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Translation of poliovirus RNA is initiated by cap-independent internal entry of ribosomes into the 5'
nontranslated region. This process is dependent on elements within the 5' nontranslated region (the internal
ribosomal entry site) and may involve novel translation factors. Systematic mutation of a conserved
oligopyrimidine tract has revealed a cis-acting element that is essential for translation in vitro. The function of
this element is related to its position relative to other cis-acting domains. This element is part of a more complex
structure that interacts with several cellular factors, but changes in protein binding after mutation of this
element were not detected in a UV cross-linking assay. A 57-kDa protein from the ribosomal salt wash fraction
of HeLa cells was identified that binds upstream of the oligopyrimidine tract. Translation of poliovirus mRNA
in vitro was strongly and specifically inhibited by competition with the p57-binding domain (nucleotides 260 to
488) of the 5' nontranslated region of encephalomyocarditis virus, indicating a probable role for p57 in
poliovirus translation. p57 is likely to be identical to the ribosome-associated factor that binds to and is
necessary for the function of the internal ribosomal entry site of encephalomyocarditis virus RNA.

The genome of poliovirus type 1 (Mahoney) consists of a
single-stranded, ca. 7,500-nucleotide (nt) RNA molecule of
positive polarity (27). It resembles eukaryotic mRNA mole-
cules in being monocistronic and encodes a single 247-kDa
polyprotein that is cleaved at specific sites to generate
poliovirus proteins (for a review, see reference 17). How-
ever, in contrast to all other known eukaryotic cytoplasmic
mRNAs, the RNA of poliovirus and of other picornaviruses
is not linked at its 5' end by the cap structure m7GpppX
(where X is any nucleotide). Instead, all picornavirus ge-
nomes are covalently linked at their 5' termini to a small
polypeptide, called VPg, that is removed from viral RNA.
As a result, the 5' end of polysomal poliovirus RNA is pUp
(see reference 76 for references). The cap structure of
cellular mRNA serves as a binding site for a cap-binding
protein complex, which is known to be required for the
initiation of eukaryotic protein synthesis (57), so that polio-
virus RNA must in some way circumvent the requirement
for a cap structure for its translation. Indeed, translation of
poliovirus mRNA in vivo occurs under conditions in which
eIF-4F (cap-binding protein complex) is inactivated (67).

Initiation of translation of eukaryotic mRNAs occurs
predominantly at the most 5'-proximal AUG, although the
absence of a favorable context [CC(A/G)CCAUGG] may
explain exceptional instances when initiation occurs at a
second or subsequent AUG (29). The mechanism by which
the initiation complex moves from the 5' terminus to the
correct AUG start site is obscure, although stable secondary
structures in the intervening 5' nontranslated region (5'-
NTR) reduce the efficiency of initiation (28, 52). Initiation of
translation of RNA of poliovirus type 1 (Mahoney) is thus
exceptional in that it occurs at the ninth AUG triplet of a
5'-NTR that, in addition to being uncapped, is very long (742
nt) (13, 27) and contains several stable secondary-structure
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elements (35, 36, 56, 66). Longstanding suspicions that
initiation of poliovirus translation occurs by ribosomal bind-
ing to the 5'-NTR independently of the 5' terminus have only
recently been confirmed (53). Similar experiments indicated
that the RNA of encephalomyocarditis virus (EMCV; a
picornavirus of the cardiovirus genus) contains a function-
ally related genetic element that has been called the internal
ribosomal entry site (IRES) (23, 24). Structural and experi-
mental considerations suggest that the 5'-NTRs of members
of the other two genera of picornaviruses (rhinoviruses and
aphthoviruses, e.g., foot-and-mouth disease virus [FMDV])
also contain IRES elements (4, 32, 55, 56).
A number of possible mechanisms for the internal entry of

ribosomes into poliovirus RNA have been suggested (18, 22,
25, 68), but in fact most details of how this occurs have not
yet been elucidated.
The 5' boundary of the poliovirus IRES has not been

mapped precisely, although deletion of the first 95 nt of the
5'-NTR has been found to have no significant effect on
cap-independent internal ribosomal binding (50). Although
the sequences, and thus presumably the secondary struc-
tures, of the 5'-NTRs of different serotypes and isolates of
poliovirus (and indeed of all rhino- and enteroviruses) are
generally very similar, considerable variation occurs within
a 100-nt segment preceding the initiation codon (74). This
segment is completely absent in rhinoviruses and is nones-
sential in poliovirus; deletion of nt 600 to 726 did not alter the
phenotypic properties of poliovirus type 1 (Sabin) in tissue
culture (31). However, deletion of nt 564 to 726 resulted in
virus progeny with a small-plaque phenotype (19, 31), and
further downstream deletion to nt 561 abolished viral infec-
tivity (19). These experiments suggest that the 3' border of
the sequence necessary for efficient internal entry in HeLa
cell extracts extends until at least nt 563. This boundary falls
within a pyrimidine-rich (particularly uridine-rich) tract that
is highly conserved in entero- and rhinoviruses (Table 1). A
similar oligopyrimidine tract occurs near the initiating AUGs
of FMDV (6, 61), hepatitis A virus (48), and all cardiovi-
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TABLE 1. Sequence variation in an oligopyrimidine tract conserved in 5'-NTRs of all enteroviruses and rhinovirusesa

Virus and serotype or strain

Polioviruses
Serotype 1 (Mahoney) .................... 554 G
Serotype 1 (Sabin) .................... 556 -

Serotype 2 (Sabin) .................... 561 -

Serotype 2 (Lansing) ............. ....... 557 -

Serotype 2 (W2) .................... 560 -

Serotype 3 (Sabin) .................... 561 -

Serotype 3 (Leon) .................... 559 -

Serotype 3 (Finland) .................... 559 -

Nucleotide sequence

U G U U
* * .

* * *

* . .

* * .

. . .

* * .

. . .

U C CUU U U

G

A U U
* * X

* * *

* * X

* * *

. . *

* * *

* * *

Echoviruses
25.......................................................
34.......................................................

Enterovirus 70......... 559 -

U U

* -

* -

* -C.*
C.@
C.@

A U U 573
575

U A * 580
U A C 576
U A C 579

G A 580
U G A 578
C A * 578

C C * U A -

C * U - A

U A * 578

Coxsackieviruses (type B)
B.559.
B3.558*
B4.561

Swine vesicular disease viruses
H/3 1976 .................................. 559 -

UKG/27/72 .......................................... 559

Bovine enterovirus .................................. 638 -

Coxsackieviruses (type A)
A9 .................................. 561
A16.
A21 .................................. 554

Rhinoviruses
1B.557.
2.546
9.547
14.562
85.548
89.554

Mutant constructions
wt ............... 554 G
1.............. 554
2............... 554
3.............. 554
4.............. 554
5...............554
6.............. 554
7.............. 554
8............... 554
9.............. 554
10.............. 554

* * * *

* . .

