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Interaction of a Cellular 57-Kilodalton Protein with the Internal
Translation Initiation Site of Foot-and-Mouth Disease Virus
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A cellular 57-kDa protein (p57) that binds specifically to the internal translation initiation site in the 5'
untranslated region of foot-and-mouth disease virus RNA was detected in cell extracts of different mammalian
species by UV cross-linking. The protein binds to two distinct sites of the translation control region which have
as the only common sequence a UUUC motif. The first binding site consists of a conserved hairpin structure,
whereas the second binding site contains an essential pyrimidine-rich region without obvious secondary
structure. Competition experiments indicate that the complexes with the two binding sites were formed by a
single p57 species. The protein binds also to the 5' untranslated region of other picornaviruses. Results from
footprint analyses with foot-and-mouth disease RNA suggest the participation of additional cellular factors in
the translation initiation complex.

The positive-strand RNA genome of foot-and-mouth dis-
ease virus (FMDV), a member of the Picornaviridae family,
includes a 5' untranslated region (5'UTR) of approximately
1,300 nucleotides (nt). This region is presumed to contain
sequence elements controlling the replication of viral RNA,
packaging of RNA into capsids, and translation of the viral
polyprotein. For several members of the picornavirus fam-
ily, it has been shown that ribosomes initiate translation by
internal entry onto the 5'UTR, without scanning from the 5'
end of the viral RNA (11, 24; for a review, see reference 10).
By mutagenesis of the 5'UTR of FMDV, we have shown that
a region of approximately 450 nt preceding the open reading
frame of the viral polyprotein is involved in the regulation of
internal translation initiation (16). Modifications in multiple
sites of this control region and in particular in a pyrimidine-
rich sequence preceding the start codon led to a strong
decrease of the translation efficiency.

Efficient translation initiation at the authentic picornaviral
start codon apparently depends on specific factors provided
by the host cell. Faithful translation of poliovirus RNA in
rabbit reticulocyte lysates, for example, depends on the
addition of a cytoplasmic HeLa cell extract (5), and binding
of cellular proteins to multiple sites of the poliovirus 5'UTR
has been demonstrated (3). Moreover, cellular 50- and
52-kDa proteins have been shown to interact with specific
regions of the internal ribosomal entry site (IRES) of polio-
virus RNA (19, 21).

Recently, we showed that a ribosome-associated 57-kDa
protein (p57) from rabbit reticulocytes was linked to the
IRES of FMDV by UV cross-linking. Binding studies with
different RNA fragments revealed that this protein interacts
with two distinct sites of the IRES (18). Similarly, a cellular
57-kDa protein has been shown to interact with the 5'UTR of
encephalomyocarditis virus (EMCV), a related picornavirus
(13).

In this study, we analyzed the mode of interaction of p57
with the internal translation initiation site of FMDV in more
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detail, using site-directed mutagenesis of a putative binding
site and RNA footprinting, and determined the affinity to
different binding sites by competition experiments. In addi-
tion, we studied the interaction of p57 with the RNA of other
picornaviruses and determined the occurrence of this protein
in extracts from various cell types.

MATERIALS AND METHODS

Construction of plasmids. Construction of pSP65-derived
plasmids pSP449, pSP450, and pSP444 containing parts of
the 5'UTR of FMDV 01K has been described previously
(18). Another set of pSP plasmids (pSP436A519-559,
pSP436A581-672, and pSP440-1 to pSP440-29) has been
described by Kuhn et al. (16). Plasmids pSP439-1 to
pSP439-29 were derived from pSP440-1 to pSP440-29 by
deletion of the 566-bp Hindlll fragment (nt 176 to 742 of
FMDV [8]). Plasmid pSP3,0-3,8 was constructed by inser-
tion of an 847-bp BamHI-HindIII fragment (nt 3000 to 3847
of FMDV [8]) into pSP65. Plasmid pSP5,4-6,4 has been
described by Falk et al. (6), and plasmids pS32A3 (EMCV
5'UTR) and pT7-XLmyr- (poliovirus 5'UTR) have been
described by Jang et al. (12) and Krausslich et al. (15),
respectively.

