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The nucleotide at position 480 in the 5* noncoding region of the viral RNA genome plays an important role
in directing the attenuation phenotype of the Sabin vaccine strain of poliovirus type 1. In vitro translation
studies have shown that the attenuated viral genomes of the Sabin strains direct levels of viral protein synthesis
lower than those of their neurovirulent counterparts. We previously described the isolation of pseudorevertant
polioviruses derived from transfections of HeLa cells with genome-length RNA harboring an eight-nucleotide
lesion in a stem-loop structure (stem-loop V) that contains the attenuation determinant at position 480 (A. A.
Haller and B. L. Semler, J. Virol. 66:5075–5086, 1992). This stem-loop structure is a major component of the
poliovirus internal ribosome entry site required for initiation of viral protein synthesis. The eight-nucleotide
lesion (X472) was lethal for virus growth and gave rise only to viruses which had partially reverted nucleotides
within the original substituted sequences. In this study, we analyzed two of the poliovirus revertants (X472R1
and X472R2) for cell-type-specific growth properties. The X472R1 and X472R2 RNA templates directed protein
synthesis to wild-type levels in in vitro translation reaction mixtures supplemented with crude cytoplasmic
HeLa cell extracts. In contrast, the same X472 revertant RNAs displayed a decreased translation initiation
efficiency when translated in a cell-free system supplemented with extracts from neuronal cells. This transla-
tion initiation defect of the X472R templates correlated with reduced yields of infectious virus particles in
neuronal cells compared with those obtained from HeLa cells infected with the X472 poliovirus revertants. Our
results underscore the importance of RNA secondary structures within the poliovirus internal ribosome entry
site in directing translation initiation and suggest that such structures interact with neuronal cell factors in
a specific manner.

Polioviruses (PV) replicate preferentially in only a few hu-
man tissue types (for example, neuronal, gastrointestinal, oro-
pharyngeal, and lymphoid tissues) (2, 32). A major determi-
nant of species and tissue tropism for PV is the presence of
specific receptors on the surfaces of susceptible cells (15).
However, the susceptibility of specific cells to PV infection may
also be influenced by additional factors (28, 34; for a review,
see reference 40). Such factors may include intracellular pro-
teins that interact with the viral genomic RNA following un-
coating of virions in the cytoplasm. This RNA is a single mol-
ecule of positive (i.e., messenger sense) polarity that is ;7,400
nucleotides (nt) in length (31). The viral RNA genome has a
long and extensively structured 59 noncoding region (NCR; 742
nt for PV type 1 [PV1]) which precedes the polyprotein coding
region (18, 26, 27, 29, 36). The high degree of nucleotide
sequence conservation of the 59 NCRs of the three PV sero-
types suggests that this RNA segment plays an important role
in the PV life cycle (39). The following are additional features
of the 59 NCR relevant to its role in virus replication. (i) The
59 NCR harbors an internal ribosome entry site (IRES) ele-
ment which mediates cap-independent translation initiation on
PV RNAs (25). (ii) The complement of the 59 NCR of PV
RNA (i.e., the 39 end of negative-strand intermediates) con-
tains binding sites for the viral replicase and other factors
involved in viral positive-strand RNA synthesis (30). (iii) A

major attenuation determinant is located in the 59 NCR of the
PV genome (8, 17, 23).
For PV1, the adenine residue at position 480 in stem-loop V