* . .

* * * .

* * * *

* * * *

UG U U
G A

* * G A

C C U A * 578
C C U A * 577
C * U A C 580

C * U A C 578
*G C * U A * 578

A - U A - U A * 657

U **C C U A * 580
A U CC U A C

*** -C * * * * * A C A 573

AC
AC

AC
U C
U CA
U C

A

G

C * U * A 565
C * U * A 565
C U - 566
C * U C A 581
C C U * 567
C * U * 573

U C C U U U U A U U U U A U U 573
573

A A .573
G G 573

G G 573
C C . . .573
G G G G * 573
CC G G *573
C C G G *573

U C C U * 573
G G * * * C C 573

a Aligned nucleotide sequences of the oligopyrimidine tracts of 12 enteroviruses and 6 rhinoviruses. All but four of the nucleotide sequences used in this
alignment are discussed in a recent review (69); for the nucleotide sequence of swine vesicular disease virus (strain UKG/27/72), see reference 63; for the
nucleotide sequences of echoviruses 25 and 34 and of coxsackievirus A16, see reference 10. The numbers of nucleotides that occur at the 5' and 3' borders of
the sequences under consideration are given when they are known. Nucleotides that are different from those of poliovirus type 1 (Mahoney) are shown, and
nucleotides that are the same are indicated by a dot. Also shown are the nucleotide sequences of mutations generated by site-directed mutagenesis. Nucleotides
that are different from the parental (wt) sequence are shown, and nucleotides that are the same are indicated by a dot. Mutations are referred to by numbers, and
these are used in the text to refer to variants of pPV1(M)5'-P1 that carry these changes from the wt sequence.

ruses, including EMCV (47). Deletion analysis suggests that dent mechanism of poliovirus RNA translation may involve
this motif is close to the 3' border of the EMCV IRES (26), novel trans-acting cellular factors. Translation of poliovirus
and mutational analysis demonstrated that it constitutes an mRNA is relatively restricted in human blood and neural
essential domain for FMDV translation (32). However, the cells (34, 39) but occurs efficiently in HeLa cells. It is
role of this conserved tract in rhinoviruses and enteroviruses similarly efficient in cell extracts of HeLa cells and Krebs-2
(such as poliovirus) has not yet been established. cells (49, 72) but is restricted in rabbit reticulocyte lysate

Several lines of evidence indicate that the cap-indepen- (RRL [14]), although the translational deficiency in RRL can

. . A - -

. . A - -
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be relieved by supplementation with a crude mixture of
translation initiation factors (ribosomal salt wash) from
nucleated (e.g., HeLa or Krebs-2) cells (9, 14). The low
translation efficiency can be attributed to sequences in the
5'-NTR of poliovirus RNA, since deletion of much of the
5'-NTR dramatically increased translation efficiency in RRL
(45). Interaction with tissue-specific trans-acting factors is
likely to be an important determinant of viral pathogenesis,
and there is indeed considerable evidence to suggest that the
5'-NTR of poliovirus is involved in determining the level of
viral neurovirulence (for reviews, see references 1, 3, and
46). The most likely reason is that attenuating mutations
impair the ability of RNA to initiate translation (70, 72).
Moreover, the expression of attenuating mutations is tissue
specific in vivo (2, 34) and in vitro (73).
The technique of UV cross-linking [32P]UTP-labeled RNA

transcripts to cellular RNA-binding proteins has recently
been used to identify a protein, p52, that bound specifically
to the nt 559 to 624 segment of poliovirus type 2 (Lansing)
(42). The interaction appears to involve a domain that,
although important for translation (7, 51), is not essential (19,
31). It is therefore likely that additional factors interact with
other regions of the 5'-NTR, probably including the domain
that contains tissue-specific determinants of the neuroviru-
lent phenotype. The UV cross-linking technique has also
recently been used to detect novel cellular proteins, vari-
ously described as p57 and p58, that interact specifically with
the 5'-NTRs of EMCV (8, 26) and FMDV (40). Specific
binding of p57 to the IRES of EMCV was found to correlate
with efficient translation in vitro (26).
To gain a better understanding of the mechanism of

translation initiation of poliovirus mRNA, we have analyzed
the effects of systematic mutation within the oligopyrimidine
tract of poliovirus type 1 (Mahoney) mRNA on its transla-
tion in three in vitro systems. As a result, we have identified
a cis-acting element within this tract that is essential for
translation in vitro. This element is part of a more complex
structure that interacts with several cellular factors; we have
confirmed binding of p52 to the previously identified site (42)
and have additionally demonstrated binding of this protein to
noncontiguous upstream and downstream sequences. We
have also shown that p57 binds to the 5'-NTR and that it
appears to be an important cofactor for the translation of
poliovirus RNA in vitro. The possible roles of these trans-
acting protein factors and the essential cis-acting RNA
element are discussed in light of current models for initiation
of picornavirus translation by internal entry of ribosomes
(22, 25, 68).

MATERIALS AND METHODS

Genetic engineering of DNA. Restriction enzymes and
DNA-modifying enzymes were purchased either from New
England BioLabs or Bethesda Research Laboratories, Inc.
Taq polymerase and reagents for the polymerase chain
reaction (PCR) were purchased from Perkin Elmer Cetus.
Mutagenic oligonucleotides and primers for sequencing,
transcription, and PCR amplification were synthesized on an
Applied Biosystems apparatus. DNA manipulations were
done by standard procedures (60).

Bacterial strains and plasmid construction. The plasmid
pBS+VP0 (30) was used to introduce site-directed mutations
within the 5'-NTR of poliovirus type 1 (Mahoney). This
vector carries a KpnI-NruI fragment (nt 70 to 1174 of the
poliovirus cDNA) cloned between the KpnI and HinclI sites
in the polylinker region of pBS(KS+) (Stratagene), which

contains an M13 origin as well as a ColEl origin and a bla
gene for amplification in Escherichia coli. Single-stranded
DNA substituted with uracil was prepared by passage
through E. coli BW313 (dut ung mutant) by the method of
Kunkel (33). Synthetic deoxyoligonucleotides were annealed
to the DNA, and second-strand synthesis and transformation
into E. coli C600 were done as described previously (33).
Mutant sequences were identified by sequence analysis with
the primer 5'-CCGGAGCTCTCCTCCGGCCCCTGAATG-
3' (the 3' portion of which is equivalent to nt 443 to 460 of
poliovirus type 1 [Mahoney] [27]) and the dideoxynucleotide
chain termination method (62).
To investigate the effect of mutations within the 5'-NTR of

poliovirus on its ability to direct translation in vitro, we
cloned mutated sequences into a transcription vector,
pPV1(M)5'-P1, that contains most of the 5'-NTR of poliovi-
rus type 1 (Mahoney) (nt 70 to 742) and the entire P1 capsid
protein precursor coding region (nt 743 to 3380), followed by
an opal (UGA) termination codon. This fragment of the
poliovirus genome was placed under the transcriptional
control of a T3 polymerase promoter. pPV1(M)5'-P1 and
derivatives thereof were created by ligating a BanII-PvuII
fragment from wild-type (wt) and mutated versions of
pBS+VP0 (which contains a portion of the 5'-NTR from nt
70 to the initiation codon) to a BanII-PvuII fragment derived
from pMN22 (45), which contains the 5'-NTR from nt 670 to
the initiation codon, and the entire P1 coding region. Muta-
tions in the oligopyrimidine tract were verified by sequence
analysis of cDNA in these plasmids corresponding to nt 70 to
670 of the poliovirus 5'-NTR.

