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To identify proteins involved in the formation of replication complexes at the 3* end of poliovirus negative-
strand RNA, a combined in vitro biochemical and in vivo genetic approach was used. Five subgenomic cDNA
constructs were generated to transcribe different negative-strand RNA fragments. In UV cross-linking assays,
distinct differences in binding of proteins in extracts from poliovirus-infected and uninfected cells to virus-
specific, radiolabeled transcripts were observed. Two proteins present in extracts from poliovirus-infected cells
with approximate molecular masses of 36 and 38 kDa were shown to cross-link to the 3* end of poliovirus
negative-strand RNA. Appearance of the 36- and 38-kDa proteins in UV cross-linking assays can be detected
3 to 3.5 h after infection, and cross-linking reaches maximum levels by 5 h after infection. The binding site for
the 36-kDa protein overlaps with the computer-predicted loop b region of stem-loop I, the so-called cloverleaf
structure, and the RNA sequence of this region is required for efficient binding. Transfection of full-length,
positive-sense RNA containing a five-nucleotide substitution (positions 20 to 25) in the loop b region of
stem-loop I into tissue culture cells yielded only viral isolates with a reversion at position 24 (U3C). This
finding demonstrates that the wild-type cytidine residue at position 24 is essential for virus replication. RNA
binding studies with transcripts corresponding to the 3* end of negative-strand RNA suggest that complex
formation with the 36-kDa protein plays an essential role during the viral life cycle.

Following entry of poliovirus (PV), the prototypic member
of the Picornaviridae, into a permissive host cell, PV genomic
RNA is replicated to generate full-length, intermediate nega-
tive-strand RNAs. New infectious positive-strand RNAs are
subsequently produced by replication of the negative-strand
RNAs. The virally encoded RNA-dependent RNA poly-
merase, 3Dpol (45), plays a key role in this replication process.
However, in vitro, 3Dpol has been shown to nonspecifically
replicate poly(A) RNA templates and nonviral, polyadenylated
RNAs when provided with an oligo(U) primer (12, 29) or
various host factor preparations (3, 9; for reviews, see refer-
ences 30 and 37). This observation has led to the hypothesis
that cis-acting sequences, located at the 39 end of viral positive-
and negative-strand RNAs, may interact with cellular and/or
viral proteins, thus conferring specificity to the initiation step
of viral RNA replication. Initiation of positive-strand RNA
synthesis is presumably mediated by cis-acting sequences lo-
cated at the 39 end of negative-strand RNA, possibly in con-
junction with sequences in the 59 noncoding region (NCR) of
positive-strand RNA (1, 2).
Previous studies investigating the initiation of positive-

strand RNA synthesis in vitro were conducted by using mem-
branous crude replication complexes isolated from PV-in-
fected cells. Initiation of positive-strand RNA synthesis was
shown to be supported by these crude replication complexes,
and the 59 ends of in vitro-synthesized RNA strands were
identical to the VPg-linked termini of virion RNAs (40, 41).
These early studies were hampered by the limitations of using
crude extracts and by the lack of confirmatory genetic analyses.
Several advances in experimental approaches have made it
possible to unravel some of the molecular details of the initi-

ation of positive-strand PV RNA synthesis. These include the
ability to synthesize infectious PV RNA in vitro (18, 44), the
evolution of biochemical techniques for studying RNA-protein
interactions, and the development of cell-free systems for de
novo poliovirus synthesis (4, 22). Indeed, some of these ap-
proaches were used to show that the first;100 nucleotides (nt)
of the PV genome, which form the so-called cloverleaf struc-
ture (31, 39), play an important role in viral RNA replication
(2). The existence of this cloverleaf structure (also referred to
as stem-loop I) at both the 59 end of positive-strand RNAs and
the 39 end of negative-strand RNAs has been predicted by
computer modeling (28). Biochemical evidence has also been
obtained to support the existence of the cloverleaf at the 59 end
of positive-strand RNAs (2). The cloverleaf structure is subdi-
vided into stem a and stem-loops b, c, and d (Fig. 1A). It has
been reported that the cloverleaf structure is required for
RNA replication initiation only on positive-strand RNA, and
that a 36-kDa cellular protein together with the virally encoded
3CD protein interact with stem-loops b and d RNA, respec-
tively (1, 2). A cellular 36-kDa protein, which also interacts
with PV RNA in a complex with protein 3CD, has been iden-
tified as an N-terminal proteolytic fragment of a 50-kDa pro-
tein, eukaryotic elongation factor EF-1a (17). Whether these
two 36-kDa proteins are identical is unknown. Other investi-
gators have demonstrated the importance of stem-loop d for
efficient PV type 3 RNA replication (33). Recently, it has been
reported that viral RNA replication determinants also reside
39 of the cloverleaf structure within a region containing se-
quences involved in translation initiation (5). The role of
RNA-protein interactions at the 39 end of negative-strand
RNA in viral RNA replication, however, has not been eluci-
dated.
To investigate the mechanism of initiation for PV positive-