(also referred to as stem-loop F) of the 59 NCR strongly in-
fluences the neurovirulence phenotype (see Fig. 1) (17). This
nucleotide is changed to a guanosine residue in the Sabin type
1 strain. The resulting nucleotide substitution disrupts a highly
conserved base pair and destabilizes the RNA secondary struc-
ture of the 59 NCR of PV RNA, a structure that has been
predicted on the basis of computer-generated RNA folding
programs, phylogenetic comparisons, and data from biochem-
ical probing experiments. Previous studies with PV2 and PV3,
harboring the single-nucleotide alteration of the attenuation
determinant at positions 481 and 472, respectively, suggested a
strong correlation between the disruption of the RNA second-
ary structure of the 59 NCR at this location, the neurovirulence
phenotype, and viral protein synthesis (for reviews, see refer-
ences 1 and 24). Evidence supporting this idea is provided by
the following observations. (i) A decreased translation effi-
ciency in vitro was observed for the attenuated PV1 and PV3
RNAs in a Krebs-2 ascites cell-free system compared with their
neurovirulent counterparts (37). (ii) A cellular fraction derived
from Krebs-2 ascites cells contains the initiation correction
factor that stimulates the use of the correct initiation site of
translation on PV RNAs. Interestingly, the initiation correc-
tion factor was less active with RNA templates from attenu-
ated viruses than with RNAs from neurovirulent poliovirus
(38). (iii) A pair of PV3 viral recombinants of attenuated and
neurovirulent strains differing in nucleotide sequence only at
position 472 replicated equally well in HeLa cells. However,
the virus bearing the attenuating mutation at nt 472 (C3U)
replicated to 10-fold-lower titers in human neuroblastoma cells
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(SH-SY5Y) and was attenuated in mice. An analysis of the
viral proteins present in infected cells revealed lower levels of
protein synthesis directed by the attenuated virus in infected
neuronal cells than the levels in infected HeLa cells (20). (iv)
Macadam et al. established a correlation between the stability
of the RNA secondary structure of the 59 NCR of PV RNAs
and the temperature-sensitive phenotypes of the attenuated
Sabin strains (22). A genetically engineered disruption of base-
paired stems in the region surrounding the attenuation deter-
minant in stem-loop V resulted in an increase in the temper-
ature sensitivities of the mutant viruses. In contrast, the
introduction of mutations that alter the sequence but restore
the stem structure had little effect on viral growth.
In this study, we analyzed PV revertants that had been pre-

viously isolated following transfection of HeLa cells with mu-
tated, full-length viral RNA bearing a linker sequence substi-
tution at nt 472. This site is located near a major attenuation
determinant located in stem-loop V of the 59 NCR of PV1
(12). These revertants (Se1-5NC-X472R2 and Se1-5NC-
X472R1) yielded decreased levels of infectious virus in neuro-
blastoma cells compared with those obtained in HeLa cells. In
vitro translations of the mutated RNAs bearing the X472R
lesions revealed a decreased translation initiation efficiency
(compared with that of wild-type RNA) in the presence of
neuronal cell extracts, while differences in translation efficiency
were not observed in reaction mixtures supplemented with
HeLa cell extracts. In vitro-synthesized Sabin type 1 RNA
templates were translated slightly less efficiently than their
neurovirulent counterparts in reaction mixtures containing
HeLa cytoplasmic extracts. However, the translation initiation
efficiency directed by Sabin type 1 RNA was decreased signif-
icantly in cell-free reaction mixtures supplemented with neu-
ronal cell extracts. The nucleotide sequence alterations of the
X472R lesions appear to have produced RNA sequences that
cannot base pair with the opposite side of a putative stem
structure within stem-loop V, thereby changing the overall
RNA higher-order structure that may be necessary for a func-
tional IRES element.

MATERIALS AND METHODS

Reconstruction of the X472 and the X527 reversion mutations in subgenomic
and full-length PV cDNAs. BsmI fragments (;1.1 kb) from nt 456 to 1513
containing the reversion mutations of the viruses Se1-5NC-X472R1, Se1-5NC-
X472R2, and Se1-5NC-X527R (described in reference 12) were generated by
cDNA synthesis employing reverse transcriptase (Life Sciences) and amplifica-
tion by PCR (12). The fragments were gel purified and introduced into a sub-
clone (pT7-P1-K) of wild-type PV cDNA which contains PV sequences from nt
1 to 3064 which include the 59 NCR and most of the P1 region of PV (6). A
HindIII linker was introduced 39 of the KpnI site (nt 3064) in the PV genome.
The plasmid pT7-P1-K was restricted with BsmI, resulting in an ;2-kb vector
fragment that was ligated to the 1.1-kb fragments harboring the X472R and
X527R lesions. The plasmid DNAs were then transformed into Escherichia coli.
The full-length PV cDNAs were constructed in the following manner: the sub-
genomic plasmids containing wild-type or mutant X472 sequences were digested
with restriction endonuclease BsmI, and the resulting 1.1-kb fragments bearing
the X472R lesions were isolated. The plasmid pT7-PV1 (12) was digested with
BsmI, and an 8-kb DNA fragment was purified and ligated to the 1.1-kb frag-
ments. After ligation, the cDNAs were transformed into E. coli, and the resulting
transformants were screened for the presence of plasmids containing full-length
PV cDNAs. The nucleotide sequences of the region surrounding the mutations
were confirmed by DNA sequence analysis.
In vitro transcription of subgenomic PV cDNAs. The wild-type pT7-PV1