Oligoribonucleotide synthesis with T7 polymerase and DNA
templates synthesized by PCR. In order to analyze possible
interactions between cellular proteins and the wild-type and
mutated versions of the oligopyrimidine tract, we have
developed a variation of a previously described technique
(43) to synthesize [32P]UTP-labeled RNA transcripts for use
in UV cross-linking assays (see Fig. 3A). The deoxyoligo-
nucleotides 5'-GGCCAATCCAATTGCAATTCGC-3' and 5'-
TAATACGACTCACTATAGGGGCT'l'TGGGTGTCCGTG
3' were used to copy the cDNA sequence of poliovirus type
1 (Mahoney) from nt 544 to 631 by PCR. The first 17 nt of the
second, larger deoxyoligonucleotide primer correspond to
the bacteriophage T7 410 promoter (16); three G residues
were included between the poliovirus-specific sequence to
increase the efficiency of transcription by T7 polymerase
(43). PCR was done with a Perkin Elmer Cetus DNA thermal
cycler as described before (20), except that dissociation of
DNA duplexes at 94°C was limited to 45 s in duration,
annealing was done at 50°C for 45 s, and the elongation stage
was omitted. PCR products were purified after electropho-
resis in a 2% low-melting-point agarose gel and were used to
synthesize [32P]UTP-labelled RNA transcripts with T7 poly-
merase under standard conditions. RNA transcripts were
purified after electrophoresis in a 5% polyacrylamide gel.
UV cross-linking of RNAs. The UV cross-linking reaction

was performed essentially as described by Meerovitch et al.
(42), with some modifications. Gel-purified RNA probes (105
to 106 cpm) that had been labeled with [32P]UTP during
transcription with T7 polymerase, were incubated for 10 min
at 30°C in a HeLa cell extract (25 ,ul total volume) that had
been optimized for translation of poliovirus RNA (see
above). Samples were irradiated with UV light on ice for 30
min with a UV-Stratalinker (Stratagene). Unbound RNAs
were digested with 20 ,ug ofRNase A, 20 U ofRNase T1, and
1 U of cobra venom nuclease by incubating at 37°C for 30
min. Samples were analyzed by sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE) followed
by autoradiography. Ribosomal salt wash from HeLa S3
cells was prepared by the method described by Schreier and
Staehelin (63).
We generated [32P]UTP-labeled RNA probes correspond-

ing to segments of the 5'-NTR of poliovirus type 1
(Mahoney) by transcribing fragments of pPV1(M)5'-P1,
pT7XL (a derivative of pT7PV1-5 [75]), pMN22 (45), and
derivatives thereof. These plasmids were digested with the
restriction enzymes BamHI, BalI (or MscI), and HgiAI,
which have sites at nt 220 and 670, nt 627, and nt 747 of
poliovirus, respectively.
Two specific probes were used to bind cellular proteins

that have previously been described as binding to picorna-
virus IRES elements. Thus, as a positive control for the
binding of p52, a [32P]UTP-labeled RNA transcript corre-
sponding to nt 559 to 624 of poliovirus type 2 (Lansing) was
synthesized as described before (42). As a positive control
for the binding of p57, a [32P]UTP-labeled RNA transcript
corresponding to nt 260 to 488 of EMCV (47), and therefore
containing stem-loop E, which has been shown to bind p57
(26), was transcribed with T7 polymerase, using plasmid
pBS-ECAT (23) that had been linearized by digestion with
HindIll.

In competition experiments, 1 to 2.5 pug of unlabeled rabbit
rRNA (Sigma) and 0.5 pug of unlabeled poliovirus transcript
(corresponding to nt 559 to 624) or 0.5 pLg of unlabeled
EMCV RNA transcript (corresponding to nt 260 to 488) were
added to aliquots of HeLa cell extract simultaneously with
specific [32P]UTP-labeled poliovirus RNA probes.
The molecular masses of proteins other than p52 and p57

were estimated relative to those of 14C-labeled protein
molecular mass markers (Amersham International), which
included ovalbumin (43 kDa), bovine serum albumin (68
kDa), phosphorylase B (97.4 kDa), and myosin (200
kDa).

Transcription and translation in vitro. Plasmid pPV1(M)5'-
P1 (wild type and derivatives thereof containing substitu-
tions in the pyrimidine-rich tract) was linearized by digestion
with EcoRI and transcribed in vitro with T3 RNA polymer-
ase, using conditions described by the manufacturer. RNA
transcripts were purified by using Nuctrap push columns
(Stratagene) exactly as described by the manufacturer, and
their concentrations were determined by spectropho-
tometry. The various purified RNA transcripts were also
compared in an ethidium bromide-stained agarose gel to
confirm that equal concentrations were used in translation.
Synthetic mRNA transcripts were translated in RRL
(Promega Biotec), HeLa cell extract, or Krebs-2 cell extract,
as appropriate, in the presence of [35S]methionine for 60 min
at 30°C. Preparation of cell extracts from HeLa S3 cells and
translation in these extracts were done as described before
(57) with minor modifications (38). Cell extracts of Krebs-2
cells were prepared and used in translation experiments as
described previously (71, 72). The concentration of mRNA
included per 25-,ul aliquot of cell lysate is indicated in the
text. The products resulting from in vitro translation were
resolved by SDS-PAGE (45). Translation efficiencies were
quantitated by scanning X-ray films with an LKB laser
densitometer. A [35S]methionine-labeled cell lysate was pre-
pared from HeLa cells that had been infected with poliovirus
type 1 (Mahoney), as described by Lee and Wimmer (37), for
use as a marker.

i>. Z-i

FIG. 1. Translation of pPV1(M)5'-P1 poliovirus mutant RNAs in
HeLa cell lysate. RNA derivatives (Table 1) were translated for 60
min at 30°C, at 1.5 ,ug/25 ,ul, and aliquots of the translation assay
mixture were separated by electrophoresis on a 10 to 20% polyacryl-
amide gradient gel. Lanes are labeled to indicate the mutant RNA
(as defined in Table 1) used to program translation. Lane W
corresponds to a lysate programmed with wt RNA, and lane -
corresponds to lysate incubated without exogenous mRNA. Lanes
M correspond to a lysate of poliovirus-infected HeLa cells labeled in
vivo with [35S]methionine. The P1 translation product (97 kDa) is
indicated.