strand synthesis, we were interested in determining (i) what
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cis-acting sequences at the 39 end of negative-strand RNA are
necessary for initiation and fidelity of positive-strand replica-
tion and (ii) what trans-acting factors of viral and/or host cell
origin are required for initiation of positive-strand RNA rep-
lication. In an in vitro UV cross-linking assay, a distinct differ-
ence in binding of proteins to the 39 end of PV negative-strand
RNA was observed in extracts from PV-infected or uninfected
cells. A 36-kDa and a 38-kDa protein present in extracts from
PV-infected cells were shown to bind to the 39 end of PV

negative-strand RNA between positions 2 and 66 (note that
positive-strand numbers are used, even though the transcripts
are of negative polarity). These proteins are of cellular origin
and appear to be modified or sequestered as a result of PV
infection. UV cross-linking using PV RNA containing a 5-nt
substitution (positions 20 to 25) in the loop b region of stem
loop I showed that the binding site for the 36-kDa protein
overlaps with the loop b region and that the primary RNA
sequence of this region is required for efficient formation of a
ribonucleoprotein complex. To correlate these in vitro results
with viral RNA replication in vivo, full-length in vitro-tran-
scribed genomic RNAs containing the 5-nt substitution (posi-
tions 20 to 25) in the loop b region were transfected into tissue
culture cells. Only viral isolates with a reversion at position 24
(U3C) were recovered, demonstrating that the wild-type cy-
tidine at position 24 is essential for virus replication. RNA
binding studies with transcripts corresponding to the 39 end of
negative-strand RNA, together with the in vivo studies, suggest
that complex formation with the 36-kDa protein plays an es-
sential role during the viral life cycle.

MATERIALS AND METHODS
Construction of transcription templates. To generate RNA transcripts that

have only two nonviral guanosine residues at their 59 ends, the transcription
vector pT747 (10) was modified by using two complementary synthetic oligonu-
cleotides, HR1 (59-AGCTTAGGCCTTATAGTGAGTCGTATTACAG-39 [posi-
tive strand]) and HR2 (59-CTGTAATACGACTCACTATAAGGCCTA-39 [nega-
tive strand]). The annealed oligonucleotides contain both a HindIII and a PvuII
half site at their ends and contain the T7 promoter sequence (boldface sequence)
followed by a StuI recognition site (underlined sequence). The transcription
vector pT747 was digested with HindIII (pGem2 nt 55) and PvuII (pGem nt 98),
and the 3.6-kb fragment was purified by agarose gel electrophoresis. The an-
nealed oligonucleotides were then incubated together with the 3.6-kb pT747
fragment and T4 DNA ligase. The ligation mixture was transformed into com-
petent Escherichia coli C600 cells, and colonies were screened for the plasmid
pOT7N747-1. The integrity of this construct, as well as that of all constructs
described below, was verified by sequencing across junctions of DNA fragments
and/or the region containing introduced mutations, using the modified T7 DNA
polymerase method (Sequenase; United States Biochemical).
To generate pT7N2242, plasmid pOT7N747-1 was digested with BamHI (PV

nt 220) and the resulting 59 overhang was repaired. The plasmid was then
digested with StuI. The 2.6-kb fragment was purified by agarose gel electrophore-
sis and incubated with T4 DNA ligase. Competent cells were transformed with
the ligation mixture and screened for pT7N2242. The RNAs transcribed from
this plasmid (2242), as well as all the RNAs generated from transcription vectors
described below, have only two G residues at their 59 ends. Plasmid pT7N662
was constructed in a manner essentially identical to the approach used in con-
structing pT7N2242. The only modification was that the starting plasmid
pOT7N747-1 was digested with KpnI (PV nt 66) instead of BamHI (PV nt 220).
To generate pT7N1802, plasmid pT7N2242 was digested with NciI (PV nt

178), and a 182-bp fragment containing PV nt 1 to 180 was purified by gel
electrophoresis. The 59 overhangs of the 180-bp fragment were repaired, and the
fragment was then digested with KpnI (PV nt 66). A 114-bp fragment containing
PV nt 66 to 180 was purified by gel electrophoresis. Plasmid pOT7N747-1 was
digested with StuI and KpnI (PV nt 66), and a 2,920-bp fragment was purified by
gel electrophoresis. The 114- and 2,920-bp fragments were incubated together
with T4 DNA ligase.
To generate pT7N1082, plasmid pT7N2242 was digested with DdeI (PV nt