cDNA (12), pT7-PVX472 cDNA (12), and the plasmid pS1(T7)0 encoding the
Sabin 1 genome (10, 16) were linearized with SnaBI (nt 2954), while the pT7-
P1-K cDNAs (harboring the X472R and X527R mutations) were linearized with
HindIII. The transcription reactions were carried out as described elsewhere
(21).
Preparation of cell-free cytoplasmic extracts. HeLa S3 cells and NGP cells

were grown in suspension cultures to cell densities of 5 3 105 cells per ml. The
cellular cytoplasmic S10 extracts were then prepared as described previously (5,
11, 14). Prior to use in the translation reactions, the cytoplasmic extracts were

treated with micrococcal nuclease (final concentration, 20 mg/ml) for 30 min at
188C. NGP cells (human neuroblastoma cells [4, 33]) were grown in minimal
essential medium supplemented with 10% fetal calf serum and 10% bovine
serum (11). These cells had been adapted to growth in suspension culture from
cultures of semiadherent monolayers as previously described (11). The rabbit
reticulocyte lysate (RRL) was purchased from Promega.
In vitro translation of subgenomic viral RNAs. The plasmids containing PV

cDNAs were linearized within the P1 region of the PV genome. In vitro tran-
scription of the linearized cDNAs produced truncated RNAs which direct the
synthesis of a single polypeptide corresponding to the capsid region of the
polyprotein. The protein translated from the X472R1, X472R2, and X527R
RNAs is slightly larger than the protein translated from the wild-type and X472
RNAs, since the linearization site was downstream of the SnaBI site used for
linearization of cDNAs for synthesis of wild-type and X472 RNAs. The transla-
tion reactions were carried out as described previously (11). Subgenomic RNAs
were translated in the presence of [35S]methionine in RRL supplemented with
cytoplasmic S10 extracts from HeLa (;15 to 20% [vol/vol]) or neuronal cells
(23% [vol/vol]). Each translation reaction mixture contained 6 mg of subgenomic
poliovirus RNA per ml. The translation reactions were incubated at 308C for 3
h. RNase A was then added to a concentration of 200 mg/ml, and the incubation
was continued for 20 min. After a 10-fold dilution of the reaction mixtures with
Laemmli sample buffer (19), the proteins were analyzed by sodium dodecyl
sulfate (SDS)–10% polyacrylamide gel electrophoresis (21). The autoradiograms
of the gels were scanned with an LKB Ultrascan 2 laser densitometer.
One-step growth cycles. One-step growth analyses were carried out with wild-

type PV, Se1-5NC-X472R1, and Se1-5NC-X472R2 in HeLa and NGP cells
grown at 378C in suspension cultures. The multiplicity of infection was 25.
Aliquots were harvested at 1.5, 3, 4, 5.5, and 7 h postinfection and were assayed
for infectious virus particle production by conducting plaque assays on confluent
HeLa cell monolayers at 378C.
Labeling of PV-infected cells with [35S]methionine. HeLa or NGP cells in

suspension were infected with wild-type PV, Se1-5NC-X472R1, Se1-5NC-
X472R2, Se1-5NC-X527R, or Sabin type 1 PV with a multiplicity of infection of
30. At 2-h intervals, 60 mCi of [35S]methionine was added to the infected cells.
Two hours after addition of labeled methionine, the cells were harvested and the
resulting extracts were resuspended in Laemmli sample buffer (19). The extracts
were then analyzed by electrophoresis on SDS–12.5% polyacrylamide gels.