RESULTS
Generation of mutants. In order to determine the influence

of a conserved oligopyrimidine tract (nt 557 to 573) on the
ability of the 5'-NTR of poliovirus type 1 (Mahoney) to
direct translation in vitro, a vector [pPV1(M)5'-P1] was
constructed that contains a segment of the poliovirus ge-
nome consisting of nt 70 to 742 of the 5'-NTR and the entire
P1 (structural protein precursor) coding region (nt 743 to
3380) under the transcriptional control of a T3 polymerase
promoter. The first 70 nt of the 5'-NTR were omitted from
our constructs to simplify cloning and because they are not
important for cap-independent internal ribosomal binding
(50). The P1 capsid precursor naturally occurs immediately
downstream of the 5'-NTR, and we used it rather than a
heterologous coding region as a reporter gene to assay the
efficiency of translation because we considered it possible
that the untranslated sequence and protein-coding regions
interact in a manner that defines the normal translational
capacity of poliovirus RNA, in a manner similar to that
suggested for yellow fever virus RNA (59). In order to avoid
analysis of the several translation products generated by
proteolytic processing of a larger precursor, we constructed
plasmids so that a termination codon occurred immediately
after the region encoding the P1 precursor.

Substitutions within the oligopyrimidine tract were made
by site-directed mutagenesis with synthetic oligodeoxynu-
cleotide primers. Mutations, shown in Table 1, were identi-
fied -in derivatives of pBS+VP0 by nucleotide sequence
analysis and subsequently verified in the same way after
construction of the various pPV1(M)5'-P1 variants.

Translation of pPVl(M)5'-Pl mutant RNAs in an extract
from HeLa cells. A lysate of HeLa cells that had been
experimentally optimized for translation of wt poliovirus
mRNA by addition of 90 mM K+ and 1.7 mM Mg2+ was used
to assay the efficiency of translation of transcripts of the
various pPV1(M)5'-P1 variants.
The effect of mutations in the pyrimidine-rich tract (Table

1) on the efficiency of translation of the P1 capsid protein
precursor is shown in Fig. 1. The differences in translation
efficiencies that are easily discernible from the intensities of
the bands were quantitated by scanning laser densitometry
and are summarized in Table 2. Substitutions within the 3'
half of the pyrimidine-rich tract (nt 566 to 573; mutants 5, 6,
8, and 9) had little or no effect, whereas all substitutions
within the 5' half (nt 559 to 565; mutants 1, 2, 3, 4, 7, and 10)
greatly reduced the efficiency of translation of the P1 capsid
protein precursor. Thus, translation of mutant 7 (which
contains substitutions combining those introduced in mu-
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TABLE 2. Effect of mutations in the pyrimidine-rich tract
on efficiency of translationa

5'-NTR mutant Efficiency
RNA (% of wt)

wt ........................................ 100
1 ........................................ 16
2 ........................................ 11
3 ........................................ 9
4 ........................................ 43
5 ........................................ 96
6 ........................................ 70
7 ........................................ 8
8 ........................................ 104
9 ........................................ 88
10 ........................................ 4

a Efficiency of translation of the P1 capsid protein precursor directed by
various mutant RNAs (see Table 1) in a HeLa cell lysate (as described in the
legend to Fig. 1) was quantitated by scanning X-ray films with an LKB laser
densitometer and is described as a percentage of the efficiency of translation
of wt RNA.

tants 1 and 8) is similar to translation of mutant 1 rather than
mutant 8 (Fig. 1, lanes 1, 7, and 8). The essential core of this
domain comprises nt 561 to 563 (UCC), since substitution of
these residues (mutants 2, 3, and 10) resulted in the greatest
reduction in efficiency of translation (Fig. 1, lanes 2, 3, and
10). This UCC domain and flanking sequences have essen-

tially been restored in a position 4 nt further away from the
5' terminus in mutant 10, which otherwise resembles mutant
3 in containing substitutions at nt 562 and 563: wt, GUGU
UUCCUUUUAUUUUAUUG; mutant 10, GUGUUUGGU
UUCCUUUUAUUG. However, this change did not in-
crease the efficiency of translation of mutant 10 over that of
mutant 3 (compare lanes 3 and 10 of Fig. 1). It is therefore
likely that the function of the essential part of the oligopy-
rimidine tract is related to its position relative to those of
other cis-acting domains within the IRES, such as structural
elements or protein-binding sites.

Translation of pPV1(M)5'-Pl mutant RNAs in extracts from
Krebs-2 cells and in RRL. A lysate of Krebs-2 cells that had
been optimized for translation of wt poliovirus mRNA (by
addition of 90 mM K+ and 1.7 mM Mg2+) was used to assay

the efficiency of translation of transcripts of the various
pPV1(M)5'-P1 variants.

A
2 3 4 5 6 1 8 9 10 11 12 13 14

pi-

B 2 3 4 5 6 7 8 9 10 11 12 13 14

FIG. 2. Effect of RNA concentration on translation of
pPV1(M)5'-P1 RNAs in HeLa and Krebs-2 cell lysates. Poliovirus
RNAs were transcribed from wt pPV1(M)5'-P1 (lanes 1 to 7) or from
mutant 3 (lanes 8 to 14). RNAs were translated in cell extracts of (A)
HeLa S3 cells or (B) Krebs-2 cells for 60 min at 30°C at 4 p.g (lanes
1 and 8), 2 pg (lanes 2 and 9), 1.5 ,ug (lanes 3 and 10), 1 ,ug (lanes 4
and 11), 0.5 jig (lanes 5 and 12), 0.3 p.g (lanes 6 and 13), or 0.15 ,ug
(lanes 7 and 14) per 25 [LI. Aliquots of translation assay mixture were

separated by electrophoresis on 10 to 20% polyacrylamide gels. The
P1 translation product is indicated.

In contrast to translation in HeLa cell lysates, transcripts
derived from variants of pPV1(M)5'-P1 were all translated
with approximately equal efficiency in a Krebs-2 cell lysate
(Fig. 2) and RRL (data not shown). This tissue-specific
difference in sensitivity to mutation of the critical residues
UCC (nt 561 to 563) is clearly illustrated in Fig. 2, which
shows a comparison between the efficiency of translation of
wt RNA and RNA derived from mutant 3 (which is the least
efficiently translated of those shown in Fig. 1) over a range of
RNA concentrations in HeLa and Krebs-2 cell lysates.
Whereas the mutant RNA was indeed translated with lower
efficiency than wt RNA in several independently prepared
batches of HeLa cell lysate (compare Fig. 2A, lanes 1
through 7 [wt RNA] with lanes 8 through 14 [mutant RNA]),
the two RNA species were translated with approximately
equal efficiency at all RNA concentrations in a Krebs-2 cell
lysate (compare Fig. 2B, lanes 1 through 7 [wt RNA] with
lanes 8 through 14 [mutant RNA]). The unusual dose-
response curve, whereby a higher mRNA concentration
results in reduced synthesis of P1, is typical of poliovirus
(21, 24, 54, 65).