In vitro transcription. In vitro transcription of linearized
DNA templates (see Fig. 1A for details) with SP6 RNA
polymerase was essentially performed by standard proce-
dures (20). Labeled RNAs were derived by using 10 FM
[ot-32P]UTP (60 Ci/mmol; Amersham Corp.). In vitro tran-
scription of linearized plasmids pS32A3 and pT7-XLmyr-
with T7 RNA polymerase was performed as described by
van der Werf et al. (30). Labeled RNAs were derived by
using 55 FaM [_x-32P]UTP (40 Ci/mmol; Amersham) and
separated from free nucleotides by gel filtration on Sephadex
G-100 (Pharmacia).

Preparation of cell extracts. The rabbit reticulocyte lysate
was prepared according to Clemens (2), and the ribosomal
salt wash fraction was obtained by the method of Woodley et
al. (31).

Liver tissue from rats was extracted according to the
method of Dissous et al. (4) in a buffer described by Nyg'ard

6486

JOURNAL OF VIROLOGY, Dec. 1991, p. 6486-6494
0022-538X/91/126486-09$02.00/0
Copyright © 1991, American Society for Microbiology



BINDING OF p57 TO FMDV RNA 6487

A
Hinf I Stnl

.
KpnI HindM S1l

100 200 300 400 500 600 700 800

362 .34

399 434

362 527

399 527

36Z 831

831
399

399

p57 binding

+

+

++

+
742

742 831

519 559

581 6rt2
=---..

+

B - mcn
LO

0T 7T T ~ ,0E
= a C, a as o aoc =

^~~~~~~~~~In̂nr <<nusa

U-

et al. (22). A ribosomal salt wash fraction was prepared as
described above.

Cytoplasmic extracts from BHK and HeLa cells were pre-
pared as follows. Approximately 108 confluent cells were

scraped from culture dishes, pelleted, resuspended in 1 volume
of buffer (22), and homogenized as described previously (4).
UV cross-linking. UV cross-linking was performed essen-

tially as described by Pelletier and Sonenberg (23), with a
few modifications. Ten nanograms of labeled RNA was
incubated for 10 min at 25°C with 25 p.g of protein extract
(unless otherwise indicated) in a 30-pul total volume of
binding buffer containing 250 pLM GTP, 250 p.M ATP, and 2.5
p.g of yeast tRNA, but no monovalent cations (unless
otherwise indicated). For competition assays, 0.1 or 1 p.g
unlabeled RNA was added in binding buffer. The addition of
more unspecific competitor RNA or the use of different RNA
species (tRNA from Escherichia coli or bovine rRNA) did
not influence the specificity of the results. Samples were
irradiated with 254-nm UV light for 1 h at 4°C with a 6-W
UVP Inc. UVGL-55 Mineralight lamp. After irradiation, the
RNA was digested with 20 p.g of RNase A for 30 min at 37°C,
the proteins were separated by electrophoresis on 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gels (17), and
the protein-RNA complexes were visualized by autoradiog-
raphy. Except for slight differences in the background pat-
tern of unspecific protein bands, which were due mainly to

FIG. 1. UV cross-linking of cellular proteins to different segments
of the 5'UTR of FMDV. (A) Constructs used. The top line shows a
part of the 5'UTR with the translation start site (arrow). Numbering
is according to the published FMDV 01K sequence (8). Restriction
sites used for linearization of template DNA are indicated. In vitro
transcripts of the individual templates (left) are shown below. The
RNAs of deletion mutants A519-559 and A581-672 are derived from
templates linearized downstream from the start codon. On the right,
the approximate strength of p57 binding is indicated. (B) Autoradiog-
raphy of cross-linked proteins from the ribosomal salt wash fraction
of rabbit recticulocytes after separation by SDS-polyacryamide gel
electrophoresis. UV cross-linking reactions were carried out as
described in Materials and Methods. Control transcripts (RNAs
3000-3847 and 5418-6296) correspond to parts of the FMDV coding
region or to the 5'UTR of normal eukaryotic mRNAs (hemoglobinase
[14] and cathepsin B [7] of S. mansoni).