RESULTS

Characterization of the mutant X472R viruses. A previously
generated linker-scanning mutation (X472), containing an 8-nt
substitution within stem-loop V of the 59 NCR of PV RNA
(Fig. 1), was described as not infectious following RNA trans-
fections in HeLa cells (12). However, this RNA was quasi-
infectious (9), since pseudorevertants could be isolated, none
of which contained the original 8-nt sequence substitution of
X472. As shown in Fig. 1, the X472 nucleotide sequence sub-
stitution is located near a major determinant (position 480)
responsible for the attenuation phenotype observed in the
Sabin strain of PV1. It was of interest to determine if the X472
revertants would display growth and biosynthetic properties
similar to those of the PV bearing the attenuating lesion in the
59 NCRs of the Sabin strains. Figure 1 displays the nucleotide
sequences of stem-loop V (from nt 448 to 556) of wild-type PV
RNA, the original X472 mutated RNA, the RNAs isolated
from the X472R1, X472R2, X527R, and the Sabin type 1
viruses. The RNA from X472R1 (resulting from RNA trans-
fection of the mutated X472 RNA performed at 338C) contains
a single nucleotide change at position 474 (U3C) within the
XhoI linker sequence that was introduced into the plasmid
DNA that originally gave rise to the in vitro-generated X472
transcript (the RNA corresponding to the XhoI linker se-
quence is 59-CCUCGAGG-39). In contrast, the revertant
(X472R2) recovered at 378C has two nucleotide alterations at
positions 472 (C3U) and 477 (A3C), again within the XhoI
linker-substituted sequences. The nucleotide change at posi-
tion 474 is predicted to restore a G-C base pair in stem-loop V
of X472R1 RNA that was disrupted by the substituted linker
sequences and resulted in a less stable G-U base pair (Fig. 1)
(12). The nucleotide change at position 477 in the RNA of
X472R2 is predicted to restore a G-C base present in wild-type
RNA that was disrupted by the original X472 lesion. Each of
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FIG. 1. Diagram of the computer-predicted RNA secondary structure of stem-loop V of the 59 NCR of PV RNA. The numbering of the nucleotides refers to PV1.
The nucleotide sequences of the wild-type PV genome, the original linker-scanning mutation (X472), the mutated RNA genomes of the PV revertants (X472R1,
X472R2, and X527R), and the Sabin type 1 genome are shown. A single nucleotide is altered in the Sabin strain genome at position 480 (A3G transition). The
nucleotides that differ from the wild-type PV sequence are indicated by lowercase letters with asterisks. The boxed base pairs denote changes from the X472 sequence
that were found in RNAs of the R1 and R2 viruses. Note that the genomic RNA of X472R2 has an additional nucleotide change (compared with the original X472
lesion), a C3U transition at nt 472 that is not predicted to form a base pair.
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the X472 revertants contains a total of four nucleotide alter-
ations in the 59 NCRs of their RNA genomes. The sequences
within the targeted region of stem-loop V for both X472 re-
vertants are predicted to still form the same number of base
pairs as the RNA sequences for wild-type virus, but two of
these are energetically less favorable G-U base pairs not
present in the wild-type RNA sequence (Fig. 1).
We also employed a different revertant, Se1-5NC-X527R,

that contains a sequence substitution on the opposite side of
the predicted base-paired region of stem-loop V that was per-
turbed by the X472 mutations (Fig. 1) (12). Se1-5NC-X527R
was isolated upon RNA transfections of the mutated X527
RNA in HeLa cells at 378C. The X527 RNA was derived from
a plasmid containing an 8-nt XhoI linker substitution in cDNA
sequences beginning at position 527 within the PV1 59 NCR.
Virus isolated from transfection of this RNA into HeLa cells at

338C was temperature sensitive for growth at 398C, whereas
virus isolated from transfections carried out at 378C was not
temperature sensitive and gave rise to the X527R isolate.
Upon nucleotide sequence analysis, the viral RNA isolated
from X527R-infected HeLa cells was shown to contain a single
nucleotide change at position 528 (C3G) within the XhoI
linker sequence. This substitution would be predicted to allow
the formation of a base pair. Interestingly, in PV1, the
guanosine at position 528 is predicted to base pair with the
cytidine at position 477, the same position of a reversion iden-
tified for the X472R2 isolate (described above). The conser-
vation of this particular base pair in two different viral rever-
tants suggests that the stability of this stem structure is
important for viral functions.
A cDNA segment corresponding to a small region of the 59

NCRs of the revertant viruses (harboring the X472R lesions or
the X527R lesion) was generated by reverse transcription-PCR
amplification (RT-PCR) and introduced into a plasmid con-
taining a cDNA copy of the wild-type PV1 genome to ensure
the absence of second-site reversions at other locations in the
viral genome. The full-length, mutated cDNAs were tran-
scribed in vitro, and the resulting RNAs were transfected into
HeLa cells. The reconstructed X527R virus revertant displayed
a small-to-medium plaque size and was used in in vivo protein-
labeling experiments (described below). Both of the recon-
structed X472R1 and X472R2 revertants displayed small
plaque phenotypes in HeLa and neuronal cells. A one-step
growth analysis was carried out at 378C by infecting HeLa or
neuronal cells (NGP) with the X472R viruses (Fig. 2). Wild-
type PV produced the same levels of infectious particles at
378C in both HeLa cells and NGP cells (Fig. 2A). In contrast,
Se1-5NC-X472R2 exhibited an;1-log-unit-reduced virus yield
(Fig. 2B), and Se1-5NC-X472R1 displayed a decrease of ;1.5
log units in the titer of infectious virus particles in NGP cells
compared with the titer in HeLa cells (Fig. 2C). Se1-5NC-
X472R1 appeared to be slightly growth impaired, as revealed
by the ;1.5-log unit reduction of infectious virus produced in
HeLa cells compared with wild-type virus (compare peak virus
yields in Fig. 2B with those in Fig. 2C).
In vitro translation efficiencies of the mutated subgenomic

