defect.
The recovered viruses maintained the complete 3' NCR dele-
tion mutation and were able to accumulate to levels 1 log,,
lower than wild type. Further analysis of the recovered virus
suggested that there was a defect in the initiation of positive-
strand RNA synthesis (8). The long delay before the abrupt
appearance of newly synthesized viral RNA after transfection
with pT7PVA3’'NCR-derived RNA, coupled with the almost-
wild-type phenotype of third-passage A3 NCR PV1, suggested
that a severe RNA replication defect was overcome by the
accumulation of a compensatory mutation(s) generated during
initial rounds of viral RNA replication.

In an attempt to identify compensatory mutations responsi-
ble for the replication phenotype of A3’ NCR PV, we se-
quenced the entire genome of a plaque-purified isolate (4-1
M). Furthermore, to understand how identified mutations af-
fect PV genome replication in the absence of a 3’ NCR, we
reconstructed the pT7PVA3'NCR full-length cDNA by reverse
transcription-PCR (RT-PCR) amplification of subgenomic
segments of the A3’ NCR PV1 genome. Here we show that a
second-site compensatory mutation is not required to achieve
nearly wild-type RNA replication of the deletion mutation
RNA. We also show that there are no significant differences in
the kinetics of translation or in the stability of the deletion
mutation transcripts compared to transcripts corresponding to
wild-type poliovirus genomes. In addition, we found that re-
moving the covalently linked viral protein VPg does not affect
the infectivity of deletion mutant viral RNA. However, estab-
lishing an authentic viral polyadenylated terminus increases
the specific infectivity of deletion mutation transcripts, suggest-
ing that the PV 3’ NCR may be involved in site selection for
initiation of negative-strand RNA synthesis.

MATERIALS AND METHODS

Virus stocks and plaque assay. A3’ NCR PV1 mutant virus stocks were plaque
isolated and passaged in HeLa (R19) monolayers as described previously (11).
HeLa cell monolayers were infected with serial dilutions of virus and overlaid
with semisolid minimal essential medium (MEM) containing 0.45% agarose.
Well-isolated plaques were harvested. Virus was twice plaque purified and pas-
saged three times in HeLa (R19) monolayers at 37°C to amplify the virus stocks.
Plaque assays were performed as described previously (11).

One-step growth cycle analysis. One-step growth analysis was performed on
HeLa (R19) monolayers in 60-mm plates at 37°C as described previously (64).
HeLa cell monolayers were infected at a multiplicity of infection (MOTI) of 15 for
30 min at room temperature in 60-mm plates and washed with phosphate-
buffered saline, followed by the addition of 3 ml MEM plus 8% newborn calf
serum with 1% nonessential amino acids. Infected-cell monolayers were har-
vested and virus was released from the cells by five freeze/thaw cycles, and the
titer of the clarified supernatant was determined by plaque assays.
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Total cellular RNA extraction. Total cytoplasmic RNA for viral genome se-
quencing and for use in cDNA synthesis was harvested by the Nonidet P-40,
sodium dodecyl sulfate (SDS) lysis method, modified after Campos and Villar-
real (10). HeLa cell monolayers were infected at an MOI of 15. At 5 to 6 h
postinfection, cells were harvested and collected by centrifugation. Cells were
lysed by adding Nonidet P-40-TSM buffer (0.15 M NaCl, 5 mM MgCl,, 10 mM
Tris-HCI [pH 7.6], 2% [vol/vol] Nonidet P-40). The lysate was clarified by cen-
trifugation, and the cytoplasmic fraction was equilibrated with an equal volume
of RNA extraction buffer (8 M urea, 2% SDS, 20 mM EDTA, 0.3 M NaCl, 50
mM Tris, pH 8.0). Total cytoplasmic RNA was phenol-chloroform extracted,
ethanol (EtOH) precipitated, and resuspended in diethyl pyrocarbonate
(DEPC)-treated H,O.

Plasmids. A T7 bacteriophage promoter-containing plasmid encoding a ge-
nome length PV1 ¢cDNA (pT7-PV1) (23) and a PV1 genome harboring a com-
plete 3" NCR deletion (pT7PVA3'NCR) (63) have been described previously.
Synthesis of cDNA was performed as described previously (15). Plasmids con-
taining suballelic reconstructions pT7A3SARI, -2, -3, -4, and -5 were generated
by RT-PCR amplification of A3" NCR PV1 (4-1 M) viral RNA genomic seg-
ments from extracted total cytoplasmic RNA using primer sets (PV genomic
position is indicated in brackets) T2(+) [12 to 41]/PV2365(—) [2365 to 2384],
DBPV2184(+) [2184 to 2203]/JT2C4169(—) [4169 to 4188], DBPV2992(+)
[2992 to 3011]/L453(—) [5629 to 5647], PV2B(+) [3995 to 4015]/PV3D3(—)
[6233 to 6252], and L449(+) [6012 to 6026]/S7181(—) [7181 to 7197], respec-
tively. The cDNAs were cloned into the pT7PVA3’'NCR construct using the
restriction endonuclease sites indicated in Fig. 2. Plasmid pT7A3SAR6 was
generated by combining the Nhel-to-BstEII DNA fragment of pT7A3SAR2, the
BstEII-to-BglIl DNA fragment of pT7A3SAR3, and the BgllI-to-Accl DNA
fragment of pT7A3SAR4 with the vector containing the Accl-to-Nhel DNA
fragment of pT7A3SARI.