the quality of the source of labeled RNA used, the results of
this assay were highly reproducible.
RNA footprinting. To synthesize 5'-end-labeled RNA, we

made use of the fact that all SP6 transcribed RNAs start with
a guanosine nucleotide. SP6 transcription in the presence of
[-y-32P]GTP led to specifically 5' end labeled RNA. The
transcription reaction was performed as described above,
but in the presence of 6 ,uM [,y-32P]GTP (>2,000 Ci/mmol;
Amersham), 500 ,uM each ATP, CTP, and UTP, and 300 U
of SP6 RNA polymerase per ml for 1 h at 40°C. For the
chase, the GTP concentration was increased to 500 ,uM, and
the sample was incubated for another 5 min at 40°C after
addition of 100 U of SP6 RNA polymerase per ml. The
reaction was stopped by phenol extraction, and labeled RNA
was separated from free nucleotides by gel filtration on

Sephadex G-100 (Pharmacia) and ethanol precipitation.
3' end labeling of RNA was performed with [32P]Cp

(Amersham) and T4 RNA ligase (New England Biolabs) by
the method of Siegel and Walter (29).
For the preparation of RNA footprints, 5'- or 3'-end-

labeled RNAs (104 to 105 cpm) were incubated for 10 min at
25°C and then for 10 min at 0°C without or with 10 to 20 ,ug
of protein extract and 40 U of RNasin in a total volume of 40
,ul of 20 mM Tris hydrochloride, 80 mM potassium acetate,
2 mM magnesium acetate, and 6 mM ,B-mercaptoethanol (pH
7.8). For partial digestion of the RNA, samples were incu-
bated with 0.1 to 1 U of nuclease P1 (Boehringer Mannheim)
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or 0.1 to 1 U of RNase VI (Pharmacia) for 5 to 10 min at
25°C. Reactions were stopped by phenol and chloroform
extraction and analyzed on 8% polyacrylamide gels contain-
ing 7 M urea.

RESULTS

A 57-kDa protein binds to two distinct sites in the 5'UTR of
FMDV. We have recently shown that a 57-kDa protein from
rabbit reticulocyte extracts can be specifically cross-linked
to the 450-nt translation control region of FMDV by UV
irradiation of a protein-RNA complex (18). To localize the
binding site more precisely, RNA subfragments from that
region were derived from plasmids pSP449 and pSP450,
which initiate at two different sites at the 5' border of the
region (positions 362 and 399, respectively; Fig. 1A) and
used in the cross-linking assay. As shown in Fig. 1B, a p57
complex can be observed with all RNA fragments starting at
position 362, even those with very short sequences (RNAs
362-434 and 362-527). However, the fragment from position
362 to 831 corresponding to the complete translation initia-
tion site leads to a stronger signal (RNA 362-831). If tran-
scription initiates 37 nt further downstream at position 399,
p57 does not bind to the short RNA fragments of the anterior
part of this region (RNAs 399-434 and 399-527); if the 5'
shortened RNA reaches up to the start codon (RNA 399-
831), a protein-RNA complex is formed again. These find-
ings suggest the presence of two p57 binding sites, one at the
5' end and another in the 3' part of the IRES. We have
localized the second binding site on the short RNA fragment
742-831, containing 62 nt upstream from the translation start
site (Fig. 1B [18]). A short RNA fragment (nt 742 to 802) not
containing the AUG codon binds p57 with the same affinity
as does RNA fragment 742-831 (data not shown), indicating
that binding of p57 to the 3' site is independent of the
presence of the start codon.
The central part of the IRES (RNA 399-742) does not bind

p57. The p57 complex was observed if parts of the middle
region were deleted (RNAs A519-559 and A581-672). In
comparison with the complete sequence (RNA 362-831),
binding of p57 to the deleted RNAs is weaker, suggesting a
helper effect of the central sequence. Control transcripts
corresponding to parts of the coding region ofFMDV (RNAs
3000-3847 and 5416-6296) and the 5'UTR of a normal eukary-
otic mRNA (cathepsin B of Schistosoma mansoni) do not
react with p57. Unexpectedly, interaction of p57 with the
mRNA of hemoglobinase from S. mansoni was observed.