Interaction of p52 with wt and mutated poliovirus 5'-NTRs.
A novel protein (p52) has recently been described that can be
specifically cross-linked to nt 559 to 624 of the poliovirus
5'-NTR (42), a segment which includes the oligopyrimidine
tract. Binding of p52 to the 5'-NTR of poliovirus can
apparently stimulate its translation in vitro (68). The pyrimi-
dine-rich tract constitutes part of the probe originally used to
detect p52, and we therefore anticipated that substitution in
it might affect binding of this protein. To investigate this
possibility by UV cross-linking techniques, we synthesized
two sets ofRNA probes. One of these corresponded to nt 70
to 627 and therefore included most of the poliovirus 5'-NTR.
The second probe corresponded to nt 542 to 629 and was
thus 22 nt longer than the probe used by Meerovitch et al.
(42).
The binding of HeLa cell proteins to the nt 542 to 629

probe is shown first (Fig. 3B). The proteins that were
detected included one that comigrated with p52 (lanes 1 and
2 of Fig. 3B). There was no difference between the amounts
of p52 or any of the other proteins that bound to transcripts
corresponding to the wt sequence and to the sequence of
mutant 3. Interestingly, in our hands, the poliovirus type 1
(Mahoney) nt 542 to 629 probe bound considerably more
proteins than the slightly smaller poliovirus type 2 (Lansing)
nt 559 to 624 probe (Fig. 3B, compare lanes 2 and 3).
We next considered the possibility that substitution in the

oligopyrimidine tract affected translation as a result of more
complex changes in protein binding that involved the com-
plete IRES. We found that proteins with a broad range of
molecular masses (36 to 110 kDa) were UV cross-linked to
[32P]UTP-labeled RNA transcripts corresponding to nt 70 to
627 of the poliovirus type 1 (Mahoney) 5'-NTR (Fig. 4).
There was no difference between the proteins that bound to
wt and mutated transcripts (compare lane c of Fig. 4 with
lanes d through h). We conclude that p52 binding is not
affected by mutations in the oligopyrimidine tract.
We noted that the p52 that bound to these transcripts

appeared as a broad band whose mobility was in part slightly
greater than that of the protein described by Meerovitch et
al. (42). By using a longer 10 to 20% polyacrylamide gradient
gel and by extending the duration of electrophoresis, we
were able to resolve this broad band into two components,
one of which comigrated with the p52 species that bound to
nt 559 to 624 (Fig. 5). The second component was 50 kDa and
is therefore referred to as p50.
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FIG. 3. Effect of mutations within the oligopyrimidine tract (nt
557 to 573) of poliovirus on binding of cellular proteins to the
5'-NTR: analysis of the interaction between proteins from HeLa S3
cell extracts and [32P]UTP-labeled RNA transcripts corresponding
to nt 542 to 629 by a UV cross-linking assay. (A) Diagram of the
technique used to generate a set of poliovirus-specific transcripts,
derived from wt and mutated derivatives of pPV1(M)5'-P1, that
contain mutations within the oligopyrimidine tract. A segment of the
poliovirus 5'-NTR (corresponding to nt 542 to 629) was amplified
from pPV1(M)5'-P1 by PCR, using a pair of primers of which one

included the bacteriophage T7 410 promoter sequence (represented
by a black rectangle). Transcription was subsequently done with
purified PCR products, [32P]UTP, and T7 polymerase. The second-
ary structure of the transcript may include a stable and evolution-
arily conserved stem-loop structure and an extended single-stranded
region containing the oligopyrimidine tract. (B) UV cross-linking of
cellular proteins to [32P]UTP-labeled RNA transcripts (nt 542 to 629)
from PCR products derived from wt pPV1(M)5'-P1 (lane 2) and from
mutant 3 (lane 1). p52 bound to nt 559 to 624 of poliovirus type 2
(Lansing) is shown in lane 3. Proteins were separated by electro-
phoresis in a 10 to 20% polyacrylamide gradient gel after RNase
digestion.

We investigated the interaction of these proteins with the
5'-NTR of poliovirus by separating the S10 fraction of HeLa
cells into ribosomal salt wash and postribosomal fractions
and by transcribing a set of probes corresponding to different
segments of the 5'-NTR. Both proteins could be detected in
the postribosomal fraction and were present in much lower
amounts in the ribosomal salt wash (Fig. 5, lanes 5 to 7, and
data not shown). We were able to detect binding of p52 to the
probe corresponding to nt 220 to 627 (which encompasses
the probe used by Meerovitch et al. [42]; Fig. 5, lane 4), as

well as to probes corresponding to nt 1 to 220 (Fig. 4, lane 1;
Fig. 5, lane 1) and to nt 670 to 747 (Fig. 5, lane 2). p50 bound
weakly to the nt 1 to 220 probe and strongly to the nt 220 to
627 probe, but it did not bind to the nt 670 to 747 probe (Fig.
5, lanes 1, 2, and 4). Binding of p52 to the poliovirus 5'-NTR
was reduced by inclusion of unlabeled poliovirus type 2
(Lansing) nt 559 to 624 probe in the preincubation mixture,
whereas binding of p50 was not affected (data not shown).
We therefore conclude that p52 and p50 are distinct and
probably unrelated proteins and that p50 binds to a region
upstream of nt 559.

Interaction of p57 with the poliovirus 5'-NTR. As described
above, a broad range of proteins were UV cross-linked to a

probe corresponding to nt 70 to 627 of the poliovirus 5'-NTR
(Fig. 4). To investigate the specificity of their binding, we

performed competition experiments by adding different con-

centrations of rabbit rRNA to aliquots of HeLa S10 extract
simultaneously with this specific probe. Binding of all pro-
teins except for one of 57 kDa (which we shall refer to as

p57) was progressively reduced following addition of in-
creasing concentrations of competitor (Fig. 6A, lanes 2 to 4).
Some of these proteins resemble those that bound nonspe-
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FIG. 4. Effect of mutations within the oligopyrimidine tract (nt
557 to 573) of poliovirus on binding of cellular proteins to the
5'-NTR: analysis of the interaction between proteins from HeLa S3
cell extracts and [32P]UTP-labeled RNA transcripts corresponding
to nt 70 to 627 by a UV cross-linking assay. UV cross-linking of
cellular proteins to [32P]UTP-labeled RNA transcripts correspond-
ing to nt 1 to 220 (lane a), nt 70 to 627 of poliovirus type 1 (Mahoney)
(lanes c to h), nt 559 to 624 of poliovirus type 2 (Lansing) (lane b),
or nt 260 to 488 of EMCV (lane i). Transcripts were derived from
pT7XL (lane 1), wt pPV1(M)5'-P1 (lane 3), mutant 1 (lane d), mutant
2 (lane e), mutant 3 (lane f), mutant 4 (lane g), or mutant 5 (lane h)
and from pBS-ECAT (lane i). Proteins were separated by electro-
phoresis in a 10 to 20% polyacrylamide gradient gel after RNase
digestion. p57, p52, and p50 are indicated.