105, pGem nt 2689), and a 291-bp fragment containing PV nt 1 to 108 was
purified by gel electrophoresis. The 59 overhangs of the 291-bp fragment were
repaired, and the fragment was then digested with EcoRI (pGem2 nt 10). A
112-bp fragment containing PV nt 1 to 108 was purified by gel electrophoresis.
Plasmid pOT7N747-1 was digested with StuI and EcoRI (pGem2 nt 10), and a
2,860-bp fragment was purified by gel electrophoresis. The 112- and 2,860-bp
fragments were incubated together with T4 DNA ligase.
To generate pT7N66-S1, the following two complementary synthetic oligonu-

cleotides were used: HRLOOPA1 (59-AATTCTTAAAACAGCTCTGGGGT
TAAGCTTACCCCAGAGGCCCACG-39 [positive strand]) and HRLOOPA2
(59-GGGCCTCTGGGGTAAGCTTAACCCCAGAGCTGTTTTAAG-39 [nega-
tive strand]). The annealed oligonucleotides have both an EcoRI and a BglI half
site at their ends and contain PV nt 1 to 19 and 26 to 40 or nt 26 to 37 (underlined
sequence) interrupted by a HindIII recognition site (boldface sequence). This
HindIII recognition site substitutes wild-type PV sequences (nt 20, 21, 22, 24, and
25) located in the loop a region of the computer-predicted cloverleaf structure.
The transcription vector pT7N662 was subjected to a partial digestion with
restriction endonucleases BglI (PV nt 35), and a 2,875-bp BglI fragment was

FIG. 1. Computer-predicted secondary structure of the 39 end of PV nega-
tive-strand RNA and diagram of the RNA transcripts used in UV cross-linking
assays. (A) A negative-strand RNA sequence complementary to nt 1 to 91 was
used in the University of Wisconsin RNA FOLD program. The sequence shown
is of negative polarity, but positive-strand numbers are used. The computer-
predicted secondary structure is similar to the cloverleaf structure of stem-loop
I described previously for PV positive-strand RNA. The cloverleaf structure
consists of stem a and stem-loops b, c, and d. Nucleotides that were mutated in
the loop b and loop c region are shown boxed. (B) PV cDNA fragments were
subcloned into a T7-based transcription vector. RNA runoff transcripts (nega-
tive-strand polarity) were generated from plasmids linearized with MseI (PV nt
1). The longest transcript, 7472, corresponds to the complement of the entire 59
NCR. The next-shorter transcript, 2242, contains nt 224 to 2 (positive-strand
numbers), 1802 contains nt 180 to 2, 1082 contains nt 108 to 2, and 662
contains nt 66 to 2. The 662 S1 transcript contains a 5-nt substitution in loop b
(from nt 20 to 25) of stem-loop I, which does not perturb its computer-predicted
secondary structure. The 662 D1 transcript contains a 4-nt deletion (nt 39 to 42)
in loop c of stem-loop I. The 662 S1RV transcript is identical to 662 S1 except
that the RNA has a guanosine residue (which is wild type and corresponds to a
cytidine residue on the positive strand) at nt 24 instead of an adenosine residue.
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purified by agarose gel electrophoresis. The 2,875-bp BglI fragment was subse-
quently digested with EcoRI (pGem2 nt 10), and a 2,825-bp EcoRI-BglI fragment
was purified by agarose gel electrophoresis. The annealed oligonucleotides HR-
LOOPA1 and HRLOOPA2 were incubated together with the 2,825-bp EcoRI-
BglI fragment and T4 DNA ligase.
To generate pT7N66-D1, plasmid pT7N662 was subjected to a partial diges-

tion with BglI (PV nt 35), and a 2,875-bp BglI fragment was purified by agarose
gel electrophoresis. The 39 overhang was removed, and the 2,875-bp fragment
was incubated with T4 DNA ligase.
Plasmid pPV1-5NC-S1 (encoding a full-length cDNA) was essentially con-

structed as described previously for pT7(t)-PV1 (7). The only modification was
in using the synthetic double-stranded oligonucleotides HRT2LOOPA (59-CT
GGGGTTAAGCTTACCCCAGAGGCCCACG-39 [positive strand]) and HRT29
LOOPA (59-GGGCCTCTGGGGTAAGCTTAACCCCAGAGCT-39 [positive
strand]) instead of the double-stranded oligonucleotides containing a 39 over-
hang of PV type 1 cDNA (nt 8 to 11) followed by PV type 1 cDNA from nt 12
to the BglI site at nt 35. HRT2LOOPA contains PV nt 12 to 19 and 26 to 40
interrupted by a HindIII recognition site (boldface sequence). HRT29LOOPA
contains PV nt 8 to 19 and 26 to 37 interrupted by a HindIII recognition site
(boldface sequence). This HindIII recognition site substitutes wild-type PV se-
quences (nt 20, 21, 22, 24, and 25) located in the loop a region of the computer-
predicted cloverleaf structure.
Construct pT7N66-S1RV was generated in a manner similar to that used for

constructing pT7N66-S1, with the exception that two different synthetic oligo-
nucleotides, HRLOOPA1RV (59-AATTCTTAAAACAGCTCTGGGGTTAA
GCCTACCCCAGAGGCCCACG-39 [positive strand]) and HRLOOPA2RV
(59-GGGCCTCTGGGGTAGGCTTAACCCCAGAGCTGTTTTAAG-39 [neg-
ative strand]) were used. These oligonucleotides differ from HRLOOPA1 and
HRLOOPA2 at one residue (underlined residue) within the substituted HindIII
recognition site.
In vitro RNA transcription. In vitro transcriptions were carried out with