Competition of p57 binding and effect of ion concentration
on complex formation. To demonstrate binding of a single
57-kDa protein species to distinct sites, formation of a
complex with both the 5' and 3' binding sites was analyzed in
competition assays (Fig. 2A). A 10-fold excess of homolo-
gous unlabeled RNA 362-434 reduced binding of p57 to the
labeled 5' site markedly. Competition was nearly complete
with a 100-fold excess of RNA 362-434. The same degree of
competition was obtained with a 100-fold excess of RNA
specific for the second binding site (RNA 742-831). Simi-
larly, binding of p57 to the 3' site (RNA 742-831) was
efficiently competed for by a 100-fold excess of unlabeled
RNA containing the 5' binding site (RNA 362-434) or the 3'
binding site (RNA 742-831). An RNA fragment (399-434)
containing neither the 5' binding site nor the 3' binding site
was unable to compete for the p57 complex.

Additional proteins, predominantly a 110-kDa species,
seem to bind specifically to the short RNA fragment 742-831,
since they are competed for with an excess of homologous but
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FIG. 2. Binding of p57 under different conditions. (A) Cross-
competition of the two p57 binding sites, determined by UV
cross-linking of the ribosomal salt wash fraction from rabbit reticu-
locytes with labeled RNA 362-434 or RNA 742-831 in the presence
or absence of different amounts of unlabeled competitor RNA, as
indicated. (B) UV cross-linking of p57 from rabbit reticulocytes to
FMDV RNA fragments RNA 362-831, RNA 399-831, RNA 742-831,
and RNA 362-434 in the presence of different potassium acetate
concentrations, as indicated. The final KCl concentration in each
reaction was 30 mM.

not heterologous RNA. Most of this 110-kDa protein is found
not in the ribosomal salt wash fraction but in the postriboso-
mal supernatant. However, binding of this protein was not
observed with the longer RNA 362-831. Thus, it remains to be
clarified whether the long RNA cannot adopt the correct
conformation to bind the 110-kDa protein or whether the
short RNA fragment binds the protein artificially.
UV cross-linking of p57 to RNA fragments was analyzed

in the presence of different salt concentrations (Fig. 2B).
Binding of p57 to the entire translation control region (RNA
362-831) was similar at 30, 80, and 130 mM potassium,
whereas a concentration of 180 mM potassium markedly
decreased the strength of complex (the potassium ion con-
centration given in Fig. 2B had to be increased by 30 mM
KCl because of the ribosomal salt wash fraction). Binding to

J. VIROL.
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FIG. 3. UV cross-linking of proteins from cell extracts of dif-
ferent mammalian species to FMDV RNA 362-831. Total protein of
the ribosomal salt wash fraction of rabbit reticulocytes (lane 1) and
rat liver (lane 2) (15 ,ug each), 15 p.g of total protein of a HeLa cell
extract (lane 3), and 7 ,ug of total protein of a BHK cell extract (lane
4) were used.

the 3' site (RNA 399-831 or 742-831) was highest in the
absence of potassium acetate, was decreased by the addition
of 50 and 100 mM potassium acetate, and was nearly
abolished with 150 mM potassium acetate. In contrast, for
p57 binding to the 5' site (RNA 362-434), a concentration of
50 to 100 mM potassium acetate was optimal.
p57 is not limited to rabbit reticulocytes. To determine the

occurrence of p57 in cells other than reticulocytes, we tested
extracts from different tissues and cell lines from various
species in UV cross-linking experiments with RNA 362-831
(Fig. 3). Complexes similar to those obtained with reticulo-
cyte extracts were observed with a salt wash fraction from
rat liver ribosomes, with a cytoplasmic HeLa extract, and
with a cytoplasmic BHK cell extract, which suggests that
p57 is a ubiquitous protein. Interestingly, the upper band of
the p57 doublet is more intensive with the (total) extracts
from BHK and HeLa cells. Possibly, a modified form of p57
corresponding to the upper band is not associated with
ribosomes, as this band is not recognized in a ribosome salt
wash of BHK cells (data not shown). Similar to the protein
from rabbit reticulocytes, p57 from these different cell ex-
tracts is able to bind independently to the 5' and 3' ends of
the IRES (data not shown).
p57 binds to the RNA of EMCV and poliovirus. Recently,

