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Initiation of translation on poliovirus RNA occurs by internal binding of ribosomes to a region within the 5'
untranslated region (UTR) of the mRNA. This region has been previously roughly mapped between nucleotides
140 and 631 of the 5' UTR and termed the ribosome landing pad. To identify cis-acting elements in the 5' UTR
of poliovirus type 2 (Lansing strain) RNA that confer cap-independent internal initiation, we determined the
in vitro translational efficiencies of a series of deletion and point mutations within the 5' UTR of the mRNA.
The results demonstrate that the 3' border of the core poliovirus ribosome landing pad is located between
nucleotides 556 and 585, whereas a region extending between nucleotides 585 and 612 confers enhanced
translation. We studied two cis-acting elements within this region of the 5' UTR: a pyrimidine stretch which
is critical for translation and an AUG (number 7 from the 5' end) that is located -20 nucleotides downstream
from the pyrimidine stretch and augments translation. We also show that the stem-loop structure which
contains this AUG is not required for translation.

Poliovirus mRNA, like other picornavirus mRNAs, is
unusual in that unlike eukaryotic cellular mRNAs, it is not
capped at its 5' end but rather terminates with a monophos-
phorylated uridine (11, 29). In addition, the 5' untranslated
regions (UTRs) of picornavirus mRNAs contain a high
number of AUG codons (e.g., 10 for encephalomyocarditis
virus [EMCV] and 6 to 8 for poliovirus, depending on the
serotype). These observations and the finding that transla-
tion of poliovirus RNA is cap independent (31) and occurs in
vivo and in vitro under conditions in which cap-mediated
translation is impaired (for a review, see reference 26)
suggested that initiation of translation on poliovirus RNA is
very different from that of cellular mRNAs.

Initiation of translation on poliovirus mRNA occurs by
direct binding of ribosomes to an internal sequence in the 5'
UTR which has been termed the ribosome landing pad (33).
The region responsible for cap-independent translation was

found to be quite large, comprising nucleotides 140 to 631
(31). When fused to heterologous mRNAs, this element
could function in cis to render translation cap independent
(31, 45). Analysis of insertions and deletions introduced into
the 5' UTR of the Mahoney (4, 8, 44) or Sabin (20) strain of
poliovirus type 1 has confirmed the importance of the
cap-independent region for viral translation in vivo and in
vitro.

Internal initiation of translation has been shown conclu-
sively for other picornaviruses, such as EMCV (15, 16), and
is strongly suggested for foot-and-mouth disease virus
(FMDV) (21) and rhinovirus (2). The picornavirus family can

be divided into two classes based on comparison of the
secondary structures of their mRNA 5' UTRs. Secondary
structure predictions of picornavirus RNAs, based on phy-
logenetic comparisons and enzymatic and chemical probing,
revealed two different patterns of conserved structures, one

for enteroviruses and rhinoviruses (22, 35, 36, 40) and
another for cardioviruses and aphthoviruses (34). These
structural differences may also underlie the differences in the
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translation characteristics between cardiovirus-aphthovirus
and enterovirus-rhinovirus RNAs (13). RNAs from EMCV
and FMDV are translated with high efficiency in reticulocyte
lysates, whereas poliovirus and rhinovirus RNAs are trans-
lated poorly in the reticulocyte lysate but translation can be
augmented by addition of HeLa cell extracts (2, 9). Not
surprisingly, the mechanisms of internal initiation appear to
be different in certain aspects for these two classes of RNAs
(14).
For poliovirus, internal initiation of translation requires

the involvement of cis-acting RNA elements (30) and trans-
acting factors (7, 24, 27). Several features in the poliovirus 5'
UTR are conserved among the different poliovirus sero-

types. Of the six to eight upstream AUGs in poliovirus, three
are conserved among the three serotypes (AUGs 4, 5, and 7
in type 2; reference 43). To address the importance of the
upstream AUGs, each of the adenine nucleotides in the
AUGs in poliovirus type 2 were mutagenized to uridines
(30). Only mutation of the adenine of AUG 7 (position 588)
was shown to have a negative effect on poliovirus translation
in vitro and viral growth in vivo (30). AUG 7 is part of a stem
structure (number 7 from the 5' end, encompassing nucleo-
tides 583 to 620) of the 5' UTR (Fig. 1A) (22, 35, 36, 40). This
raises the question of whether the AUG per se or the
stem-loop structure is important for efficient translation.
Upstream (-20 nucleotides) of this stem-loop structure and
in a phylogenetically conserved spacing from AUG 7 is a