bacteriophage T7 RNA polymerase (Pharmacia) as described previously (32).
Constructs used as templates for transcription of RNAs corresponding to the 39
end of PV negative-strand RNA were digested with MseI (PV nt 1). Plasmid
pGEM2, which was used for generating nonviral competitor RNA, was digested
with RsaI (pGem nt 2787). For generating wild-type and mutated full-length
positive-strand RNA, plasmids pT7PV1 (15) and pPV1-5NC-S1, respectively,
were linearized with EcoRI (PV nt ;7500).
Preparation of cellular extract. Cytoplasmic extracts from PV-infected and

uninfected HeLa cells were prepared as described elsewhere (23, 35). Briefly,
HeLa cells grown in suspension culture were harvested at various times (see
Results) and washed three times in phosphate-buffered saline. Cells were then
resuspended in an equal volume of lysis buffer (50 mM Tris [pH 8], 5 mM EDTA,
150 mM NaCl, 0.5% Nonidet P-40, 0.1 mM phenylmethylsulfonyl fluoride) and
incubated for 20 min on ice. The mixture was centrifuged for 10 min at 12,000 3
g at 48C. Proteins contained in the supernatant were precipitated with 60%
ammonium sulfate. The resulting pellet was resuspended in dialysis buffer (25
mM KCl, 5 mM HEPES [N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid;
pH 7.8], 2 mMMgCl2, 0.1 mMEDTA [pH 8], 3.8% glycerol, 2 mM dithiothreitol,
0.1 mM phenylmethylsulfonyl fluoride) and dialyzed overnight against dialysis
buffer containing an additional 10% glycerol. Extracts were frozen in aliquots at
2708C.
UV cross-linking assays. UV cross-linking assays were performed essentially

as described previously (32). Typically, 5 pmol of 32P-labeled RNA (1 3 106 to
8 3 106 cpm per reaction) was used per reaction, and the reaction mixtures were
cross-linked at 254 nm for 20 min, using a Stratagene (La Jolla, Calif.) UV-
Stratalinker. When appropriate, autoradiograms of UV cross-linked ribonucle-
oprotein complexes were scanned with a HP ScanJet II cx/T (Hewlett-Packard),
and the intensity of bands was determined by using SigmaScan software.
Transfections of RNAs derived from wild-type and mutated full-length PV

cDNAs. RNA transfections were performed by the DEAE-dextran procedure
(19), with modifications described elsewhere (14). HeLa cell monolayers (90%
confluent) in 60-mm-diameter dishes were transfected with 10, 1, and 0.1 mg of
in vitro-transcribed full-length PV RNA derived from pPV1-5NC-S1 or 10 ng of
in vitro-transcribed full-length PV RNA derived from pT7PV1 (15). Following
transfection, cells were overlaid with liquid or semisolid agar medium and incu-
bated at 33 or 378C.
RNA and DNA sequencing. Viral RNA was prepared by extracting total cyto-

plasmic RNA from PV-infected cells, using the Nonidet P-40–sodium dodecyl
sulfate (SDS) lysis method (6). Approximately 30 mg of total cytoplasmic RNA
was used per sequencing reaction. A synthetic oligonucleotide complementary to
PV nt 93 to 113 was annealed to the viral RNA and extended by using reverse
transcriptase in the presence of [a-32P]dATP, deoxynucleotides, and
dideoxynucleotides (16, 34). Cesium chloride-purified plasmid DNA was se-
quenced by the modified T7 DNA polymerase method (Sequenase; United
States Biochemical).

RESULTS

UV cross-linking of PV negative-strand RNAs, using ex-
tracts from uninfected and PV-infected cells. To investigate

RNA-protein interactions at the 39 end of PV type 1 negative-
strand RNA, a nested series of cDNA constructs was gener-
ated and used as templates for the transcription of RNAs
corresponding to the 39 end of PV negative-strand RNA. The
longest cDNA construct was used to transcribe the entire com-
plement of the 59 NCR (Fig. 1B) and contains computer-
predicted stem-loops I through VI. The RNA generated from
this construct is termed 7472 (note that even though positive-
strand numbers are used, the RNA is of negative-strand po-
larity). By using conveniently located restriction enzyme sites,
successively shorter, 39-coterminal constructs were generated.
The RNA transcript called 2242 contains the computer-pre-
dicted stem-loops I to III, 1802 contains stem-loops I and II,
1082 contains stem-loop I, the so-called cloverleaf structure,
and the shortest transcript used, 662, contains stem-loops b
and c of the cloverleaf structure.
Extracts from uninfected and PV type 1-infected HeLa cells

were prepared for UV cross-linking studies. It was determined
that maximal amounts of PV positive-strand RNAs were
present in infected cells at approximately 5 h after infection
(data not shown). Subsequently, extracts from infected and
uninfected cells were prepared at 5 h after infection. Extracts
were then used with radiolabeled PV negative-strand probes in
UV cross-linking assays (Fig. 2). A distinct difference in bind-
ing of proteins to the 39 end of PV negative-strand RNAs in
extracts from infected and uninfected cells was observed. Two
major RNA-protein complexes specific to extracts from PV-
infected cells were detected (bands marked by large arrows in
Fig. 2). Their approximate molecular masses are 36 and 38
kDa. All of the PV-specific riboprobes tested appear to bind
the same proteins, indicating that sequences and/or secondary
structures located between positions 2 and 66 are sufficient for
binding of these complexes. Pretreatment of extracts with pro-
teinase K before UV cross-linking abolished the visualized
bands (data not shown), indicating that they are indeed RNA-