pT7PVA3'Mlul was generated by inserting a PCR product from the 3’ end of
pT7PVA3'NCR. The PCR product had an Mlul site positioned at the 3" end of
the poly(A) tract and was cloned into BgllI-to-Mlul sites of the previously
described clone pT7PV1(MlIul) (68). The poly(A) tract PCR product was longer
than the template, extending the poly(A) tract to contain 51 adenosine residues.
pT7RzPVMIul and pT7RzA3'Mlul were generated by cloning the Stul-to-PinAl
site of prib(+)Rluc (27) into pT7PV1(Mlul) and pT7PVA3'Mlul, respectively.
pT7RzA3'Bcegl was generated by the introduction of a Begl linker into the Mlul
site of pT7RzA3'Mlul.

Genomic sequence. cDNAs generated for the construction of pT7A3SARI, -2,
-3, -4, and -5 were generated in duplicate to account for possible errors intro-
duced by the DNA polymerases in the RT-PCRs. These same cDNAs were used
for sequencing the A3’ NCR PV1 (4-1 M) genome. The 5’ end (nucleotides ~1
to 100) of the A3’ NCR PV1 (4-1 M) RNA genome was sequenced directly as
described previously (11). The 3'-terminal sequences of the viral genome were
determined via asymmetric RT-PCR and were reported previously (63). Se-
quences between ~7100 and ~7300 were sequenced from an RT-PCR-gener-
ated ¢cDNA using the primer set PV3C(+) [5480 to 5501]/PV7350(—) [7350
—7369].

RNA transfection and specific-infectivity analysis. HeLa cell transfections
were carried out with either in vitro-derived transcripts or purified virion RNA
as described previously (11). Viral RNA was prepared by extraction of sucrose
gradient-purified poliovirus as previously described (14, 26). HeLa cell mono-
layers in 60-mm plates were transfected with 200 ul of a mixture consisting of
RNA (at various concentrations), 1 mg/ml DEAE-dextran, and TS buffer (137
mM NaCl, 4.4 mM KCl, 0.7 mM Na,HPO,, 25 mM Tris, 0.5 mM MgCl,, 0.68
mM CaCl,, adjusted to pH 7.45). Transfection mixtures were added to each
monolayer for 30 to 40 min at room temperature. The mixtures were removed,
and the monolayers were washed once with MEM plus 8% newborn calf serum
with 1% nonessential amino acids. Transfected cells were then overlaid with
either MEM plus 8% newborn calf serum with 1% nonessential amino acids or
with semisolid 0.45% agarose media to determine specific infectivities. The
transfected cells were incubated at 37°C for 2 to 4 days. Monolayers were fixed
with 10% trichloroacetic acid and stained with crystal violet for plaque analysis
when appropriate.

Extended poly(A) tracts were synthesized in reaction mixtures containing in
vitro-derived RNAs, poly(A) polymerase reaction buffer (50 mM KCI, 0.7 mM
MnCl,, 0.2 mM EDTA, 100 pg/ml acetylated bovine serum albumin, 10% glyc-
erol, 20 mM Tris-HCI, pH 7.0), 0.5 uM ATP, and recombinant yeast poly(A)
polymerase (600 U; USB). Reaction mixtures were incubated for 20 min at 37°C,
and reactions were terminated by the addition of 10 mM EDTA and incubation
on ice. Quantity and integrity of RNAs were determined by 1% agarose gel
separation, ethidium bromide staining, and comparison to virion RNAs of known
concentration.

J. VIROL.

In vitro RNA stability. In vitro-derived 3?P-labeled transcripts were generated
as described previously (53). Stability of radiolabeled transcripts was determined
in a 30-pl mixture of 67% HeLa S-10 translation-replication extract (see below),
radiolabeled RNAs (1.5 X 10* cpm/reaction), and DEPC-H,O (to 30 ) in the
presence or absence of 0.2 ug of cycloheximide. Reaction mixtures were incu-
bated at 37°C, and 5-pl portions were removed at specific times. Reactions were
stopped by the addition of 250 pl of a buffered SDS solution (0.5% SDS, 1 mM
EDTA, 100 mM NaCl, 10 mM Tris-HCI, pH 7.5). RNA from these reactions was
phenol-chloroform extracted twice, precipitated with EtOH, and pelleted at
15,000 X g for 20 min. RNA pellets were washed twice with 70% EtOH, dried,
and resuspended in 40 pl of DEPC-treated H,O. The RNAs from each reaction
were separated by electrophoresis on a 1.1% agarose gel, stained with ethidium
bromide, and visualized by UV illumination. The gels were dried, and the
radiolabeled RNAs were detected and quantified by phosphorimager analysis
(Molecular Dynamics, Sunnyvale, California).

In vitro translation. Extracts were prepared as described by Barton et al. (5)
with the following minor differences (64): (i) HeLa cells were resuspended in a
volume equal to that of the cell pellet using hypotonic buffer, and (ii) the
initiation factor preparation used to supplement the translation reactions con-
tained glycerol to a final concentration of 10%. In vitro translation reaction
mixtures were incubated with in vitro-transcribed RNA from pT7-PV1 or
pT7PVA3'NCR or with purified virion PV1 RNA in the presence of 15 pnCi
[>*S]methionine and 2 mM guanidine-HCI.