highly conserved pyrimidine stretch. This pyrimidine stretch
also resides in a similarly spaced distance upstream from the
translation initiators of FMDV, EMCV, and other cardiovi-
rus RNAs. Deletion and mutational analysis of this stretch in
EMCV and FMDV demonstrated that it constitutes an

essential domain for translation (17, 21).
The mechanism of internal initiation of translation on

picornavirus RNAs is poorly understood. The finding that a

large segment of the 5' UTR is required for internal initiation
of translation suggests that tertiary structure is likely to play
a key role in ribosome binding. The three-dimensional
structure of the 5' UTR has not been determined. It is

important, however, first to define cis-acting regions on the
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FIG. 1. Map of wild-type and mutant poliovirus type 2 (Lansing)
mRNAs. (A) Schematic map of the secondary structure of the
5' UTR. The map was adapted from Skinner et al. (40) and is not
to scale. The nucleotide positions for the start and end of the stem-
loop structures are indicated. Symbols: *, upstream AUGs; ~,
pyrimidine stretch spanning nucleotides 560 to 574; , endpoints
of 3' deletions. (B) Nucleotide sequence of the pyrimidine stretch,
stem-loop VII, and the mutations generated by site-directed muta-
genesis. Mutations are boxed and referred to by their nucleotide
positions, except for Aloop, which represents a deletion of nucleo-
tides 600 to 602.

poliovirus RNA that are involved in efficient internal initia-
tion.

MATERIALS AND METHODS

Construction of plasmids. The construction of poliovirus
chloramphenicol acetyltransferase (CAT) plasmid P2CAT in
the KS vector was as follows. The CAT open reading frame
was isolated from pSV2CAT (31) by restriction with BanI,
repair with the Klenow fragment, and ligation to HindIll
synthetic linkers, followed by restriction with HindIll. The
insert was purified from a low-melting-point agarose gel and
ligated into the Bluescript KS+ vector (Stratagene) at the
HindIII site to create KSCAT. A PstI-EcoRV restriction
fragment (from pP2-5') containing nucleotides 1 to 730 of the
poliovirus type 2 Lansing 5' noncoding region (30) was made
blunt by digestion with T4 DNA polymerase and then
inserted into the EcoRV site of KSCAT to generate
KSP2CAT. 3' deletions were introduced in the poliovirus 5'
UTR in KSP2RI, which is described in reference 28. The
resulting deletions were removed from KSP2RI by restric-
tion with Sacl and PstI, made blunt by T4 DNA polymerase,
and inserted into the EcoRV site of KSCAT. Mutations in
the pyrimidine stretch were created and subcloned as previ-

ously described (28). An EcoRI fragment containing the
mutant DNAs from plasmid pSVGHP2CAT was isolated and
substituted for an EcoRI fragment in KSP2CAT.
The starting plasmid used to introduce stem-loop mutants

was a HindIll-EcoRI restriction fragment from pP2-5' in-
serted into HindIII-EcoRI-digested M13mpl9. Point muta-
tions were made by the two-primer method (46). Following
mutagenesis, the DNA was removed from M13 and sub-
cloned in pSP64CAT as previously described (30). All mu-
tations were confirmed by sequencing by using the dideoxy
chain termination method (38) before and after subcloning in
pKS and pSP64. In all constructs, the initiator AUG of CAT
is used to initiate CAT protein synthesis.

In vitro transcriptions. Plasmids were linearized with ClaI
(for KSP2CAT deletion and pyrimidine mutants) or BamHI
(for SP6P2CAT stem-loop mutants) and used as templates
for transcription by T7 or SP6 RNA polymerase, respec-
tively, as previously described (32), except that the GTP and
cap analog (m7 GpppG) concentrations were 50 and 500 ,uM,
respectively. mRNA was labeled with [5-3H]CTP and puri-
fied as previously described (32). The specific activity of the
mRNA was calculated as 1.4 x 105 cpm/,g. A portion of
each transcription (i.e., the amount used to program in vitro
translation extracts) was analyzed on 0.7% formaldehyde
agarose gels. Gels were treated with En3Hance (NEN Corp.
Inc.) and exposed against X-ray film at -70°C.