RNAs. To determine whether the differential growth pheno-
types of the Se1-5NC-X472R1 and Se1-5NC-X472R2 viruses
observed in HeLa and NGP cells were correlated with reduced
translation efficiencies of the mutated RNAs, in vitro transla-
tions were carried out (as described in Materials and Meth-
ods). Mutated and wild-type RNAs truncated in the P1 coding
region of the PV genome were assayed in vitro in a cell-free
translation system (RRL) alone or were supplemented with a
HeLa cell or neuroblastoma cell cytoplasmic extract (Fig. 3).
The subgenomic RNAs of the PV genome produce a single
polypeptide which facilitates the quantitation of the translation
efficiencies of the RNA templates. The translation products
were analyzed on SDS–10% polyacrylamide gels, and the au-
toradiograms were scanned with a laser densitometer to obtain
a quantitative analysis (Table 1). The levels of translation ini-
tiation observed with wild-type mRNAs were arbitrarily set at
100%, and the levels observed for the mutated RNAs repre-
sent a fraction thereof. In the translation reaction mixtures
supplemented with HeLa cell cytoplasmic extract, the X472R1
and X472R2 RNAs and the X527R RNAs were translated as
efficiently as wild-type mRNAs (Fig. 3A, lane 3 and lanes 5 to
7). As reported previously, RNAs harboring the original X472
lesion were translated in HeLa cell extract-supplemented re-
actions at levels that were only ;3 to 5% of those observed for
wild-type mRNAs (Fig. 3A, lane 4) (12). Interestingly, when
the same RNA templates were translated in reaction mixtures

FIG. 2. One-step growth analysis of wild-type virus (A) and Se1-5NC-
X472R2 (B) and Se1-5NC-X472R1 (C) mutant viruses in HeLa cell and NGP
cell suspension cultures at 378C. HeLa cells or neuronal cells were infected with
the mutant and wild-type viruses at a multiplicity of infection of 25. At the
indicated times, an aliquot of infected cells was harvested. The samples were
analyzed for infectious virus particle formation via plaque assays.
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supplemented with cytoplasmic extracts derived from neuronal
cells, quite different results were obtained. The X472 RNAs
directed translation at a low efficiency (3 to 5% compared with
wild-type levels) in the reaction mixtures supplemented with
neuronal extracts (Fig. 3A, lane 12). However, the mutated
RNAs containing the X472R nucleotide reversions showed a
dramatic decrease in translation initiation efficiency in the cell-
free system supplemented with neuronal cell extracts com-
pared with reaction mixtures containing HeLa cell extracts
(Fig. 3A, lanes 13 and 14). The X472R1 RNAs were translated
to levels that were ;23% of those observed for wild-type
mRNAs, while the X472R2 RNAs directed translation initia-
tion to levels that were ;12% of those observed for wild-type
templates. The mutated X527R RNAs directed translation
only slightly less efficiently in NGP extracts (;80%) compared
with wild-type RNAs (Fig. 3A, lane 15). Interestingly, the
Sabin type 1 RNAs translated at ;70% of the levels observed
for wild-type RNAs in the reaction mixtures supplemented
with HeLa cell extract (Fig. 3B, lanes 3 and 4). In the reaction

mixtures supplemented with extracts from neuronal cells, the
translation efficiencies of the Sabin type 1 RNAs were reduced
to 30% of wild-type levels (Fig. 3B, lanes 7 and 8). These
results suggested that the X472R templates interact with the
translation apparatus of neuronal cells in vitro in a fashion
similar to that of attenuated RNA templates from attenuated
viruses.
In contrast to the above observations, the levels of transla-