Computer-predicted RNA secondary structures. Secondary structures for 3'-
terminal sequences starting at position 7287 of the PV1 genome were deter-
mined using Mfold, version 3.1 (34, 75), under default settings (http:www.bioinfo
.rpi.edu/applications/mfold/old/rna/). Two minimum-free-energy structures were
generated for each sequence, and the structures that maintained stem-loop Y are
shown in Fig. 7.

RESULTS

Single-cycle growth analysis of virus accumulation. In a
previous report, we had demonstrated that in vitro-derived PV
transcripts harboring a complete 3 NCR deletion mutation
were infectious following transfection of HeLa cells (63). Fol-
lowing transfection, a long delay preceded the abrupt appear-
ance of genomic RNA as determined by Northern blot analy-
sis. Synchronous with the detection of genomic RNA was the
appearance of CPE. Virus was harvested following these trans-
fections, and sequence analysis revealed that there were no
changes at or near the deletion site. A high-titer virus stock was
generated by isolating virus through two rounds of plaque
purification followed by three passages in HeLa cells. This
virus isolate, called A3’ NCR PV1 (4-1 M), was sequenced to
verify the stability of the deletion mutation. Subsequent infec-
tions with A3’ NCR PV1 (4-1 M) showed that the virus was
capable of achieving nearly wild-type levels of genomic RNA
replication. Therefore, this virus was thought to contain one or
more second-site compensatory mutations.

To further characterize the growth kinetics and maximum
accumulation levels of A3’ NCR PV1 (4-1 M), we performed a
synchronized single-cycle growth analysis by infecting HeLa
cell monolayers at a high MOI with either wild-type virus or
deletion-mutant virus. We harvested the cells at specific times
after infection, measured the accumulation of virus, and ex-
pressed the viral titer as PFU/cell (Fig. 1). The single-cycle
growth curve in Fig. 1 shows that the mutant virus accumulated
at a slightly slower rate than wild-type virus. In addition, max-
imum mutant virus accumulation was less than that of wild type
by ~1 log,, unit. These data could account for the small-
plaque phenotype we observed on HeLa cell monolayers (8).
Our data are consistent with the slightly delayed kinetics of
deletion-mutant RNA accumulation following infection that
we had observed previously (63). In contrast, virus replication
kinetics following transfection with deletion mutation tran-
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FIG. 1. Single-cycle growth analysis of PV1 and A3’ NCR PV1.
HeLa cell monolayers were infected with either wild-type PV1 (@) or
A3"NCR PV1 (4-1 M) (A) at an MOI of 15 and incubated at 37°C, and
cells were harvested at 1.5, 3, 4.5, 6, and 7.5 h postinfection. The virus
titer was determined by plaque assays.
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scripts display a very significant (~30- to 50-h) delay in the
accumulation of virus compared to wild-type PV1 transcripts.
Here we report that, following viral infection, an ~1-h delay in
deletion mutant virus replication kinetics was observed com-
pared to wild-type PV1, representing a significant increase in
the kinetics of viral replication and a nearly wild-type pheno-
type of deletion mutant virus. Because we had shown that the
high-titer stock of A3" NCR PV1 maintained the complete 3’
NCR deletion, these data suggested that the virus may have
undergone nucleotide changes in the genome outside of the 3’
NCR that resulted in an increased replicative capacity.
Complete genomic nucleotide sequence of A3’ NCR PV1
(4-1 M). To identify putative second-site mutations responsible
for the increase in deletion-mutant virus replication, we deter-
mined the nucleotide sequence of the entire genome of the
deletion-mutant virus and compared this sequence to that of
the parental pT7PVA3'NCR clone (29, 63). Changes from the
parental sequence were subsequently analyzed for the ability to
confer increased specific activity consistent with the growth
properties of virus recovered after transfection of the tran-
scripts with a complete 3’ NCR deletion. The virus stock used
for sequence analysis, A3’ NCR PV1 (4-1 M), was generated by
two rounds of plaque purification followed by three passages of

- Ecloﬁ'l
5" NCR,
’m‘—““'“ﬁ:[vm ve2 | vP3 | VP1 |2A[2B| 2C [sals| 3C 3D ](A)z'.r
pT7A3SAR1 FH(A);
Pmi | (40) Nhe | (2470)
pTTASSAFIZ [ F (A)z
Bbs | (2332) Bbs | (4014)
A5081G
pT7A3SAR3 ¢ (A)zr
BsiE |l (3925) Bgl Il (5601)
U6026C
pPT7A3SAR4 ¢ (A)z
Bglll (s601) Acc | (6219)
pT7A3SAR5 ¢ (A)z7
Acc(6219) Pvu Il (7055)
A5081G U6026C
pT7A3SAR6 (A)zr
Pml | (40) Acc | (6219)