FIG. 2. UV cross-linking assays with PV negative-strand RNA probes, using
extracts from uninfected and PV-infected HeLa cells. Portions (50 mg) of extract
from either PV-infected or uninfected HeLa cells were used together with var-
ious 32P-labeled RNA probes (5 pmol) in UV cross-linking assays. Following the
cross-linking reactions, samples were boiled in Laemmli sample buffer and sep-
arated on an SDS–12.5% polyacrylamide gel. The 36- and 38-kDa protein bands
are marked by large arrows; a nonspecific 50-kDa protein band is marked by a
small arrow. Lanes: M, marker proteins ([35S]Met labeled) from PV-infected
HeLa cells; U, extract from uninfected cells; I, extract from PV-infected cells.
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protein complexes. A nonviral 144-nt RNA probe (lanes 12
and 13) formed these complexes with considerably less affinity
than the viral probe. A protein of approximately 50 kDa
(marked by a small arrow) was observed to bind to every RNA
tested, i.e., RNAs of both viral as well as nonviral origin (data
not shown). Because of its nonspecific UV cross-linking to
RNA, the 50-kDa protein will not be discussed further.
To investigate the specificity of the 36- and 38-kDa protein

complexes, UV cross-linking competition experiments using
radiolabeled 2242 RNA were performed (Fig. 3). Nonradio-
active, homologous (2242 and 662 RNAs) and heterologous
(pGem and tRNA) competitor RNAs were added at either 10-
or 30-fold molar excess to the preincubation reaction. Efficient
competition for binding of both the 36- and 38-kDa protein
(bands marked by asterisks) was observed when homologous
competitor RNAs were used (lanes 3 to 6). Nonspecific, het-
erologous competitor RNAs did not compete efficiently for
binding of the proteins (lanes 7, 8, 10, and 11), indicating that
their binding to the 39 end of PV negative-strand RNA is
specific.
To determine whether the 36- and 38-kDa proteins were of

viral or cellular origin, UV cross-linked RNA-protein com-
plexes were used together with antibodies specific for PV VP1,
VP2, VP3, 2C, 3AB, 3CD, 3C, and 3D in immunoprecipitation
assays (data not shown). Neither the 36-kDa nor the 38-kDa
protein was immunoprecipitated with any of the antibodies
used, suggesting that both proteins are of host cell origin.
Properties of the 36- and 38-kDa protein-RNA complexes

during PV infection. We were interested in determining at
what time after PV infection interactions between the 36- and
38-kDa proteins with PV negative-strand RNA probes could
be detected. Extracts were prepared from cells harvested at
30-min intervals following PV infection. These extracts were
then used with radiolabeled 662 RNA in a UV cross-linking
assay (Fig. 4). UV cross-linking of the 36- and 38-kDa proteins

(marked by an arrow) was detected between 3 and 3.5 h after
infection and reached maximum levels by 5 h after infection.
The appearance of both cross-linked complexes between 3 and
3.5 h after infection correlates well with the time of maximal
rates of viral RNA synthesis (3 to 4 h after infection) (8). This
result suggests a role for both the 36- and 38-kDa protein
complexes during viral RNA replication.
Several explanations could account for the observation that

both RNA-protein complexes are not detectable in the first 3
h following infection. For example, it is possible that these
proteins are newly synthesized during the course of infection.
Alternatively, cellular proteins may be modified to have a
higher affinity for PV RNA, or cellular proteins may be se-
questered so that they become accessible during PV infection.
To test the possibility that the 36- and 38-kDa proteins are
synthesized de novo in response to PV infection, actinomycin
D was added to HeLa cells at the time of infection to inhibit
host cell transcription. Actinomycin D does not affect PV type
1 RNA replication (36). Cellular extract from actinomycin
D-treated and untreated cells was prepared and used in a UV
cross-linking assay (Fig. 5). In extracts from actinomycin D-
treated cells, both RNA-protein complexes formed with an
efficiency indistinguishable from that of extract from untreated
cells. Since cap-dependent host cell protein translation ceases
within 2 h following PV infection (11), this result suggests that
the 36- and 38-kDa protein have already been synthesized at
the time of infection and are modified or released from sub-
cellular compartments as a result of infection. It is also possi-
ble, however, that both proteins are translated in a cap-inde-
pendent manner (20, 24). Both wild-type PV type 1 replication
and the appearance of the 36- and 38-kDa protein complexes
are unaffected by actinomycin D, further supporting the con-
clusion that these proteins play a role in PV replication.
Binding site characterization of the 36- and 38-kDa protein

by using mutated PV minus-strand probes. In Fig. 2, it was
shown that both the 36- and 38-kDa proteins bind to negative-
strand RNA sequences and/or secondary structures located
between positions 2 and 66. Many RNA-binding proteins spe-

FIG. 3. UV cross-linking competition assays. UV cross-linking assays, using
extract (50 mg) from PV-infected cells and radiolabeled 2242 probe (5 pmol),
were performed. Nonradioactive homologous (2242 and 662) and heterologous
(pGEM and tRNA) competitor RNAs were added at either a 10- or 30-fold
molar excess to the preincubation reaction. The 36- and 38-kDa protein bands
are marked by asterisks. Lanes M, marker proteins ([35S]Met labeled) from
PV-infected HeLa cells.