tion initiation of all RNA templates in RRL alone appeared to
be very inefficient (Fig. 3A, lanes 19 to 23, and Fig. 3B, lanes
10 and 11). It should be noted that the polyacrylamide gels
resulting from electrophoretic separations of the protein prod-
ucts of the translations in RRL were exposed to film three
times longer than those derived from the HeLa or NGP trans-
lations. Multiple aberrant internal translation products were
visible for all RNAs, as has been reported previously (7, 11).
Interestingly, the X472 RNAs that were not translated effi-
ciently in the reaction mixtures supplemented with HeLa or
NGP extracts displayed levels of translation initiation similar
to those of wild-type RNAs, demonstrating a lack of transla-
tion stimulating and/or mRNA discriminatory factors in the
RRL. These results suggest that viral RNAs bearing lesions in
a region of the 59 NCR implicated to play a role in the atten-
uation phenotype (between positions 470 to 481) can differen-
tially interact with the neuronal cytoplasmic factors to result in
decreased levels of viral protein synthesis.
Mutant viral protein synthesis in infected HeLa and NGP

cells. The kinetics of mutant viral protein synthesis in HeLa
cells or NGP cells infected with Se1-5NC-X472R1, Se1-5NC-
X472R2, or Se1-5NC-X527R were analyzed. We also included
control infections with wild-type PV1 or Sabin type 1. [35S]me-
thionine was added to infected cells (incubated at 378C) at
specific intervals, after which the cells were harvested, resus-
pended in Laemmli sample buffer, and analyzed on an SDS–
12.5% polyacrylamide gel. In Fig. 4A and B, lanes 1 to 3 show
the patterns of protein synthesis produced in HeLa cells or

FIG. 3. (A) In vitro translation of subgenomic transcripts of wild-type PV (PV1), X472, X472R1, X472R2, and X527R in cell-free reaction mixtures supplemented
with HeLa or neuronal cell extracts or in RRL alone. Lanes 2 to 8 show the translation reaction mixtures supplemented with HeLa cell cytoplasmic extract (18%
[vol/vol]). Lanes 10 to 16 depict the reaction mixtures to which neuronal cytoplasmic extract was added (23% [vol/vol]), and lanes 19 to 24 show the translation
efficiencies of these RNAs in RRL alone. no RNA, translation reaction mixtures without RNA (lanes 2, 10, and 18); pT7-PV1, translation reaction mixtures containing
full-length PV RNA (lanes 8, 16, and 24). Radiolabeled PV proteins were used as markers (lanes 1, 9, and 17). (B) In vitro translation of subgenomic transcripts of
wild-type and Sabin type 1 RNAs in reaction mixtures containing HeLa or neuronal (NGP) cytoplasmic extracts. Lanes: 3 and 4, in vitro translation reaction mixtures
supplemented with cellular extracts from HeLa cells (18% [vol/vol]); 7 and 8, the levels of translation efficiency in the presence of neuronal cell extracts (23% [vol/vol]);
5 and 9, full-length wild-type RNAs translated in the presence of HeLa and NGP extracts, respectively. no RNA, RNA not added to the translation reactions.
[35S]methionine-labeled PV proteins are marked on the left side of the panel. P19, the truncated P1 translation product.

TABLE 1. Translation efficiencies of wild-type and mutated RNAs
in a cell-free system supplemented with HeLa cell or NGP

cytoplasmic extracts

RNA template
Efficiencya

HeLa S10 NGP S10

PV1 100 100
X472b ,5 ,5
X472R1 100 23
X472R2 100 12
X527R 100 80
Sabin type 1 67 32

a Autoradiograms were quantitated by laser densitometric scanning, and the
translation levels of wild-type PV RNA were arbitrarily set at 100%.
b Not infectious.
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NGP cells, respectively, infected with wild-type PV. The pro-
duction of viral proteins in NGP cells infected with the X472
revertants was significantly delayed compared with their pro-
duction in HeLa cells infected with either X472R1 or X472R2.
Protein synthesis levels in NGP cells infected by wild-type PV
peaked at 4 to 6 h postinfection (lane 2), while those in NGP
cells infected with the X472R1 virus never reached the same
peak seen for wild-type virus (compare lane 2 with lane 5 in
Fig. 4B). In NGP cells infected with the X472R2 virus, the
appearance of viral proteins was delayed compared with that of
cells infected with wild-type PV1 (compare Fig. 4B, lane 7 and
lane 1); however, accumulation of viral proteins reached levels
comparable to those of wild-type virus by the 4- to 6-h time
point (Fig. 4B, compare lanes 8 and 2). In a control experiment
with a virus whose genomic RNA directed in vitro translation
to nearly wild-type levels, HeLa cells and NGP cells infected
with the Se1-5NC-X527R virus exhibited the same kinetics of
viral protein synthesis as that detected for wild-type virus
(lanes 10 to 12 in Fig. 4A and B). Interestingly, the Sabin type
1 virus directed the synthesis of viral proteins in infected NGP
cells to levels nearly equivalent to those of wild-type virus (Fig.
4B, lanes 13 to 15 and lanes 1 to 3).
Neither of the X472 revertants inhibited host cell protein