FIG. 2. Schematic map of suballelic reconstructions. The figure shows how the full-length deletion mutation cDNA, pT7PVA3’'NCR, was
reconstructed with cDNA fragments of the third-passage A3’ NCR PV1 (4-1 M) RNA. Suballelic portions of the genome were reverse transcribed,
PCR amplified, and cloned into appropriate restriction sites of pT7PVA3'NCR. The segments are displayed as the shaded areas, and the restriction
endonucleases (and restriction site locations) used in the cloning of these suballelic reconstructions are labeled. The arrows within the shaded
genomic segments indicate the location and nucleotide changes of A3’ NCR PV1 (4-1 M) RNA from the parental clone. Each plasmid was
linearized using restriction endonuclease EcoRI and was under the transcriptional control of a T7 bacteriophage promoter element. A genomic

map of PV is displayed at the top of the panel for reference.
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virus amplification. RNA was extracted from purified deletion-
mutant virus, and segments of the RNA genome were RT-
PCR amplified in two parallel reactions (Fig. 2; see Materials
and Methods). The resulting cDNAs include nucleotide se-
quences representing the entire genome except the 5'-terminal
sequences, which were sequenced directly. We identified a
mutation (AS5081G) resulting in an amino acid change
(I1447V) in the carboxy terminus of the 2C protein (amino
acid 320 of 2C). This amino acid change is adjacent to a
putative RNA binding domain (52). The sequence from inde-
pendent plaque-purified virus 2-1 S was wild type at this posi-
tion. In contrast, the sequence from secondary plaque-purified
virus 4-1 S, which shares a common primary-plaque lineage
with 4-1 M, contained the same A5081G mutation, suggesting
that this nucleotide change was isolated in the first round of
plaque purification. Finally, another sequence change
(U6026C) resulted in an amino acid mutation (Y1762H) near
the amino terminus of the 3DP°! (amino acid 14 of 3DP*"). This
amino acid change is only four residues from a previously
described compensatory mutation (N18Y in 3DP°") in a chi-
meric poliovirus containing a mutated 3' NCR of HRV14 (38).
Virus stock 4-1 S was wild type at this location. Because 4-1 S
shares a primary plaque lineage with 4-1 M, we speculate that
this mutation was not present in the primary isolate but must
have originated in the second round of plaque purification.
Neither the sequence change in the 2C gene nor the sequence
change in the 3D gene was conserved among the isolates.
These data suggested that there was not a common reversion
strategy and that multiple independent reversion mutations
could have arisen to compensate for the loss of the entire PV
3’ NCR.

Suballelic reconstruction of the deletion mutation cDNA. To
determine if a particular mutation, or the pair of mutations,
could confer greater infectivity upon deletion mutation tran-
scripts, pT7PVA3'NCR was reconstructed with suballelic seg-
ments from the A3’ NCR PV1 (4-1 M) virus genome (Fig. 2).
Suballelic cDNAs were generated by RT-PCR amplification of
five separate segments of the third-passage A3’ NCR PV1 (4-1
M) genome. The cohort of these suballelic segments represents
the entire genome except for the very 5’ and 3’ termini. The
mutations identified by complete genomic nucleotide sequenc-
ing (A5081G and U6026C) were individually contained with-
in two separate suballelic reconstructions, pT7A3SAR3 and
pT7A3SARA4, respectively. Compared to the original 3' NCR
deletion construct, transcripts that contained a segment of the
genome possessing a compensatory mutation might be expected
to have faster growth kinetics, as evidenced by the production
of CPE at an earlier time posttransfection than observed fol-
lowing transfection with the original pT7PVA3’'NCR-derived
transcripts.

HeLa cell transfections were carried out with in vitro-de-
rived transcripts produced by T7 RNA polymerase from each
of the individual suballelic reconstructed cDNAs. None of the
reconstructions displayed a rescue phenotype after transfec-
tion (defined by a reduced time to observed CPE) compared to
transfection carried out with pT7PVA3'NCR transcripts (data
not shown). In addition, when transcripts containing both mu-
tations A5081G and U6026C (pT7A3SARG6; Fig. 2) were used
in this transfection analysis, no rescue phenotype was observed
(data not shown).
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FIG. 3. Specific-infectivity analysis of wild-type and 3’ NCR-de-
leted RNAs in HeLa cell monolayers. Serial dilutions of RNA were
transfected into HeLa (R19) monolayers via DEAE-dextran, and spe-
cific infectivities of RNAs were determined by plaque assay. RNAs
were derived from in vitro transcription reactions (bars 1 to 3) or from
purified RNA from sucrose gradient-isolated virions (bars 4 and 5).
Specific infectivities represent the averages of multiple experiments
performed in duplicate. Virion RNA concentration was determined by
spectrophotometer readings of optical density at 260 nm, and in vitro-
derived transcript RNA was quantitated by ethidium bromide staining
and comparison against a poliovirus RNA standard in a 1% agarose gel.