Jang and Wimmer (13) demonstrated binding of a rabbit
reticulocyte protein with a molecular size of 57 kDa to the
5'UTR of EMCV. To test whether the FMDV-specific
57-kDa protein would also bind to EMCV RNA and to
poliovirus RNA, we performed cross linking experiments
with in vitro-synthesized RNAs containing the 5'UTRs of
these two viruses (Fig. 4). Incubation of the rabbit reticulo-
cyte ribosomal salt wash fraction with EMCV RNA (lane 2)
resulted in a signal comparable to that for FMDV RNA (lane
1), whereas with the same amount of poliovirus RNA, a
weaker 57-kDa band was observed (lane 5). Several addi-
tional bands were observed with EMCV and poliovirus
RNAs, which could indicate the participation of other fac-
tors in the translation initiation of these two viruses. How-
ever, they may also be due to technical factors, since the
corresponding RNAs had to be synthesized under different
in vitro conditions (see Materials and Methods).
To test whether the 5'UTR of FMDV would bind the same

protein as did the EMCV and poliovirus RNAs, an excess of
unlabeled FMDV RNA was used to compete for binding of
p57 to the RNAs from EMCV and poliovirus. Formation of
the complex with EMCV RNA was strongly reduced with a
10-fold excess of FMDV RNA (Fig. 4, lane 3) and abolished

I* I
i~~~~~~~~~~~~~~~~~~~~~~~~~illow ...

Mr
(k D)

-92.5

-69

-46

-30

1 2 3 4 5 6 7

FIG. 4. UV cross-linking of proteins from the ribosomal salt
wash fraction of rabbit reticulocytes to the 5'UTR of other picorna-
viruses. The specificity of p57 binding to 5'UTR of EMCV RNA (nt
260 to 837 [12]) and poliovirus RNA (nt 1 to 750 [15]) was tested by
competition with FMDV RNA 362-831. The molar excess of com-
petitor RNA is indicated. Lane C, complex with FMDV RNA
362-831 as a control.

with a 100-fold excess (lane 4), whereas binding to poliovirus
RNA was fully competed for with a 10-fold excess ofFMDV
RNA (lanes 6 and 7), indicating that the same p57 species
interacts with the 5'UTRs from these three picornaviruses.

Effect of single base exchanges in a pyrimidine-rich se-
quence on binding of p57. A sequence of 9 to 11 pyrimidine
nucleotides precedes the two translation initiation codons of
all FMDV strains, except for the second initiation site of
type SAT3 (28). Recently we have shown that single base
exchanges in the pyrimidine-rich sequence upstream of the
first translation start site interfere strongly with the transla-
tion efficiency (16). The affinity of p57 for the RNAs of such
mutants (listed in Fig. SA) is not significantly affected if a
long segment of the 5'UTR (RNA 176-831) is used in the
binding assays (Fig. 5B). However, if the 5' end of the
mutated RNAs is deleted up to position 742, thus limiting the
interaction of p57 to the 3' binding site, the amount of
complexed p57 parallels the translation efficiencies of the
mutants (Fig. SC). Single pyrimidine exchanges, which re-
duced the translation efficiency to levels 50 and 15% of the
wild-type (wt) level (mutants 1 and 13), led to 80 and 40%
binding of p57 to the corresponding 5' shortened RNAs (Fig.
SA). Exchange of two or four nucleotides within the pyrim-
idine sequence, reducing the translation rate to levels 12 and
5%, respectively, of the wt level (mutants 25 and 7), de-
creased p57 binding to 25 and 13%.