In vitro translations. In vitro translations of the various
CAT mRNAs were performed in HeLa cell extracts (37).
The translations were performed with 12.5-pld reaction mix-
tures containing 0.2 jig of various mRNAs. Incubations took
place for 60 min at 37°C. Translation products were labeled
with [35S]methionine and analyzed by sodium dodecyl sul-
fate-12.5% polyacrylamide gel electrophoresis. Gels were
fixed in 40% methanol-7.5% acetic acid, treated with
En3Hance, and exposed against X-ray film at -70°C. Trans-
lations for each experiment were performed at least three
times with different mRNA preparations and several mRNA
concentrations. Quantitation of translation efficiencies was
performed by scanning X-ray films with an LKB soft-laser
densitometer.

RESULTS

Translation of poliovirus 5' UTR 3' deletions. A series of
plasmids was constructed in which deletions were intro-
duced into the poliovirus 5' UTR (P2) and placed in front of
the coding sequence for the bacterial enzyme CAT. The
P2CAT sequences were placed downstream of the T7 RNA
polymerase promoter. RNA produced by transcription of
these plasmids was used to program in vitro HeLa cell
translation extracts. Translations were performed with both
unmethylated and methylated capped mRNAs. The results
obtained were identical for both sets of constructs, and only
those for the capped methylated mRNAs are shown in this
report. The integrity of the RNAs used in these experiments
was analyzed by electrophoresis on formaldehyde agarose
gels (data not shown). The stability of the RNAs during the
translation reaction, under the conditions described in this
study, has previously been investigated (31). While the
mRNA is degraded during incubation under translation
conditions, the relative stability between mRNAs does not
vary (31; data not shown). Thus, the differences in transla-
tional efficiency among the different P2CAT mutants cannot
be attributed to differential mRNA stabilities.
The effect of 3' deletions on translation is shown in Fig. 2.

A 3' deletion extending to nucleotide 612 (3' A612; Fig. 1A)
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FIG. 2. Translation of capped P2CAT 3' deletion mRNAs in
HeLa cell extracts. Translations were performed with 200 ng of
mRNA in 12.5 ,ul reactions and processed as described in Materials
and Methods.

did not decrease the translational efficiency of P2CAT
mRNA compared with the full-length 5' UTR of poliovirus
mRNA (Fig. 2, compare lanes 3 and 2). This deletion
removes part of the right side of stem-loop VII (Fig. 1A) and
suggests that the integrity of stem-loop VII is not important
for translation (see below). Deletion to nucleotide 585 (3'
A585) resulted in significant (fivefold) inhibition of CAT
mRNA translation (compare lanes 4 and 2). This suggests
that sequences between nucleotides 585 and 612 are impor-
tant for efficient translation. This deletion removes all of
stem-loop VII and the conserved upstream AUG 7 compris-
ing nucleotides 588 to 590 (Fig. 1). Results described below
more precisely address the effects of these features on

translation. A further 3' deletion extending to nucleotide 556
(3' A556) abolished translation (Fig. 2, compare lanes 5 and
2). Thus, a deletion between nucleotides 556 and 585 re-
moves sequences critical for translation from the poliovirus
5' UTR. In this region lie AUG 6 (which is not conserved
among poliovirus serotypes) and a pyrimidine stretch which
is highly conserved among picornaviruses (Fig. 1A). Muta-
tion of the A nucleotide of AUG 6 was previously shown to
have no effect on the translation from the poliovirus 5' UTR
(30), while point mutations in the pyrimidine stretch have
dramatic effects on translation (see below).
/ In the accompanying report (28), the effects of these
deletions on translation were assayed in vivo after transfec-
tion of bicistronic constructs. The results obtained with
constructs 3' A612, 3' A585, and 3' A556 were very similar to
the in vitro results and together demonstrate that the 3'
border of the core internal ribosome-binding site lies be-
tween nucleotides 556 and 585.