Specific-infectivity analysis of virion and in vitro-derived
RNAs. To provide a quantitative assessment of the putative
rescue functions of pT7A3SARG6, we compared its specific in-
fectivity to that of RNAs isolated from virions of both A3’
NCR PVI1 (4-1 M) and PVL1. Since the A3’ NCR PV RNAs
were recovered from progeny virions, these RNAs should be
infectious and contain all necessary compensatory elements
required for nearly wild-type replication. We determined the
specific infectivity (PFU/ug RNA) of wild-type pT7-PV1 tran-
scripts, purified wild-type PV1 virion RNA, pT7PVA3'NCR
transcripts, pT7A3SARG6 transcripts, and purified A3’ NCR
PV1 virion RNA (Fig. 3). As expected, pT7-PV1 transcripts
had approximately a 10-fold-lower specific infectivity than
those of purified wild-type PV virion RNA (Fig. 3, compare
bars 1 and 4) (25, 27, 66). The specific infectivity of either the
pT7PVA3'NCR or pT7A3SARG transcripts was greater than 4
log,, units lower than that of wild-type transcripts. In contrast,
the specific infectivity of purified deletion-mutant virion RNA
was greater than 10* PFU/ug RNA. The difference in the
specific infectivities of virion RNA from the wild-type and
deletion-mutant viruses is consistent with the single-cycle
growth data obtained for these virus isolates (Fig. 1). These
data demonstrate that, although the pT7A3SARG6 reconstruc-
tion contains a majority of the A3’ NCR PV1 (4-1 M) genome
sequence, including mutations AS081G and U6026C, a rescue
phenotype was not detected.

Nonviral sequences at the termini of A3’ NCR transcripts
inhibit replication. We hypothesized that the increase in de-
letion mutant virion RNA infectivity over that of mutated
transcripts is not due to sequence changes that had accumu-
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FIG. 4. Specific infectivity analysis of nonviral terminal sequences. In vitro-derived RNAs were generated from the indicated cDNA templates.
Specific infectivities (PFU/pug RNA) were determined by plaque assay following DEAE-dextran-mediated transfection of transcripts into HeLa
(R19) cells and are reported as the averages of at least two experiments. (A) The 3’ termini of transcripts generated from the indicated cDNA
constructs either were modified posttranscriptionally by the addition of an elongated poly(A) tract using poly(A) polymerase (bars 4 to 6) or
remained unmodified in mock poly(A) polymerase reactions (bars 1 to 3). The specific infectivities reported by bars 2 and 3 (asterisks) were below
the level of detection and therefore represent the maximum possible specific infectivities that could have been measured. (B) Both 5’ and 3’
nonviral sequences were eliminated from in vitro-derived transcripts by the use of a Klenow-treated Begl-linearized cDNA template encoding a
5’ hammerhead ribozyme (bar 2). The infectivity of these transcripts is contrasted to transcripts that have an authentic 5’ terminus but contain
nonviral sequences at the 3’ terminus (bar 1). (C) The ethidium bromide-stained agarose gel shows a shift in the sizes of poly(A) polymerase-
treated RNA transcripts (lanes 3, 5, and 7) compared to those of the mock-treated transcripts (lanes 2, 4, and 6), demonstrating that poly(A) poly-
merase added additional poly(A) tracts to the 3’ ends of these transcripts. Purified PV1 virion RNA is shown as a marker in lane 1.

lated in the A3’ NCR PV1 genome but rather to fundamental
differences between in vitro-derived transcripts and encapsi-
dated viral RNAs. Recognized sequence differences between
virion and transcribed deletion-mutant RNAs are located at
the 5" and 3’ termini. The 5’ end of the PV RNA genome is
covalently linked to viral protein VPg (18, 32). In contrast,
full-length genomic transcripts are generated in vitro using a
bacteriophage T7 RNA polymerase that initiates transcription
optimally when transcripts initiate with two G residues. The
two-G start is known to reduce the infectivity of in vitro-
derived transcripts (27, 66) and accounts, in part, for the lower
specific infectivity of wild-type transcripts compared to wild-
type virion RNA (Fig. 3). To examine the contribution of the
covalently linked VPg to the deletion mutation virion RNA,
virion RNA was subjected to proteinase K treatment prior to
testing the specific infectivity. As has been reported previously
for wild-type virion RNA (41), digestion of VPg had no effect
on the specific infectivity of deletion mutant virion RNA (data
not shown). A construct containing a hammerhead ribozyme 5’
of the poliovirus deletion mutation genome was generated
(pT7RzA3'Mlul), enabling us to generate in vitro-derived
genomic transcripts that have authentic 5’ termini. Analysis of
the specific infectivity of these transcripts revealed that an
authentic 5’ terminus enhances the specific infectivity of the
deletion mutation transcripts modestly, but no more than

would be predicted based on similar studies with wild-type
transcripts (data not shown).

At the 3’ end of the PV genome is a genetically encoded
poly(A) tract that is necessary for viral RNA infectivity (61, 72,
73). In vitro-derived transcripts contain a poly(A) tract but are
flanked at the 3’ end by 4 nucleotides (pT7RzA3'Mlul) or 7
nucleotides (pT7PVA3’'NCR and pT7A3SAR6) of nonviral
vector sequences. These sequences arise as a consequence of
linearizing the full-length cDNA constructs by restriction en-
zyme digestion in preparation for in vitro transcription reac-
tions. We reasoned that, while the 3’ nonviral sequences may
pose little challenge to genomic replication in the presence of
a 3’ NCR, the nonviral sequences may inhibit replication of
genomic RNAs that have a complete 3" NCR deletion. To
address this possibility, we used yeast poly(A) polymerase to
add poly(A) tracts of >200 residues to the ends of our in
vitro-derived deletion mutation transcripts, thereby generating
authentic 3’ termini. The addition of 3’ poly(A) tracts to wild-
type transcripts had essentially no effect on wild-type RNA
infectivity (Fig. 4A, compare bars 1 and 4). In contrast, when
poly(A) polymerase was used to add a poly(A) tract to the 3’
ends of in vitro-derived deletion mutation transcripts, the in-
fectivity increased by at least 2 orders of magnitude (100- to
200-fold) over mock poly(A) polymerase-treated transcripts
(Fig. 4A, compare bars 2 and 5 and 3 and 6, respectively).