Footprinting of cellular factors on the 5'UTR RNA. To
analyze interactions of further cellular factors with the IRES
of FMDV, we determined the RNase-sensitive sites within
the entire region in the presence and absence of different
fractions from reticulocyte extracts. The experiments were
carried out with 5'- and 3'-end-labeled RNAs in separate
experiments to resolve the complete region (positions 362 to
831). Three different fractions from purified rabbit reticulo-
cyte ribosomes were tested: complete ribosomes, the 0.5 M
ribosomal salt wash fraction, and ribosomes after the salt
wash. The results for footprinting of the 5'-end-labeled RNA
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FIG. 5. Effect of single base exchanges near the translation start site on p57 binding. (A) Nucleotide sequence of FMDV RNA near the
translation start site. The pyrimidine region and the start codon are boxed. For the individual mutant RNAs (no. 1 to 25), only nucleotides
differing from the wt sequence are shown. The translation efficiency in rabbit reticulocyte lysates relative to wt RNA (16) is given on the right.
Also shown are binding efficiencies of p57 to RNAs 176-831 and 742-831, as determined from the autoradiographs shown in panels B and C,
respectively. The level of UV cross-linking was determined by scanning autoradiograms with a Hirschmann Elscript 400 scanner. The
background pattern of nonspecific protein bands with the wt fragment 742-831 in the rightmost lane of panel C is exceptionally high and not
representative (compare UV cross-linking with this fragment in Fig. 1B, 2A, and 2B).

are shown in Fig. 6. The ribosomal salt wash fraction as well
as the unwashed ribosomes protected several nucleotides
against digestion with the single-strand-specific nuclease P1
(compare lanes RSW and ribosomes with lane - protein).
The nucleotides at positions 405/406, 413/415, 492, 511, and
575 were protected by both fractions. Position 522 was

protected only by the ribosomal salt wash fraction. In
contrast, washed ribosomes did not protect the RNA (lane
salt washed rib.). Interestingly, no protection against the
double-strand-specific RNase Vl was observed in any case.
In contrast, the presence of unwashed ribosomes and of the
ribosomal wash fraction appeared to enhance RNase sensi-
tivity in several positions.

Footprint experiments with 3'-end-labeled RNA con-
firmed the results obtained with the 5'-end-labeled RNA
(data not shown). Protection of nt 492, 511, and 575 against
P1 digestion in the presence of both the ribosomal salt wash
fraction and the complete ribosomes was clearly observed.
In addition, an RNase-resistant triplet not resolved on the
footprint in Fig. 6 was observed in positions 764 to 766.
These nucleotides are localized close to the pyrimidine-rich
region mentioned above and may therefore represent part of
the putative 3' binding site of p57 (data not shown).

In control incubations in the absence of RNase, no signif-
icant differences were observed in the background patterns
of labeled RNA bands with or without the protein extracts,
indicating the absence of endogenous RNase activity. The

bands observed in these lanes correspond to incomplete
transcription of the template DNA and are probably due to
the high degree of secondary structure in this region.

DISCUSSION

pS7 binds to two sites within the 5'UTR of FMDV RNA. In
this report, we demonstrate that a cellular 57-kDa protein
interacts with two distinct sites at the 5' and 3' ends of the
IRES of FMDV RNA. Contacts of p57 with the middle part
of the IRES were not identified, but the intact control region
binds the protein much more strongly, suggesting a supple-
mentary effect of the central RNA segment on complex
formation. By cross-competition experiments, it was shown
that a single p57 species binds to the two sites. The equal
competition of the two corresponding RNA fragments indi-
cates a similar affinity of p57 for both sites.
The two binding sites in the 5'UTR of FMDV are more

than 300 nt apart, but the secondary structure models of the
IRES of the cardiovirus-aphthovirus group (25) suggest that
these sites may be located close together such that both of
them could be in contact with one protein (Fig. 7). In this
case, the protein would have to possess two distinct RNA
binding domains which might have different specificities.
Alternatively, both binding elements could be complexed
with different p57 molecules, and the two ends of the IRES
may be held together via p57 dimerization that might not

mutant
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FIG. 6. RNA footprint of FMDV RNA 362-831 with different
fractions of rabbit reticulocyte lysate. Shown is partial digestion of
5'-end-labeled FMDV RNA with double-strand-specific RNase Vl
(A) or single-strand-specific nuclease P1 (C) in the presence of 0.5 M
ribosomal salt wash fraction (RSW), complete ribosomes (ribo-
somes), or ribosomes after the salt wash (salt washed rib.) or
without protein (- protein), as indicated. (B) Control incubations in
the absence of RNase. Footprinting reactions were carried out as

described in Materials and Methods. Numbers refer to positions on
the FMDV RNA (8). Arrows point to protected positions.

only stabilize the tertiary structure but also allow the enter-
ing ribosomes to "jump" over most of the extended primary
sequence. In that case, one would expect identical or similar
sequences and structures in the limits of the experimentally
determined p57 binding regions (positions 362 to 434 and 742
to 831). The only direct homology consists of a conserved
UUUC motif which represents the single-stranded loop
structure in the 5' binding site and is embedded into the
pyrimidine stretch of the 3' site of all FMDV strains (28).