FIG. 4. UV cross-linking time course assay using extracts from PV-infected
cells. Extracts were prepared following cell harvests at 30-min intervals after PV
infection. UV cross-linking assays using 662 radiolabeled probe (5 pmol) and 50
mg of extract were performed. The 36- and 38-kDa proteins are marked by an
arrow. Lanes M, marker proteins ([35S]Met labeled) from PV-infected HeLa
cells.
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cifically recognize single-stranded RNA regions such as loop
structures of stem-loops or bulges (21). PV 662 RNA contains
the computer-predicted stem-loops b and c of the cloverleaf
structure. Therefore, our strategy was to mutate both loop
regions. Two cDNA constructs were generated and used to
synthesize two mutated PV negative-strand RNAs, 662 S1 and
662 D1 (Fig. 1). The 662 S1 transcript contains a 5-nt substi-
tution in loop b (from positions 20 to 25) of stem-loop I. This
substitution does not perturb the secondary structure of the
662 S1 transcript, which was predicted by using the University
of Wisconsin FOLD program of Zuker and Stiegler (46). The
662 D1 transcript contains a 4-nt deletion (positions 39 to 42)
in loop c of stem-loop I. These two mutated RNAs, together
with wild type 662 RNA, were used in UV cross-linking assays
to investigate the binding sites of the 36- and 38-kDa proteins
(Fig. 6). All three RNA transcripts cross-linked to the 36- and
38-kDa proteins when incubated with increasing amounts of
extracts from PV-infected cells. However, cross-linking of the
36-kDa protein is detectably decreased when the 662 S1 probe
is used.
To quantitate the relative binding efficiencies of the two

protein complexes to the different PV negative-strand-specific
RNA probes, the intensities of the 36- and 38-kDa bands were
determined by scanning autoradiograms. The ratio of the in-
tensity of the 38-kDa band compared with the 36-kDa band
was determined from a minimum of three independent exper-
iments. Ratios were calculated to be 1.3 6 0.3 for wild-type
662 RNA, 2.7 6 0.8 for 662 S1 RNA, and 1.3 6 0.5 for 662
D1 RNA. Both protein complexes were present at approxi-
mately equal amounts when the wild-type 662 or the 662 D1
probe was used. However, binding of the 36-kDa protein to the
662 S1 probe was only about one-third to one-half as efficient
as to either the wild-type 662 or the 662 D1 probe. These
results suggest that the binding site of the 36-kDa protein
overlaps with the loop b region and that the primary nucleotide
sequence of this region is important for efficient cross-linking.

The sequence between positions 39 and 42 does not appear to
be involved in the binding of these two proteins since it can be
deleted without affecting cross-linking efficiency.
Characterization of the position 20 to 25 substitution mu-

tation in vivo. To correlate the in vitro biochemical results of
cellular proteins binding to the 39 end of negative-strand RNAs
to viral functions in vivo, the 5-nt substitution was introduced
into a full-length PV cDNA clone (pPV1-5NC-S1). Full-length
positive-strand RNA containing the substitution at positions 20
to 25 was generated by in vitro transcription and transfected
into HeLa cells, and the cells were incubated at 33 or 378C.
Virus was recovered only at 338C, and mutated RNAs were
noninfectious at 378C. The infectious virus recovered was des-
ignated Se1-5NC-S1. Four independent viral isolates were
plaque purified, and passage 2 stocks were prepared. Plaques
were slightly smaller than for wild-type virus, and titers were
0.5 to 0.7 log units lower than for wild-type virus (data not
shown). Virion RNA from Se1-5NC-S1 was subjected to se-
quence analysis (Fig. 7), which revealed a U3C transition
(reversion to wild type) at position 24. This U3C transition
was found in all four independent viral isolates, suggesting that
there is a strong selectional bias favoring this reversion to the
wild-type sequence at position 24 and that the 5-nt substitution
between positions 20 and 25 is lethal.
The viral isolates were then analyzed to investigate if the

U3C transition had an effect on viral replication. All four viral
isolates of Se1-5NC-S1, together with wild-type PV, were used
to infect HeLa cells. Cells were harvested at various times after
infection, and total RNA was isolated from these cells, trans-
ferred to a nitrocellulose membrane by slot blotting, and
probed with radiolabeled synthetic oligonucleotides specific
for positive- and negative-strand RNAs. The levels of both
positive- and negative-strand RNAs in cells infected with any

FIG. 5. UV cross-linking assays using extracts from PV-infected, actinomycin
D-treated cells. Actinomycin D (5 mg/ml) was added to HeLa cells at the end of
the PV adsorption period. UV cross-linking assays using extracts (50 mg) from
actinomycin D-treated (Act D) and untreated (Untr.) PV-infected cells and
radiolabeled 662 probe were performed. The 36- and 38-kDa proteins are
marked by an arrow. Lane M, marker proteins ([35S]Met labeled) from PV-
infected HeLa cells.