11968 BROWN ET AL.

Furthermore, the addition of an authentic 3’ poly(A) terminus
to pT7A3SARG transcripts resulted in RNAs that had no in-
crease in specific infectivity over that of pT7PVA3'NCR tran-
scripts also treated with poly(A) polymerase (Fig. 4A, compare
bars 5 and 6). While the specific infectivity of poly(A) poly-
merase-treated over mock poly(A) polymerase-treated tran-
scripts was 2 orders of magnitude higher, this difference may be
reflective of the fact that mock-treated transcripts had lower
specific infectivities than transcripts that were untreated. In
addition, the specific infectivities of the treated RNAs were
still below those of the isolated virion RNAs. To address the
possibility that both the 5" and 3’ termini need be authentic to
generate transcripts with specific infectivities matching virion
RNA, we generated a construct that encoded both a 5" ham-
merhead ribozyme and a 3" Begl linearization restriction en-
zyme site. By using the Begl site at the 3’ end of the poly(A)
tract, we were able to use the linearized cDNA genomic tem-
plates to generate transcripts with authentic 3’ poly(A) ter-
mini. Transcripts containing authentic 5" and 3’ termini were
approximately fivefold more infectious than transcripts with an
authentic 5’ terminus alone (Fig. 4B). While these deletion
mutation transcripts had the highest specific infectivities that
we measured, they are still several orders of magnitude lower
than those of the deletion mutant virion RNAs.

In vitro translation kinetics of in vitro-derived transcript
RNAs. It was possible that the addition of an authentic 3'-
terminal poly(A) did not affect genomic RNA replication di-
rectly but rather corrected an alternate deficiency of the dele-
tion mutation RNA. In addition to stabilizing mRNAs, 3’
poly(A) tails have been shown to mediate increased translation
efficiency. Sheets et al. demonstrated that the 3’ NCRs of
cyclin Al, B1, B2, and c-mos mRNAs contain signals that lead
to cytoplasmic poly(A) elongation, resulting in an increase in
the translation efficiency of these messages (58). In addition,
the 3" NCRs of certain mRNAs have been shown to contain
elements that augment or repress translation (30, 44). Previ-
ously, we demonstrated that deletion mutation and wild-type
transcripts yield similar levels of accumulated viral translation
products in vitro (63). These data represented the final accu-
mulation of translation products and did not address the ki-
netics of translation and viral protein processing. To determine
if the deletion mutation affects translation or processing rates,
we analyzed the accumulation of PV translation products dur-
ing in vitro translation. As shown in Fig. 5, HeLa S10 extracts
incubated with wild-type or deletion mutation transcripts
translated and processed viral polyprotein with equal efficien-
cies (Fig. 5, compare lanes 3 to 8 with 9 to 14). These data
demonstrated that the deletion of the 3’ NCR did not affect the
ability of these transcripts to serve as templates for translation.

Stability of in vitro-derived A3’ NCR transcripts. The half-
lives of eukaryotic mRNAs vary from a few minutes to many
hours or even days. Elements within the 3 NCR of mRNAs
have been shown to act as destabilization signals for short-lived
mRNAs, such as c-fos mRNA (59, 71), or as stabilization sig-
nals for long-lasting mRNAs, such as for the mRNA encoding
a-globin (69, 70). To evaluate a possible RNA instability effect
caused by the deletion of the PV 3" NCR, we analyzed the
stability of the deletion mutation transcripts. Although our
previous in vitro translation data (Fig. 5) (63) suggest that
there is not a significant decrease in the stability of genomic
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FIG. 5. Invitro translation kinetics of wild-type (wt) and A3’ NCR
transcript RNAs. Translation and processing were carried out in HeLa
cell extracts at 30°C in the presence of [*>S]methionine. Extracts were
incubated with PV1 virion RNA (lane 1) or no RNA (lane 2) for 4 h.
At the indicated times, 10-pl portions of the extracts incubated with
pT7-PV1-derived transcripts (lanes 3 to 8) or pT7PVA3’'NCR-derived
transcripts (lanes 9 to 14) were removed and translation was termi-
nated by the addition of Laemmli sample buffer (31) and boiling for 3
to 5 min. These products were analyzed on an SDS-2.5% polyacryl-
amide gel and visualized by phosphorimager (Personal Molecular Im-
ager FX; Bio-Rad, Hercules, California).