This short sequence cannot represent the complete recogni-
tion signal, since it occurs also in other positions which do
not interact with p57. However, as discussed below, it
probably represents a constituent of the p57 binding site.

In footprint experiments (Fig. 6), we identified RNase-
protected nucleotides in the IRES of FMDV which may
result from binding of p57 and probably some other factors
to the RNA. These protected positions are indicated in a
secondary structure model of the IRES in Fig. 7. Protection
was observed only with the single-strand-specific nuclease
P1. Therefore, it seems that the RNA-binding factors bind
mainly to single-stranded regions. The protected nucleotides
(arrowheads in Fig. 7) on stem-loop structures 2 and 5 are
probably part of the p57 binding sites, since they are located
within the limits of the minimal RNA fragments determined
so far. Other protected sites are localized on large stem-loop
structure 3, but these sites may not be in contact with p57,
since the corresponding RNA fragment (RNA 399-742) does
not bind p57 upon UV irradiation. Nevertheless, the large
central stem-loop structure is an essential element of the
IRES, and deletions in this structure result in a strong
decrease of the translation efficiency of FMDV (16).

Binding of p57 to other picornavirus RNAs. With respect to
the nucleotide sequence of the 5'UTR, the picornaviruses
can be divided in two groups, one consisting of the genera
Cardiovirus and Aphthovirus and the other consisting of the
genera Enterovirus and Rhinovirus (25, 26, 27). Although
these regions are functionally equivalent, there is very little
similarity in primary and predicted secondary structure
between the two viral groups.
A 57-kDa protein binding to the 5'UTR of EMCV RNA

was described by Jang and Wimmer (13) and Borovjagin et
al. (1). This protein is identical with p57, since the complex
with EMCV RNA can be competed for with FMDV RNA.
Only one p57 binding site has been observed for EMCV
RNA, although the 5'UTRs of FMDV and EMCV appear to
be very similar on the basis of computer-aided secondary
structure predictions and biochemical studies (25). The
EMCV-specific site corresponds to the 5' binding site of
FMDV (RNA 362-434) and seems to be represented by a
conserved hairpin (no. 2) in the predicted secondary struc-
ture model of the IRES of the cardiovirus-aphthovirus group
(Fig. 7). Complex formation is abolished if the RNA initiates
in the middle of the stem-loop structure (position 399) or if
the stem structure is destabilized by site-directed mutagen-
esis as shown for EMCV (13) but is restored by compensa-
tory mutations. Whereas the primary sequence of the loop is
conserved between the different virus species, only the
length of the stem region, not its nucleotide sequence, is
conserved. The fact that no binding of p57 to the 3' end of
the IRES has been observed for EMCV may be due to
differences in the nucleotide sequence of that region between
EMCV and FMDV. Alternatively, this finding could be due
to the fact that these authors used different binding condi-
tions. As shown above, binding of p57 to this site in FMDV
depends on specific salt concentrations. Whereas the com-
plex at the 5' binding site is enhanced at 50 to 100 mM
potassium acetate, optimal binding to the isolated 3' site was
observed in the absence of potassium acetate (Fig. 2B).

p57 binds also to the 5'UTR of poliovirus, but the complex
is weaker and can be competed for by a small excess of
FMDV RNA. One reason for the weaker binding of p57 to
poliovirus RNA might be that the affinity of this protein for
the RNA is influenced by the interaction with other cellular
factors that participate in the poliovirus-specific initiation
complex but are not present in reticulocytes. It is well
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FIG. 7. Secondary structure of the 5'UTR segment of FMDV containing the IRES element. Arrowheads indicate the protected nucleotides
identified by RNA footprinting in Fig. 6. Striped regions correspond to the 5' and 3' binding sites of p57. The translation start site at the 3'
end of the RNA and the UUUC motifs are boxed. The secondary structure model of the FMDV 5'UTR and numbering of stem-loops predicted
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known that poliovirus RNA is efficiently translated in retic-
ulocyte lysates only upon supplementation with HeLa cell
extract (5). A 52-kDa protein identified in the postribosomal
fraction of HeLa cells (19) and a membrane-associated
50-kDa protein of HeLa cells (21) interacting with specific
regions in the poliovirus IRES are possible candidates for
such essential factors.
We have found p57 not only in rabbit reticulocytes but