FIG. 6. UV cross-linking assays with extracts from PV-infected cells, using
mutated PV negative-strand probes. UV cross-linking assays were performed
with increasing amounts (5, 15, 30, and 50 mg) of extract from PV-infected cells.
The following radiolabeled transcripts were used in this assay: 662, which con-
tains the PV wild-type sequence from positions 2 to 66 encompassing stem-loops
b and c of the predicted cloverleaf structure; 662 S1, which has a 5-nt substitu-
tion (from positions 20 to 25) in loop b that does not affect its computer-
predicted secondary structure; and 662 D1, which has a 4-nt deletion (positions
39 to 42) in stem-loop c (also see Fig. 1B). The 36- and 38-kDa proteins are
marked by an arrow. Lanes M, marker proteins ([35S]Met labeled) from PV-
infected HeLa cells.
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of the four viral isolates, which have reverted to a wild-type
cytidine residue at position 24, do not differ significantly from
those of wild-type PV (data not shown). This observation sug-
gests that the wild-type cytidine residue at position 24 is es-
sential for virus replication.
Relevance of a wild-type cytidine residue at position 24 for

binding of the 36-kDa protein. We generated the cDNA con-
struct 662 S1RV, which is identical to 662 S1 except that its
RNA transcript has a guanosine residue (which is wild type and
corresponds to a cytidine residue on the positive strand) at
position 24 instead of an adenosine residue. To determine if
this A3G transition (U3C transition on the positive strand)
at position 24 would restore binding of the 36-kDa protein, UV
cross-linking assays were performed with wild-type 662, 662
S1, and 662 S1RV RNAs together with increasing amounts of
extract form PV-infected cells (Fig. 8). The 36-kDa protein
bound to 662 S1RV RNA at levels comparable to those of
wild-type RNA. The binding of the 38-kDa protein to 662
S1RV RNA was slightly less than binding to 662 RNA, pos-
sibly because of an altered secondary structure of this mutated
RNA. To quantitate the binding efficiency of the 36-kDa pro-
tein to 662 S1RV RNA, autoradiograms were scanned and the
ratio of the 38-kDa band compared with the 36-kDa band was
determined from a minimum of four independent experiments.
Ratios were calculated to be 1.36 0.3 for wild-type 662 RNA,
2.76 0.8 for 662 S1 RNA, and 0.5 6 0.2 for 662 S1RV RNA.
Binding of the 36-kDa protein to 662 S1RV RNA was ap-
proximately twice as efficient as its binding to either the wild-
type 662 or the 662 D1 RNA. This result suggests that a
wild-type guanosine residue at position 24 is required for effi-
cient binding of the 36-kDa protein. This finding, together with
the in vivo results, is strongly indicative that binding of the
36-kDa protein to the 39 end of negative-strand RNA plays an
essential role during the viral life cycle.

DISCUSSION

The results presented in this study indicate that cellular
proteins are involved in the formation of RNA replication
initiation complexes at the 39 end of PV negative-strand RNAs.
Utilization of cellular proteins in the initiation of positive-

strand and negative-strand RNA synthesis has been reported
previously for Sindbis virus (25). The binding activity of pro-
teins to the 39 end of Sindbis negative-strand RNA was present
in extracts from uninfected cells. The binding activity of both
the 36- and 38-kDa proteins to the 39 end of PV negative-
strand RNA, although present at low levels in extracts from
uninfected cells, is strongly increased in extracts from infected
cells. This observation suggests that as a result of PV infection,
cellular proteins are either newly synthesized, sequestered, or
modified so that they have a higher affinity for binding to viral
RNAs. A similar observation was recently reported for human
rhinovirus 14 (42). The actinomycin D experiment presented in
Fig. 5, together with the fact that cellular cap-dependent trans-
lation ceases within 2 h after infection, suggests that the ap-
pearance of the 36- and 38-kDa protein complexes between 3
to 3.5 h after infection is not due to de novo transcription and
translation. While we cannot rule out the possibility that pre-
existing mRNAs encoding the 36- and 38-kDa proteins are
translated in a cap-independent manner (20, 24), we favor the
hypothesis that these two proteins are modified or released
from a subcellular compartment in response to PV infection. It
is possible, for example, that the 36- and 38-kDa proteins are
products of proteolytic processing by viral proteinase 2A or 3C.
The processed products, but not their precursor proteins, are
recruited to play a role in the initiation and regulation of RNA
replication.
Investigating RNA-protein interactions involved in replica-

tion at the 59 end of positive-strand RNA, Andino et al. (1, 2)
have reported binding of a 36-kDa cellular protein, present in
extracts from uninfected cells, as a prerequisite for binding of
poliovirus 3CD protein. Interestingly, this 36-kDa protein
binds to the stem-loop b region of the cloverleaf structure on

FIG. 7. Sequence analysis of wild-type and mutated PV cDNAs and virion
RNAs. DNA and RNA were sequenced by the dideoxy-chain termination
method. In the sequence shown below the autoradiograms, the site of the 5-nt
substitution located between positions 20 and 25 is underlined. The arrowheads
in both the autoradiogram and the sequence indicate the U3C transition at
position 24. A cytidine residue is located at position 24 in wild-type (wt) PV
RNA.