cifically to the 5'-NTR of EMCV (26). Similar proteins are
components of eukaryotic cytoplasmic and polysomal mes-
senger ribonucleoprotein particles (for reviews, see refer-
ences 12 and 15).
The p57 detected in these experiments comigrated with

p57 (26) that bound to nt 260 to 488 ofEMCV (Fig. 6A). The
identity of these proteins was confirmed by competition
experiments. Binding of p57 to the poliovirus 5'-NTR was
virtually abolished by inclusion of 0.3 ,ug of unlabeled
EMCV nt 260 to 488 RNA probe in the preincubation
mixture (Fig. 6B, lane 2). However, it was unaffected by
addition of 0.3 gig of unlabeled poliovirus-specific RNA,
corresponding to nt 559 to 624 (Fig. 6B, lane 3). The

1 2 3 4 5 6 7

p52
-p50

FIG. 5. Binding of p50 and p52 to the 5'-NTR of poliovirus. UV
cross-linking of cellular proteins bound to [32P]UTP-labeled polio-
virus RNA transcripts corresponding to nt 1 to 220 (lane 1), nt 670 to
747 (lane 2), nt 1 to 627 (lane 3), or nt 220 to 627 (lane 4) of poliovirus
type 1 (Mahoney) and to nt 559 to 624 of poliovirus type 2 (Lansing)
(lanes 5, 6, and 7). HeLa cellular proteins were derived from a crude
cytoplasmic S10 fraction (lanes 1 to 5), from the ribosomal salt wash
fraction (lane 6), or from the postribosomal fraction (lane 7).
Proteins were separated by electrophoresis on a 10 to 20% poly-
acrylamide gradient gel after completion of RNase digestion. p52
and p50 are indicated. The figure shows only the portion of the gel
that contains these proteins, other parts having been omitted for
clarity.
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FIG. 6. Specific binding of p57 to the poliovirus 5'-NTR. (A)
Increase in the specific binding of p57 to the poliovirus 5'-NTR by
competition with rabbit rRNA. UV cross-linking of cellular proteins
to [32P]UTP-labeled RNA transcripts corresponding to nt 1 to 627 of
the poliovirus 5'-NTR in the presence of 1 gig (lane 2), 2 gig (lane 3),
or 3 gig (lane 4) of rabbit rRNA. Cellular proteins that bound to nt
260 to 488 of the EMCV 5'-NTR after UV cross-linking are shown in
lane 1. Proteins were separated by electrophoresis on a 10 to 20%
polyacrylamide gradient gel after completion of RNase digestion.
P57 and p52 are indicated. (B) Reduction in the specific binding of
p57 to the 5'-NTR of poliovirus by competition with a segment of the
EMCV IRES. UV cross-linking of cellular proteins to [32P]UTP-
labeled RNA transcripts corresponding to nt 70 to 627 of the
poliovirus 5'-NTR in the presence of 1.5 gig of rabbit rRNA (lane 1),
0.3 gig of unlabeled EMCV-specific RNA (corresponding to nt 260 to
488 of the 5'-NTR) (lane 2), or 0.3 gig of unlabeled poliovirus-specific
RNA (corresponding to nt 559 to 624 of poliovirus type 2 [Lansing])
(lane 3). Proteins were separated by electrophoresis on a 10 to 20%
polyacrylamide gradient gel after completion of RNase digestion.
p57 and p52/pSo are indicated.

intensities of two bands, corresponding to a 69-kDa protein
and to p5O/p52 (which were not resolved in this gel), in-
creased as a result of inclusion of 0.3 ,ug of unlabeled EMCV
nt 260 to 488 RNA probe in the preincubation mixture (Fig.
6B, lane 2). The ratios of unlabeled EMCV and poliovirus
competitor RNAs to [32P]UTP-labeled poliovirus-specific'
probes in these experiments were 10:1 and 40:1, respec-
tively.
The identity pf the two p57 species was further confirmed

by subcellular fractionation. The p57 species froffi RRL is
predominantly a ribosome-associated protein (26). The p57
species that bound'to'the 5'-NTR of poliovirus was also
found to be a ribosome-associated protein- (that is, it oc-
curred in the ribosomal salt wash fraction). Moreover, the
two p57 species were both present in the ammonium sulfate
25 to 40% saturation fraction and copurified in all subsequent
steps of the purification procedure that we have developed
(unpublished data). The p57 species described here and that
previously described as binding to the IRES ofEMCV (8, 26)
are therefore very probably the same moiety.

Specific inhibition of poliovirus translation by competition
with the p57-binding domain of the EMCV IRES. Evidence
presented above suggested that the p57 species that we have
identified as binding to the poliovirus 5'-NTR are the same

cellular proteins, described as p58 (8) or p57 (26), that
interact with the 5'-NTR of EMCV. Since two point muta-
tions in a stem-loop structure (stem-loop E) of the EMCV
IRES abolished both p57 binding and translation of a down-
stream reporter gene, binding of p57 may be essential in
EMCV translation (26). We therefore investigated the role of
p57 in translation of poliovirus RNA.

Translation of P1 from transcripts of wt pPV1(M)5'-P1 (nt
70 to 3380) did not decrease as a result of addition of
increasing amounts of rabbit rRNA (up to 2.5 ,ug) to 25-,ul