RNA lacking a 3' NCR, it is possible that actively translated
RNAs are protected from ribonucleases. Because there is ev-
idence suggesting that an elongating ribosome translating the
PV genome interferes with negative-strand RNA synthesis (6,
20), there may be a kinetic transition in the viral life cycle when
viral translation must be limited to allow the synthesis of neg-
ative-strand RNA intermediates. Thus, we analyzed RNA sta-
bility in the absence or presence of cycloheximide, a potent
translation elongation inhibitor. Radiolabeled transcripts were
incubated in S10 extracts at 37°C in the presence or absence of
cycloheximide. At specific times, portions of the incubation
mixture were removed and the RNA was phenol-chloroform
extracted. The RNA was analyzed on an agarose gel by
ethidium bromide staining (data not shown) and phosphorim-
ager analysis (Fig. 6A). When data were normalized to the
input RNA, there were no significant differences between the
stability of radiolabeled deletion mutation transcripts and wild-
type PV transcripts in the HelLa S10 extract (Fig. 6B). In
addition, there was little or no effect on RNA stability during
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FIG. 6. Wild-type and deletion mutation transcript stability in HeLa S10 extracts. Transcript stability was determined as described in Materials
and Methods. (A) HeLa S10 extracts were incubated with radiolabeled wild-type (lanes 3 to 10) or deletion mutation (lanes 11 to 18) transcripts
in the presence (lanes 3 to 7, 9, 11 to 15, and 17) or absence (lanes 8, 10, 16, and 18) of cycloheximide. PV virion RNA (lane 1) or a radiolabeled
PV transcript (lane 2) was loaded as the marker. At the indicated times, portions of the extract mixture were removed and the RNA was
phenol-chloroform extracted. Total RNA was separated by electrophoresis on a 1.1% agarose gel and visualized by ethidium bromide staining and
UV illumination (data not shown). The gel was dried, and radiolabeled products were visualized and quantitated by phosphorimager analysis
(Personal Molecular Imager FX; Bio-Rad, Hercules, California). *, lane containing a sample overloaded on the gel by ~20% compared to other
samples and rRNA loading controls. (B) Products correlating to full-length genomic RNA incubated in the presence of cycloheximide were

normalized to input (zero time) levels and plotted on a graph.

ongoing protein synthesis (Fig. 6A, compare lanes 7 to 8 and 15
to 16). Our data demonstrated that, in the presence or absence
of translating ribosomes, there are no RNA stability effects
produced by the deletion of the poliovirus 3" NCR that could
account for the dramatic specific-infectivity differences ob-
served between in vitro-derived wild-type and A3’ NCR tran-
scripts.

DISCUSSION

The 3’ NCR is thought to contain a cis-acting element(s)
responsible for the specific and efficient synthesis of negative-
strand RNA intermediates during PV genomic replication.
Support for this notion comes from the fact that, in the absence
of coding selection pressure, the 3" NCR is highly conserved
among the three serotypes of PV. In addition, the 3’ NCR is
proximal to the site of negative-strand RNA synthesis initiation
at or near the end of the 3’ poly(A) tract. Finally, while mul-
tiple cis-acting replication element sequences have been de-
scribed for PV, the lack of specific replication complex target-

ing sequences suggests that an additional element(s) exists to
target the polyadenylated viral RNA for replication in the
presence of an abundance of polyadenylated cellular mRNAs.
Although numerous studies have implicated the 3" NCR of
picornaviruses as having a role in RNA replication (8, 16, 28,
37, 38, 47-49, 55, 57, 63), an understanding of a functional
mechanism and a clearly defined minimal element within the 3’
NCR is lacking from these studies.

Our previous studies with PV transcripts lacking a 3" NCR
had raised the possibility that, during initial low-level RNA
replication following transfections, compensatory mutations
had accumulated in the deletion-mutant genome (63). Se-
quencing through the 3" NCR lesion did not identify reversion
mutations, indicating that putative compensatory mutations
may have arisen elsewhere in the genome. Complete nucleo-
tide sequencing of the genomic RNA from a third-passage
virus stock revealed two nucleotide changes from the parental
genomic sequence. These nucleotide changes resulted in
amino acid changes in both the 2C and 3D proteins. When
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stem-loop structures X and Y of the 3" NCR are indicated on the wi

transcripts from a pT7A3SARG6 expression clone, containing
both of the identified mutations, were transfected into HelLa
cells, there was no reduction in the time to observed CPE, nor
was there an increase in RNA specific infectivity. However,
there was an increase in the specific infectivities of deletion
mutation transcripts when the 5’ and/or the 3’ termini of the
A3’ NCR transcripts were modified to mimic those of virion
RNA. While wild-type poliovirus transcripts containing an au-
thentic 5’ end are known to have a higher specific infectivity
than genomic transcripts that contain nonviral sequences at
their 5" termini (25, 27, 66), the generation of wild-type tran-
scripts with authentic 3" poly(A) termini does not significantly
increase their specific infectivities. An increase in infectivity
due to an authentic 3’ terminus was unique to the deletion
mutation RNAs and suggested that efficient initiation of dele-
tion mutant negative-strand RNA synthesis is mediated
through an authentic poly(A) 3’ terminus. Although both the
3’ poly(A) tract and the 3’ NCR of cellular mRNAs have been
shown to be involved in translation and stability modulation,
the deletion mutation transcripts were shown to be nearly
identical to wild-type transcripts in both genome stability and
translation efficiencies. Thus, while the addition of an authen-
tic 3" poly(A) terminus resulted in an increase in specific in-
fectivity of deletion mutation transcripts, this increase was not
due to a compensatory effect on RNA stability or translation

ld-type structure.

and viral polypeptide processing. The equal specific infectivi-
ties of pT7PVA3'NCR- and pT7A3SARG6-derived transcripts,
terminating in adenosine nucleotides or not, confirmed that
A3’ NCR PV viral RNA does not contain compensatory mu-
tations.