FIG. 8. UV cross-linking assays with extracts from PV-infected cells, using
mutated PV negative-strand probes. UV cross-linking assays were performed
with increasing amounts (5, 15, 30, and 50 mg) of extract from PV-infected cells.
The following radiolabeled transcripts were used in this assay: 662, which con-
tains the PV wild-type sequence from positions 2 to 66 encompassing stem-loops
b and c of the predicted cloverleaf structure; 662 S1, which has a 5-nt substitu-
tion in loop b (from positions 20 to 25) that does not affect its computer-
predicted secondary structure; and 662 S1RV, which is identical to 662 S1
except that the RNA has a guanosine residue (which is wild type and corresponds
to a cytidine residue on the positive strand) at position 24 instead of an adenosine
residue (also see Fig. 1B). The 36- and 38-kDa proteins are marked by an arrow.
Lanes M, marker proteins ([35S]Met labeled) from PV-infected HeLa cells.
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positive-strand RNA, and a wild-type cytidine residue at posi-
tion 24 is also important for its binding. Identification of a
36-kDa protein (p36) which interacts with purified 3CD pro-
tein and also binds to the cloverleaf structure on positive-
strand RNA was described recently (17). It was determined
that this p36 is an N-terminal proteolytic fragment of p50, the
eukaryotic elongation factor EF-1a. Harris et al. (17) sug-
gested that viral protein 3AB could substitute for p36 in form-
ing a complex with 3CD that then binds to the cloverleaf
structure on positive-strand RNA. We have not observed bind-
ing of viral protein 3CD or 3AB to the 39 end of negative-
strand RNA, but it is possible that this is due to differences in
the experimental setup. It is not known whether the 36-kDa
protein described in this report is identical to the p36 protein
described by Andino et al. (1, 2) or Harris et al. (17). It is
conceivable that a 36-kDa protein(s) has baseline levels of
affinity for a similar region on positive- as well as negative-
strand RNA and that this region of the RNA forms a duplex in
vivo, thus constituting a high-affinity binding site.
Using full-length PV RNA transcripts containing a substitu-

tion at positions 20 to 25 for in vivo studies, we determined that
a wild-type cytidine residue at position 24 is important for viral
replication. Even though sequences necessary for internal ri-
bosome entry (IRES) have been mapped between PV posi-
tions 200 to 600 (14, 26, 27, 43), it is possible that the substi-
tution at positions 20 to 25 exerts its effect during translation
initiation and not during RNA replication. It has been re-
ported that a 6-nt insertion at position 21 results in a defect in
viral translation (38). This 6-nt insertion, unlike our 5-nt sub-
stitution, perturbs the computer-predicted secondary structure
of the 59 end of positive-strand RNA and could therefore
influence higher-order structures within the IRES region nec-
essary for translation initiation. The translation efficiencies of
full-length PV RNAs containing the 5-nt substitution or wild-
type sequences between positions 20 and 25 were indistinguish-
able, as judged by in vitro translation assays (data not shown).
This result, together with the fact that all IRES elements have
been mapped 39 of the cloverleaf structure, leads us to rule out
the possibility that the substitution at positions 20 to 25 affects
PV translation.
Using a series of PV type 3 replicons in in vivo experiments,

Rohll et al. (33) showed the importance of an adenosine or
cytidine residue at position 24 and a cytidine residue at posi-
tion 25 for efficient viral replication. This observation is in
agreement with our finding that a wild-type cytidine residue at
position 24 is essential for viral replication of PV type 1. These
same investigators also showed that stem-loop d (positions 46
to 81) of the cloverleaf structure contains major replication
determinants. A recent report by Borman et al. (5) suggests
that replication signals may also reside within the PV IRES
region. Even though we have not detected protein binding to
the corresponding regions of negative-strand RNA, a fully
functional replication initiation element may consist of several
independent domains which are actually in close proximity to
each other in vivo due to RNA tertiary structure. In addition,
it is possible that in vivo, replication initiation complexes as-
semble on duplex RNA formed by partial hybridization of
positive- and negative-strand RNAs, as has been suggested for
coronavirus replication (13). Such a mechanism could account
for the observed formation of putative replication complexes
involving the 59 NCR of positive-strand RNA that, when com-
plexed with complementary negative-strand intermediate
RNAs, would allow transfer of the initiation complex to the
appropriate template sequences that will ultimately direct the
synthesis of nascent, positive-strand progeny RNAs.
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