C

2 3 4

Globin

FIG. 7. Translation of poliovirus and globin mRNA in the pres-
ence ofRNA competitors. (A) Specific reduction in the efficiency of
translation of poliovirus RNA in HeLa cell lysate by competition
with a segment of the EMCV IRES. Poliovirus-specific RNA was
transcribed from wt pPV1(M)5'-P1, and 1.5 gig of mRNA was added
to 25-gil aliquots of a HeLa cell lysate without competitor RNA (lane
1) or simultaneously with 1.5 gug (lane 2), 2 gig (lane 3), or 2.5 ,g
(lane 4) of rabbit rRNA, 0.4 gig (lane 5) or 0.8 gig (lane 6) of
EMCV-specific RNA corresponding to nt 260 to 488 of the 5'-NTR,
0.4 gig (lane 7), 0.8 gig (lane 8), or 1.2 gig (lane 9) of RNA
corresponding to nt 559 to 624 of poliovirus type 2 (Lansing). Lane
10 corresponds to lysate incubated without exogenous mRNA.
Translation in the presence of [35S]methionine was for 60 min at
30°C. Aliquots of translation assay mixture were separated by
electrophoresis on a 10 to 20% polyacrylamide gradient gel. The P1
translation product is indicated. (B) Correlation between the ability
of segments of the EMCV IRES to bind p57 and to act as compet-
itive inhibitors of translation of poliovirus RNA in HeLa cell lysate.
Poliovirus-specific RNA was transcribed from wt pPV1(M)5'-P1,
and 1.5 gig of mRNA was added to 25-gil aliquots of a HeLa cell
lysate without competitor RNA (lane 1) or simultaneously with 2 ,g
of rabbit rRNA (lane 2), 0.4 gig of EMCV-specific RNA (correspond-
ing to nt 260 to 488 of the 5'-NTR and derived from pBS-
ECAT403M1) (lane 3), 0.8 gig of the same EMCV-specific compet-
itor RNA (lane 4), 0.8 gig of wt EMCV-specific RNA corresponding
to nt 260 to 488 of the 5'-NTR (lane 5), or 0.8 gig of EMCV-specific
kNA corresponding to nt 260 to 488 of the 5'-NTR and derived from
pBS-ECAT403M2 (lane 6). Lane 7 corresponds to lysate incubated
without exogenous mRNA. Lane 8 corresponds to a lysate of
poliovirus-infected HeLa cells labeled in vivo with [35S]methionine.
Translation in the presence of [35S]methionine was for 60 min at
30°C. Aliquots of translation assay mixture were separated by
electrophoresis on a 10 to 20% polyacrylamide gradient gel. The P1
translation product is indicated. (C) Efficiency of translation of
globin mRNA in HeLa cell lysate in the presence of a p57-binding
segment of the EMCV IRES. Globin mRNA (0.5 gig) was added to
25-gil aliquots of a HeLa cell lysate without competitor RNA (lane 2)
or simultaneously with 0.4 gig (lane 3) or 0.8 gig (lane 4) of
EMCV-specific RNA corresponding to nt 260 to 488 of the 5'-NTR.
Lane 1 corresponds to lysate incubated without exogenous mRNA.
Translation in the presence of [35S]methionine was for 60 min at
30°C. Aliquots of translation assay mixture were separated by
electrophoresis on a 10 to 20% polyacrylamide gradient gel. The
globin translation product is indicated.

aliquots of HeLa cell lysate to which 1.5 gig of poliovirus
mRNA had been added simultaneously (Fig. 7A, compare
lane 1 with lanes 2 through 4). Similarly, addition of up to 1.2
gig of the p52-binding domain of poliovirus type 2 (Lansing)
(nt 559 to 624) did not affect the efficiency of translation of
poliovirus RNA much, if at all (Fig. 7A, lanes 7 to 9).

A 1 2 3 4 B 1 2 3
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However, addition of only 0.4 ,g of EMCV-specific com-
petitor RNA (corresponding to nt 260 to 488 of the 5'-NTR)
to an aliquot of HeLa cell lysate simultaneously with polio-
virus mRNA greatly reduced the efficiency of its translation
(compare lanes 1 and 5 of Fig. 7A). Addition of 0.8 ,g of this
EMCV-specific RNA virtually abolished poliovirus transla-
tion (Fig. 7A, lane 6). In these experiments, the molar ratios
of EMCV-specific competitor RNA to poliovirus mRNA
were about 4:1 (lane 6) and 8:1 (lane 5).
We conducted further experiments to confirm that the

reduction in the efficiency of poliovirus translation resulting
from addition of this fragment of the EMCV IRES was due
to its ability to bind p57. By means of point mutations, Jang
and Wimmer (26) have constructed a version (pBS-
ECAT403M1) of the EMCV IRES that is unable to bind p57
and a pseudorevertant (pBS-ECAT403M2) in which this
ability has largely been restored (26). Addition of 0.4 or 0.8
p,g of competitor RNA derived from pBS-ECAT403M1
(corresponding to nt 260 to 488 of the EMCV 5'-NTR) did
not significantly affect the efficiency of translation of polio-
virus RNA (Fig. 7B, lanes 3 and 4). Addition of 0.8 ,ug of
equivalent competitor RNA derived from pBS-ECAT403M2
(the pseudorevertant) greatly reduced the efficiency of trans-
lation of poliovirus RNA (Fig. 7B, lane 6), although not to
quite the extent observed following addition of an equal
amount of equivalent wt RNA (lane 5). In these experiments,
the molar ratios of EMCV-specific competitor RNA to
poliovirus mRNA were about 4:1 (lane 3) and 8:1 (lanes 4, 5,
and 6).

This segment (nt 260 to 488) of the EMCV IRES contains
a stem-loop structure (55) that has been shown to bind p57
(26) with an affinity that enables it to outcompete the
poliovirus 5'-NTR in binding p57 (Fig. 7A) under the condi-
tions of the experiment described above. There is therefore
a correlation between the ability of this EMCV RNA species
to bind p57, to inhibit the binding of p57 to the poliovirus
5'-NTR, and to inhibit poliovirus translation. Conversely,
neither rabbit rRNA nor the p52-binding domain of poliovi-
rus competed with the poliovirus 5'-NTR in binding p57, and
at the concentrations used, neither had a significant inhibi-
tory effect on poliovirus translation. These results suggest
that p57 plays an essential role in translation of poliovirus
RNA.
The cellular p57 protein that binds to the 5'-NTRs of

EMCV, FMDV, and poliovirus has properties that differ
from those of all known mammalian translational initiation
factors (8, 40; unpublished observations). The following
additional evidence indicates that dependence on binding of
p57 for efficient translation is not a ubiquitous phenomenon.
We translated globin mRNA (Boehringer Mannheim) in

aliquots of the same batch of HeLa cell lysate used in the
experiment described immediately above, in the absence of
exogenous competitor RNA (Fig. 7C, lane 2) and in the
presence of either 0.4 ,ug (lane 3) or 0.8 ,ug (lane 4) of the
EMCV-specific competitor RNA described above. It is
apparent that addition of a concentration of EMCV-specific
competitor RNA that virtually abolished poliovirus transla-
tion had little effect on translation of globin mRNA.