Translation of RNAs mutated in stem-loop VII. In view of
the above results, we asked whether the stem-loop structure
or the primary sequence of stem-loop VII is the important
determinant in effecting efficient poliovirus RNA translation.
The stem-loop structure includes AUG 7. It has previously
been shown that the adenine nucleotide in AUG 7 affects the
translational efficiency of poliovirus mRNA (30). To deter-
mine whether this effect was due to mutation of the upstream
AUG or disruption of base pairing in the stem, we changed
the U (589) and G (590) nucleotides of AUG 7 to A and U,
respectively (Fig. 1B). In addition, the nucleotides on the
right side of the stem predicted to base pair to AUG 7 were
mutated. The mutations chosen are compensatory to those
made for the AUG on the left side of the stem (Fig. 1B). The
translation of the corresponding capped P2CAT mRNAs in
HeLa cell extracts is shown in Fig. 3. Mutations of the AUG
7 nucleotides on the left side of the stem all resulted in a
threefold decrease in translation of CAT mRNA (Fig. 3,
compare lanes 3, 6, and 9 with lane 2). In contrast, transla-
tion of mRNAs with nucleotide substitutions on the opposite
(right) side of the stem was as good as that of wild-type
mRNA (compare lanes 4, 7, and 10 with lane 2). These
results corroborate the observation that a 3' deletion to
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FIG. 3. Translation of capped P2CAT mRNAs containing stem-loop mutations in HeLa cell extracts. Translations were performed with
200 ng of mRNA in 12.5-,ul reactions and processed as described in Materials and Methods.
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nucleotide 612 had no effect on the translational efficiency of
P2CAT mRNA but deletion to nucleotide 585 reduced trans-
lation (Fig. 2). We then combined the compensatory muta-
tions to restore base pairing. Translation of the correspond-
ing mRNAs in a HeLa cell extract was reduced (four to
fivefold) compared with the wild type, as was observed with
the RNAs containing single mutations in AUG 7 on the left
side of the stem (compare lanes 5, 8, and 11 with lane 2).
These results demonstrate, in accordance with previous
findings (30), that intact base pairing between AUG 7 and
complementary nucleotides is not required for in vitro trans-
lation. Furthermore, deletion of the loop sequences and a
point mutation at nucleotide 595, which is expected to
destabilize the stem loop structure, had no effect on trans-
lation in vitro (lanes 12 and 13). Because point mutations
might not fully disrupt the integrity of a 16-bp stem-loop
structure, we introduced a deletion of six nucleotides (A591-
596) in the stem of stem-loop structure VII. Translation of
CAT mRNA derived from this construct was decreased by
only twofold compared with that of the wild type (compare
lanes 14 and 2). Taken together, these results suggest that
the integrity of stem-loop VII does not play a role in internal
ribosome binding. Clearly, sequences between nucleotides
585 and 612 are important but not critical for translation. The
augmenting role for AUG 7 in translation of the poliovirus 5'
UTR was also demonstrated in vivo in a bicistronic con-
struct (28).

Translation of RNAs mutated in the pyrimidine stretch.
Deletion analysis of the 3' end of the poliovirus 5' UTR
revealed that the region spanning nucleotides 556 to 585 is
critical for translation in vitro (Fig. 2) and in vivo (28). This
deletion removes a pyrimidine stretch (particularly uridine
rich) that is highly conserved among picornaviruses and was
shown before to be important for translation of FMDV and
EMCV (17, 21). To determine the specific sequences that
play a role in poliovirus RNA translation, we used site-
directed mutagenesis to change nucleotides in this region.
The mutations chosen are shown in Fig. 1B, and the trans-
lation of the corresponding capped P2CAT mRNAs in HeLa
cell extracts is shown in Fig. 4. Mutation of the three 5'
uridine residues to guanosines (560 to 562) dramatically
reduced translation ofP2CAT mRNA (Fig. 4, compare lanes
3 and 2). Nucleotide substitutions of the middle (565 to 568)
and 3' (570 to 574) stretches of uridines by guanosines
reduced translation approximately 10- and 40-fold, respec-
tively (compare lanes 4 and 5 with lane 2). When only one
uridine from the middle stretch (565) was changed, the
translational efficiency was about threefold less than that of
the wild type (compare lanes 6 and 2). When both cytidines
(563 and 564) were mutated, translation of the corresponding
P2CAT mRNA was abolished (compare lanes 7 and 2).
These results suggest that sequences in the 5' half of the
pyrimidine stretch (nucleotides 560 to 565; UUUCC) are of
critical importance for poliovirus translation in vitro. These
mutations also caused a strong reduction in translation in
vivo (28). Sequences spanning nucleotides 565 to 574 are not
critical but play a positive role in modulating the efficiency of
poliovirus 5' UTR-dependent translation in vitro.