synthesis in NGP cells as efficiently as wild-type PV (compare
the 4- to 6-h time points for all three viruses, Fig. 4B). Since the
2A proteinase is involved in host cell shutoff (for a review, see
reference 13), the complete nucleotide sequences of the 2A
regions of both X472R viruses were analyzed. The nucleotide

sequence of the 2A region for both X472R viruses was found
to be wild type (data not shown). Thus, other determinants of
the X472 viral revertants must be responsible for the observed
defect in the shutoff of host cell protein synthesis. One such
determinant may be the delayed onset of viral protein synthesis
that results in overall decreased levels of 2A proteinase.

DISCUSSION

PV revertants bearing lesions in their RNA genomes near a
major attenuation determinant were analyzed for their growth
properties in different cell types. Both X472 revertants (isolat-
ed at 33 and 378C) originate from X472 RNA transfections of
HeLa cells, and their genomes deviate from the wild-type RNA
sequence by only 4 nt located in stem-loop V of the 59 NCR
(Fig. 1). A virus containing the original X472 mutation was not
isolated. Interestingly, the nucleotide changes present in the
X472 revertants occurred in the introduced linker sequence
such that additional base pairs could form (with respect to the
original X472 mutation). A different PV revertant, Se1-5NC-
X527R, contains a single nucleotide change in the introduced
linker sequence on the opposite side of the stem-loop struc-
ture, such that an additional base pair can form (with respect
to the original X527 RNA) in the same stem structure that is
affected by the X472 lesion. These observations suggest that
the stability of the RNA secondary structure of stem-loop V is
crucial for viral functions (12). Previous studies showed that
RNAs of attenuated PV3 replicated to 10-fold-lower titers in

FIG. 4. [35S]methionine-labeled proteins from cells infected with wild-type, Se1-5NC-X472R1, Se1-5NC-X472R2, Se1-5NC-X527R, and Sabin 1 viruses. HeLa (A)
or neuroblastoma (B) suspension cultures were infected with the wild-type or mutant viruses at a multiplicity of infection of 30. After adsorption, the infected cell
cultures were pelleted and resuspended in methionine-free modified Eagle medium (plus 10% fetal calf serum and 25 mM N-2-hydroxyethylpiperazine-N9-2-
ethanesulfonic acid [HEPES; pH 7.4]) and incubated at 378C. At 2, 4, and 6 h postinfection, 60 mCi of [35S]methionine was added for 2 h, after which the cells were
harvested and resuspended in Laemmli sample buffer. The labeled proteins were analyzed on an SDS-12.5% polyacrylamide gel. MOCK, HeLa (A) or neuroblastoma
(B) cells that were mock infected and harvested 4 h postinfection. The PV proteins are indicated to the left of each panel.
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cells of neuronal origin compared with HeLa cells (20). Thus,
the growth properties of the two PV revertants, Se1-5NC-
X472R1 and Se1-5NC-X472R2, were investigated by carrying
out a one-step growth analysis in HeLa cells and in neuronal
cells (NGP). The Se1-5NC-X472R2 virus grew as efficiently as
wild-type PV in HeLa cells. However, this revertant displayed
an ;1-log unit reduction of infectious virus yield in neuronal
cells. In addition, the yield of infectious virus produced by the
X472R1 virus in neuronal cells was reduced by 1.5 log units
compared with the yield in HeLa cells.
Svitkin et al. observed a reduced translation initiation effi-