The reason for the much higher infectivity of deletion mu-
tant virion RNA over that of the deletion mutation transcript
RNA remains unclear. Based the our data showing that dele-
tion mutant virion RNAs had specific infectivities within 1 log
unit of those observed for wild-type virion RNAs (Fig. 3), we
conclude that the mode of entry of the RNA into the cell (i.e.,
transfection versus infection) cannot account for this differ-
ence. It may be that the poly(A) tract needs to be of a precise
length for optimal infectivity. However, the specific infectivi-
ties of deletion mutation RNAs with 16 (data not shown), 27,
and 51 (this study) adenosine residues are essentially identical,
while pT7RzA3'Begl-derived transcripts have 46 adenosine
residues but are more infectious than the original deletion
mutant transcripts. Another possibility for the increased infec-
tivity of virion RNA is that epigenetic information may be
contained within the deletion mutant virion RNA. Such epi-
genetic information might take the form of an RNA structural
element that requires a chaperone-like factor(s) to properly
form (during RNA replication in the cytoplasm of infected
cells) or perhaps the inclusion of modified nucleotide moieties
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that may be found within the infected cell. Alternatively, there
could be an inhibitory RNA structure(s) or component(s) as-
sociated with generating genomic RNAs in vitro in the absence
of host cell components. This putative epigenetic component
would appear to be of no consequence in wild-type RNAs;
however, in the absence of the RNA sequences and structures
contained within the 3" NCR, such a component may take on
added importance.

Previous reports have provided speculation on the severity
of the replication defect of our mutant virus harboring a com-
plete 3" NCR deletion during infection of HeLa cells (1, 46, 51,
67). Although the specific steps in RNA replication affected by
the deletion are still under investigation, it is now clear that
growth of this virus does not require second-site compensatory
mutations (i.e., PVA3'NCR is infectious in contrast to quasi-
infectious). While the 3" NCR is not absolutely necessary for
PV genomic RNA replication, data presented in this study
showed that the 3" NCR has a functional role in RNA repli-
cation since the deletion-mutant virus does not achieve wild-
type replication levels. Previous studies examining the role of
picornavirus 3’ NCRs in viral replication have come to similar
conclusions (16, 28, 37, 38, 47-49, 55, 57). Moreover, we have
recently shown that the poliovirus genomic 3" NCR has a
cell-dependent role in the initiation of positive-strand RNA
synthesis (8). Apart from these previous findings, this study
implicates the 3’ NCR in the role of nonterminal synthesis
initiation of negative-strand RNA intermediates during PV
RNA replication. We speculate that, when the 3’ NCR is
intact, negative-strand RNA synthesis can initiate at a number
of sites along the poly(A) tract, possibly by maintaining the
position of the VPg protein primer. However, when the 3’
NCR contains a severe lesion or is completely deleted, initia-
tion may be confined to the very 3’ terminus of the poly(A)
tract. Therefore, we propose that the PV genomic 3 NCR
plays a role in multiple steps of RNA replication, affecting both
positive-strand and negative-strand RNA synthesis. Point mu-
tations and small deletions within the 3" NCRs of enterovirus
RNAs have been reported to be lethal (37, 39). We suggest
that such lesions within the 3" NCR disrupt a functional ele-
ment that is recognized by factors involved in RNA replication
complex formation, resulting in the misdirection of such fac-
tors to generate nonfunctional RNA replication complexes.

The deletion of the 3" NCR of poliovirus RNA may only
partially disrupt a cis-acting replication element that is con-
structed from multiple RNA structures. When the 3" NCR is
completely removed, the remaining element is sufficient to
function, albeit at slightly less than wild-type levels. We exam-
ined computer-predicted structures of the 3" ends of PV and
A3’ NCR RNAs, including the 3’-most nucleotides of the
3DP°! coding sequence (Mfold V3.1) (34, 75). When we com-
pared the predicted RNA secondary structures of wild-type
and 3’ NCR deletion mutation PV RNAs, we found that the
complete deletion of the 3" NCR leads to a precise removal of
predicted stem-loops X and Y but leaves a larger stem-loop
structure in the 3D coding region unaffected (Fig. 7, compare
wild type to A3’ NCR). This predicted 3D stem-loop structure
is conserved among the three serotypes of PV (data not
shown). Such a structure may represent a minimal replication
element that, in concert with the 3’ NCR, forms a larger
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tertiary structure required for maximum levels of RNA repli-
cation.

It has been proposed that a cis-acting targeting element may
not be necessary to assure accurate replication of the viral
genome (12, 63). Novak and Kirkegaard showed that genomic
RNA must be translated in order for it to be replicated (42).
Furthermore, nascent nonstructural (P2 and P3) gene products
are proximal to the 3’ terminus of RNAs from which the
proteins are translated (50). Given the tight membrane asso-
ciation of RNA replication functions (62), it is not hard to
imagine that an important cis signal for negative-strand RNA
synthesis may be the proximal translation of viral nonstructural
proteins. Furthermore, positive-strand RNA synthesis may re-
quire the completion of a negative-strand intermediate as a cis
signal for replication. Finally, it has been shown that genomic
replication and packaging are coupled (4, 43, 65), suggesting
that each step in virus replication may be a signal that mediates
the onset of the next step in the virus life cycle.
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