DISCUSSION

The results in this report identify cis-acting sequences that
are required for efficient internal initiation of translation in
the poliovirus 5' UTR. We have mapped the 3' border of the
core ribosome landing pad between nucleotides 556 and 585
(within a pyrimidine stretch) and an extended ribosome
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FIG. 4. Translation of capped P2CAT mRNAs containing pyrim-
idine mutations in HeLa cell extracts. Translations were performed
with 200 ng of mRNA in 12.5-,ul reactions and processed as
described in Materials and Methods.

landing pad with a 3' border between nucleotides 585 and
612. This conclusion is based on the finding that a 3' deletion
to nucleotide 612 had no effect on translation. A further 3'
deletion to nucleotide 585 reduced translation, but deletion
to nucleotide 556 abolished translation (Fig. 2). Thus, se-
quences spanning the region between nucleotides 556 and
585 are critical for translation and sequences extending to
nucleotide 612 have a positive effect on poliovirus transla-
tion.
The results presented here support and extend previous

observations. A 3' deletion in the poliovirus 5' UTR extend-
ing to nucleotide 631 had no effect on translation of P2CAT
mRNA. However, when the deletion extended to nucleotide
461, translation was abolished in poliovirus and mock-
infected HeLa cell extracts in vitro (31). A transcript with
nucleotides 517 to 627 deleted from the poliovirus type 1 5'
UTR failed to translate in a mixed reticulocyte-HeLa cell
extract (4). Deletion analysis of an infectious cDNA clone
has revealed that the region spanning nucleotides 564 to 599
(of poliovirus type 1) carries genetic information required for
efficient viral replication because its deletion caused a small-
plaque phenotype (20). A further deletion extending to
nucleotide 561 abrogated virus growth (12). It is very likely
that the effect on virus growth can be attributed to the
translational efficiency mediated by the 5' UTR.
The sequences important for translation in vitro (nucleo-

tides 556 to 612) lie within the region that is highly conserved
among enteroviruses and rhinoviruses (20, 43). This region
includes a pyrimidine-rich stretch (nucleotides 560 to 574),
an 8-base consensus sequence (nucleotides 583 to 590) that
includes a conserved upstream AUG (nucleotides 588 to
590), and a stem-loop structure (--12 kcal [1 cal = 4.184
J]/mol). We asked whether specific primary nucleotide se-
quences or a secondary structure in this region is important
for poliovirus translation. RNAs harboring point mutations
within the AUG triplet at nucleotides 588 to 590 were

J. VIROL.
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translated with reduced efficiency (Fig. 3). Nucleotide sub-
stitutions on the opposite side of the stem had no effect,
whereas the double mutants had reduced translational effi-
ciency. We conclude that the primary nucleotide sequence
encompassing AUG 7, and not the stem-loop structure in
which it resides, is an important feature for modulation of
poliovirus translation. It is possible that AUG 7 is recog-
nized as an initiation codon if ribosomes land just upstream
of AUG 7. We tested this possibility by a frameshift muta-
tion at position 647 in the AUG 7 open reading frame. This
mutation results in an open reading frame that terminates
within the CAT-coding region and encodes an 11,500-Da
polypeptide. Translation of this open reading frame would
shunt ribosomes past the initiator codon in CAT. Following
translation in a HeLa cell extract, we could not detect an
11,500-Da polypeptide, nor was the translational efficiency
of CAT altered (25). These results suggest that if AUG 7
serves as an initiation codon it is a very weak one, as
previously suggested by Jackson et al. for poliovirus type 1
(14).
The sequences essential for translation in vitro (nucleo-

tides 556 to 585) comprise a pyrimidine stretch that is present
in all picornaviruses. We have demonstrated by point muta-
genesis that only the 5' half of the pyrimidine stretch,
nucleotides 560 to 564 (UUUCC), is critical for poliovirus
translation in vitro and in vivo (28). Uridine residues in the
middle and 3' half, while not critical, nevertheless play a
stimulatory role in ribosome landing pad function. Transla-
tion of RNAs harboring mutations in the uridine residues in
the middle of the pyrimidine stretch is reduced to a much
greater extent in vitro than in vivo (28). This may reflect the
fact that factors important for efficient translation are limit-
ing in cell extracts. Our results demonstrate that the con-
served pyrimidine stretch in poliovirus is functionally equiv-
alent to that of FMDV and EMCV. The 3' border of the
internal ribosomal entry site in the EMCV 5' UTR has been
mapped within the pyrimidine stretch (17). Deletion of this
pyrimidine stretch in EMCV and point mutations in this
stretch in FMDV dramatically decreased the translational
efficiency in vitro and in vivo (17, 21).
Another conserved feature that could be important for