ciency of RNA templates containing attenuating lesions com-
pared with that of RNA from neurovirulent viruses in Krebs-2
ascites cell extracts (37). Lower levels of virus proteins were
also observed in neuronal cells infected with an attenuated
PV3 recombinant compared with those produced in infected
HeLa cells (20). The above studies suggested that viral protein
synthesis plays a role in the attenuation phenotype of PV.
Thus, it was of interest to determine the levels of translation
initiation directed by the RNAs from the X472 revertant vi-
ruses in vitro in a cell-free system supplemented with cytoplas-
mic extracts from either HeLa cells or neuronal cells. Indeed,
the X472R mutated RNA templates directed translation initi-
ation as efficiently as wild-type mRNAs in reaction mixtures
containing HeLa cell extract. However, a dramatic reduction in
the translation initiation efficiency of the X472R1 and X472R2
RNAs was observed in the reaction mixtures supplemented
with neuronal cell extracts (;10 to 25% of the levels observed
for wild-type mRNAs). In contrast, RNA from the X527R
virus was translated at nearly wild-type levels in a cell-free
system, independently of the type of cellular extract added.
Interestingly, the Sabin type 1 RNAs translated less efficiently
(;70%) than wild-type RNAs in RRL supplemented with
HeLa cytoplasmic extracts, and their efficiency of translation
initiation was even further reduced in the reaction mixtures
containing neuronal extracts (;30% of the levels observed for
wild-type mRNAs). These data show that the RNAs from the
X472 PV revertants direct protein synthesis in vitro at levels
similar to those produced by RNAs isolated from the attenu-
ated Sabin strains.
The accumulation of viral proteins observed in vivo in NGP

cells infected with the mutant viruses (X472R1 and X472R2)
resulted in the expected array of virus structural and nonstruc-
tural proteins but was delayed compared with wild-type virus.
The effects on translation appeared to be cell type specific,
since both X472R1 and X472R2 infections of HeLa cells led to
the accumulation of viral proteins during the course of an
infection with kinetics nearly identical to those of wild-type
PV. These in vivo findings, coupled with the observed delay in
shutoff of host cell protein synthesis in NGP cells infected with
either X472R1 or X472R2, are consistent with the extract-
specific translation defects seen in the in vitro translation ex-
periments (Fig. 3; Table 1). However, we cannot rule out the
possibility that the X472R1 and X472R2 viruses are also some-
what defective in functions such as RNA replication or virion
assembly. Data have been reported which suggest that the
IRES element of the PV1 59 NCR contains determinants that
affect viral RNA replication (3). Recently, Nomoto and co-
workers (35) have uncovered a cell-type-specific determinant
in the 59 NCR of the PV genome that exerts its effect on viral
RNA synthesis. Thus, it remains to be determined if the cell-
specific growth defects displayed by the X472 revertant viruses
are solely due to effects on translation initiation.
The data presented in this study suggest that the RNAs

derived from the X472R1 and X472R2 viruses interact with the
translation apparatus present in neuronal cells in a manner

comparable to that of the attenuated RNA templates. Thus,
the X472 revertants represent a unique system to study the
complex effects of attenuating mutations mapping to the IRES
sequences because these viruses have neuronal cell-specific
defects in translation that are even more pronounced than
those of the Sabin type 1 attenuated strain. The X472R RNAs
harbor a 4-nt sequence substitution in stem-loop V of the 59
NCR, resulting perhaps in a less stable secondary or higher-
order structure conformation. Stem-loop V of the 59 NCR is
proposed to be an integral part of the IRES element of PV
RNAs (11, 12, 25). Therefore, the nucleotide changes in stem-
loop V of the X472R RNAs may affect the conformation of the
IRES, resulting in lower levels of translation initiation on viral
RNAs. Alternatively, the altered nucleotide sequences of the
X472 revertants may not influence the overall RNA structure
of the IRES element. Rather, the altered sequences present in
the RNAs from the X472 revertants and the attenuated viral
genomes generate a binding site for a negatively acting factor
found only in neuronal cells. This RNA-protein interaction
may then be responsible for the reduced levels of viral protein
synthesis observed. It is also conceivable that the sequence
changes may alter a binding site that is normally occupied by a
factor that is limiting in neuronal cells compared with its levels
in HeLa cells. The lack of this RNA-protein interaction with
stem-loop V sequences of PV RNA may result in the observed
decreased translation initiation efficiencies. To determine
which of these models is correct, a biochemical approach re-
sulting in the fractionation of cytoplasmic extracts derived
from both HeLa and neuronal cells will be required. The
obtained fractions can then be assayed for their abilities to
stimulate cap-independent translation initiation on wild-type
and mutated X472R RNA templates. Further, it will be of
interest to test the X472R viruses for their neurovirulence
potential in transgenic mice expressing the human cell receptor
necessary for PV attachment. Ultimately, this experimental
approach should yield information that will help to unravel the
role of translation initiation in the attenuation/neurovirulence
phenotype of PV.
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