DISCUSSION

The initiation of translation of picornavirus RNA is cap
independent and involves internal entry of ribosomes, but
details of the mechanism by which it occurs are still largely
unknown. We have therefore begun to characterize the
cis-acting RNA elements and trans-acting protein factors

involved in this process. As a result of the experiments
described above, we have found that nt 559 to 565 constitute
an important cis-acting RNA element for translation of
poliovirus in HeLa cell lysate. We have also found that a
cellular protein, p57, appears to be an important trans-acting
factor in the translation of poliovirus in vitro. A similar
observation has been made previously regarding translation
controlled by the EMCV IRES (26).
The cis-acting RNA element is part of a larger pyrimidine-

rich tract that occurs in all picornaviruses (25) (Table 1). In
poliovirus, the residues within this cis-acting element that
are the most critical for translation in vitro correspond
precisely to those identified as being essential for viral
infectivity (19). Our results support the suggestion that the
oligopyrimidine tract plays an important role in translation of
poliovirus mRNA. Several distinct functions can be envis-
aged for this tract that are compatible with initiation of
translation by internal entry of ribosomes. The oligopyrimi-
dine tract in picornaviruses was first noted by Beck et al. (6),
who suggested that in FMDV this element shows a signifi-
cant complementarity to a purine-rich sequence close to the
3' end of eukaryotic 18S rRNA. Such an interaction could
promote binding of the 40S ribosomal subunit, in a manner
analogous to the Shine-Dalgarno sequence of prokaryotic
mRNAs. Similar complementarity occurs between the 5'
half of the oligopyrimidine tract of poliovirus (nt 559 to 567;
5'-UUUCCUUUU-3') and nt 1857 to 1863 (3'-AGGAAGG-
5') of mammalian 18S rRNA (41). A potential interaction of
this type is appealing because the poliovirus residues that are
most sensitive to substitution would normally interact most
strongly with 18S rRNA. However, since mutation of the
oligopyrimidine tract did not affect the efficiency of poliovi-
rus translation in Krebs-2 cell lysate or RRL despite the
purine-rich regions at the 3' end of murine, rabbit, and
human 18S rRNA species being identical in sequence (41),
this explanation may in itself not be sufficient. It should be
noted that the oligopyrimidine tract at nt 558 to 564 occurs
nearly 200 nt upstream of the initiating AUG codon in
poliovirus RNA, for which reason it can hardly function in a

manner identical to that of the Shine-Dalgarno sequence.
However, the oligopyrimidine tract does occur just 18 nt
upstream of an essential, albeit noncoding, AUG triplet (49).
It is possible that this Yn-Xm-AUG sequence (in which n

pyrimidine [Y] residues are separated from the AUG by a

number [m] of any nucleotide [X]) may be an essential signal
for internal ribosomal entry (25).

Substitutions that effectively resulted in a movement of
the cis-acting element to a position 4 nt further away from
the 5' terminus (mutant 10) did not compensate for the
reduction in the efficiency of translation caused by inactiva-
tion of the original cis-acting element. We speculate that the
functional importance of this element might be related to its
position relative to those of other cis-acting elements within
the IRES. These could include protein-binding sites, the
initiation codon and its immediate context, or the aforemen-
tioned AUG triplet (nt 584 to 586 in poliovirus type 1
[Mahoney]), whose position relative to the pyrimidine-rich
tract is relatively constant in all picornaviruses (25). The
importance of this triplet for translation of poliovirus has
been demonstrated (49). The oligopyrimidine tract may be
involved in previously uncharacterized secondary or tertiary
interactions (for example, involving residues downstream of
nt 630, which have not been considered in existing models)
that are disrupted by mutation. Structural perturbation
would not be expected to result in a tissue-specific difference
in the efficiency of translation unless it resulted in reduced
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affinity of the 5'-NTR for a specific protein factor. We
investigated this possibility by using a UV cross-linking
assay and [32P]UTP-labeled poliovirus-specific RNA tran-
scripts. As a result, we were able to confirm binding of p52
to a segment of the poliovirus 5'-NTR encompassing nt 559
to 624, but neither its binding nor that of any other protein
appeared to be altered as a result of the substitutions made
within the pyrimidine-rich tract. Although UV cross-linking
reactions were done under conditions that had been opti-
mized for initiation of translation of poliovirus, we do not
rule out the possibility that some bona fide protein-RNA
interactions were not detected because of the intrinsic limi-
tations of the assay.

Using UV cross-linking, we did detect the specific inter-
action of a protein species of ca. 57 kDa (pS7) with the
poliovirus 5'-NTR. It does not correspond to any protein
previously reported as binding to the poliovirus 5'-NTR (5,
11, 42, 44). p57 is the same protein species recently de-
scribed as binding to the EMCV 5'-NTR (8, 26), and its
physical properties lead us to conclude that it is also the
protein that binds to the 5'-NTR of FMDV (40). The data
described here and by Jang and Wimmer (26) indicate that
this is a novel trans-acting cellular factor that plays a critical
role in the cap-independent mechanism of picornavirus
translation. p57 occurs largely in the ribosomal salt wash,
indicating that it is a ribosome-bound protein, and as such it
may mediate binding of ribosomes to the IRES by virtue of
its affinity for a specific RNA sequence or structural ele-
ment. We have shown that p57 could be UV cross-linked to
nt 1 to 627 but not nt 1 to 220 of the poliovirus 5'-NTR;
experiments to define the binding site more precisely are in
progress. It is highly likely that the involvement of p57 in
translation is not unique to picornaviral mRNAs. Although
translation of globin mRNA apparently does not require p57,
there may nevertheless be a class of cellular mRNAs whose
translation is dependent on this protein. We do not anticipate
that translation of such mRNAs necessarily occurs as a

result of cap-independent internal entry of ribosomes.
There are clear differences in the characteristics of trans-

lation of EMCV and poliovirus mRNAs, especially with
regard to their relative Mg2+ and K+ optima and their
abilities to be translated accurately and efficiently in some

cell lysates (e.g., RRL [21, 24]). Nevertheless, the results
presented above and in a recent report from this laboratory
(26) indicate that the mechanisms adopted by the two viruses
to promote internal entry of ribosomes have many common

features. Both RNAs contain a pyrimidine-rich tract located
close to or at the 3' border of the IRES, the 5' half of which
functions as an important cis-acting element. Second, both
RNAs can be cross-linked to p57, which appears to be an

essential trans-acting protein factor. Although we have not

yet determined the site(s) or determinants of binding of p57
to the 5'-NTR of poliovirus, it appears that the EMCV IRES
can outcompete the poliovirus IRES in binding p57. This
may contribute to the exceptionally efficient translation of
EMCV RNA in circumstances in which p57 may be a

limiting factor. For example, p57 is present in very low
concentration in RRL (40; unpublished observations), which
is a cell lysate in which poliovirus is translated relatively less
efficiently than EMCV. Some differences between transla-

tion of EMCV and poliovirus may therefore reflect different
affinities for critical and possibly limiting factors, possibly

resulting from adaptation of these viruses to specific hosts or

tissues. It is tempting to speculate that the reduced efficiency
of translation of attenuated strains of poliovirus may be due
at least in part to reduced affinity for p57. At least two

additional factors, termed initiation correction factor and
p52, have recently been implicated in promoting the efficient
and accurate translation of poliovirus (42, 73). The physical
and biochemical properties of p57 indicate that it is distinct
from both.
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