poliovirus translation is the spacing between the pyrimidine
stretch and AUG 7. The distance between the UUUCC motif
and a conserved AUG among poliovirus serotypes is 22 or 23
nucleotides (Fig. 1; reference 28). Similarly, approximately
20 nucleotides separate the UUUCC motif in the pyrimidine
stretch and an AUG in rhinoviruses, cardioviruses, and
aphthoviruses. The significance of this feature was not
experimentally tested in this study, but it was shown to be
important (1). Several functions for this pyrimidine stretch-
AUG configuration that are consistent with internal ribo-
some binding can be envisaged. It is conceivable that pro-
teins interact with different elements of the 5' UTR to
facilitate ribosome binding. A search for such proteins using
gel electrophoresis mobility shift and UV-induced cross-
linking assays yielded several proteins that interact with
various regions of the 5' UTR (7, 24, 27). One factor (pS2)
has been shown to bind to an RNA fragment encompassing
nucleotides 559 to 624 (24). This fragment includes the
pyrimidine stretch and AUG 7. In a more extensive study,
we have found that p52 can bind to RNA fragments com-
prising nucleotides 539 to 646 but not to sequences upstream
or downstream from this region (25). Several protein-RNA
complexes with 5' UTR RNA fragments encompassing nu-
cleotides 98 to 182 and 510 to 629 were reported (7). These
complexes contained eukaryotic initiation factor 2. How-

ever, in both studies sequence-specific interactions were not
identified. Eukaryotic initiation factor 2 has been proposed
to bind RNA (18), although its specificity of interaction is
moot. Another region of the 5' UTR containing nucleotides
178 to 224 (in poliovirus type 1) interacts specifically with a
50-kDa polypeptide (27). The UV cross-linking technique
has been used to detect cellular proteins, p57 and p58, that
interact with the 5' UTR of EMCV (5, 17) and FMDV (23).
These proteins have been shown to bind to RNA sequences
that are functionally important for translation. Interaction of
these proteins with the pyrimidine stretch has not been
reported.
Another possible function of the pyrimidine stretch in

translation initiation is analogous to the Shine-Dalgarno
sequence in the prokaryotic system, as has previously been
suggested (3). The pyrimidine stretch shows sequence com-
plementarity to purine-rich stretches in mammalian 18S
rRNA (1, 3, 17, 28). In particular, nucleotides 562 to 568
(5'-UUCCUUU-3') of poliovirus (type 2) mRNA could the-
oretically base pair to nucleotides 1194 to 1200 (3'-AAAG
GAA-5') of human 18S rRNA (28). The sequence AAAG
GAA in the putative binding site is conserved in all 18S
rRNAs (6).
A molecular mechanism for internal ribosome binding on

poliovirus RNA is beginning to emerge. This mechanism
suggests that ribosomes bind internally to the 5' UTR in the
vicinity of the pyrimidine stretch. However, the identifica-
tion of a large sequence in the poliovirus 5' UTR that is
required for internal initiation of translation (31, 44) argues
strongly for the involvement of a superstructure in this
process. It is predicted from the secondary structure models
that the region surrounding the pyrimidine stretch is unstruc-
tured. Thus, 40S ribosomes could interact with this region
via 18S rRNA or trans-acting factors within the constraints
of a global superstructure. Earlier studies support the hy-
pothesis that ribosomes bind to this region and then trans-
locate to the initiator AUG (19, 33). Insertion of a secondary
structure downstream of AUG 7 drastically reduced trans-
lation in an in vitro translation system (33). Also, insertion of
a sequence containing an AUG codon downstream from the
AUG 7 equivalent (at position 702) in poliovirus type 1,
Mahoney strain, generated a virus exhibiting a small-plaque
phenotype. Wild-type revertants retained the inserted se-
quence, but the AUG was either mutated or deleted (19).

Translation plays a significant role in poliovirus neurovir-
ulence, as demonstrated with a point mutation at nucleotide
472 that attenuates poliovirus type 3 neurovirulence in vivo
(10). This substitution results in decreased translation (41,
42). Thus, identification of mutations in the 5' UTR that alter
mRNA translation reveals sequences that are important for
virus growth and neurovirulence. Future work on the anal-
ysis of cis- and trans-acting elements that are involved in
poliovirus and other picornavirus translation should also be
applicable to understanding of the translation of cellular
mRNAs. It is becoming clear that a group of cellular mRNAs
uses a similar mechanism to initiate translation (39). Further-
more, it is likely that internal initiation of translation could
play a significant role in regulating protein synthesis in
eukaryotes.
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