also in rat liver, HeLa, and BHK cells (Fig. 4). p57 of all of
these extracts is able to bind the RNAs of FMDV, EMCV,
and poliovirus (data not shown). Therefore, p57 may repre-
sent a highly conserved, ubiquitous protein.
What is the structure of the p57 binding site? The UUUC

motif is the only conserved sequence between the different
p57 binding sites and occurs in the corresponding pyrimidine
tracts of all FMDV strains (28). Notably, exchanges within
this pyrimidine-rich sequence affected the translation effi-
ciency much more strongly than do mutations elsewhere in
the surrounding nucleotides (16). In addition, single pyrimi-
dine-purine exchanges in this motif interfere with the com-

plex formation between p57 and the 5' binding site (17a). It
is therefore very probable that the UUUC sequence is an

essential element of the p57 binding site. A double-stranded
structure as in case of the 5' binding site (13) cannot be
observed for the 3' binding site. However, the pyrimidine
stretch alone, including the UUUC motif, does not meet all
conditions for specific binding, since the RNA in front of the
second translation start codon of FMDV 01K, which also
contains such a pyrimidine sequence, does not bind p57 (17a,
28). If we investigated the mutants of the pyrimidine-rich
sequence in the context of the complete IRES for p57
binding, slightly less binding activity than for the wt RNA
(less than a factor of 2) was observed. However, complex
formation with the mutagenized 3' binding sites alone was

strongly affected. This correlation between the translation
efficiency and binding of p57 to the 3' binding site suggests
that p57 is essential for the internal translation initiation of
FMDV RNA. An analogous pyrimidine-rich sequence up-
stream from the polyprotein coding region was recently
shown to be essential for efficient translation initiation of
EMCV (13). These authors postulate the interaction of an

unknown cellular factor X with this sequence, but in view of
the structural and functional homology, it is conceivable,
although not yet demonstrated, that p57 binds to both sites.
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From the work of Jang and Wimmer (13), it also seems that
the number of pyrimidine residues and the correct distance
from the translational start codon are crucial.

Different fragments of the coding and noncoding parts of
the FMDV genome, including those containing UUUC se-

quences, and some eukaryotic mRNAs used as controls (in
vitro-synthesized mRNAs of cathepsin B and a fatty acid-
binding protein of S. mansoni [not shown]) did not bind p57.
However, another mRNA of S. mansoni (coding for hemo-
globinase) formed a specific complex with the protein. We
could limit the binding site to the 5' part of the mRNA, which
consists of 32 untranslated nt in front of the start codon and
approximately 100 nt of the coding region. There is a

pyrimidine-rich sequence of 14 nt (interrupted by a single
adenosine residue) downstream from the translation start
site (14). It is highly unlikely that the translation starts at an

internal site, since this mRNA is more efficiently translated
if an m7-cap nucleotide is added to the 5' end. Rather, we

think that the mRNA sequence mimics a p57 binding site by
chance. We can take this sequence (which again carries a

UUUC motif) as another example which may help to unravel
the puzzling structural features of a p57-specific binding site.
The obviously crucial role of pyrimidine residues in the

p57 RNA interaction resembles that of a recently identified
nuclear-associated 62-kDa protein which binds to the poly-
pyrimidine tract near the 3' splice site of introns (9). Not a

specific primary nucleotide sequence but rather the total
number of pyrimidine nucleotides seems to be important for
binding of that protein. Interestingly, the authors also ob-
served that this 62-kDa protein was resolved into a double
band or a triplet of bands after UV cross-linking, which again
parallels the observation for p57 (Fig. 2). The chemical
nature of this variation is unclear.

Future work will show whether one or more additional
proteins play a crucial role in this extraordinary recognition
complex for internal translation initiation.
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