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Cap-independent translation of
encephalomyocarditis virus RNA:
structural elements of the internal
ribosomal entry site and involvement of a
cellular 57-kD RNA-binding protein

Sung K. Jang! and Eckard Wimmer

Department of Microbiology, State University of New York at Stony Brook, Stony Brook, New York 11794 USA

Translation of encephalomyocarditis virus (EMCV) mRNA occurs by ribosomal internal entry into the 5'-
nontranslated region (5’ NTR) rather than by ribosomal scanning. The internal ribosomal entry site (IRES) in
the EMCV 5’ NTR was determined by in vitro translation with RNAs that were generated by in vitro
transcription of EMCV ¢cDNAs containing serial deletions from either the 5’ or 3’ end of the EMCV 5’ NTR.
Regions downstream of nucleotide 403 and upstream of nucleotide 811 of EMCYV were required for efficient
translation. Site-directed mutagenesis revealed that a stem-loop structure (400 nucleotides upstream of the
initiation codon) was essential for IRES function. We discovered a 57-kD cellular protein whose specific
interaction with this stem-loop appears to be prerequisite for IRES function. A pyrimidine-rich stretch proximal
to the initiation codon was also crucial for efficient translation of EMCV mRNA. We propose that ribosomes

bind directly to the initiating AUG without scanning.
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Numerous observations regarding the structure and
function of picornavirus mRNAs have suggested that
the mechanism of synthesis of picornavirus proteins is
exceptional (see, e.g., Lee et al. 1976, Wimmer 1982).
Apart from the 5’ end, picornavirus genomic and
mRNAs are identical molecules, and both are infectious
in tissue-culture cells (Nomoto et al. 1977; Pettersson et
al. 1977). The most striking feature of picornavirus
mRNAs is that their 5’ terminus is pUp..., a property
unique among mammalian mRNAs (Hewlett et al. 1976;
Nomoto et al. 1976). Another unusual feature of picor-
navirus RNAs is that they have retained long (650—1200
nucleotides), 5’-nontranslated regions {5’ NTRs; com-
piled by Palmenberg 1987). This defies the notion that
the NTRs of the viral RNAs should have evolved to be of
minimal length because of the very high mutation rate
in RNA virus replication and for reasons of genetic
economy (Holland et al. 1982; Reanney 1984). The 5’
NTRs of picornaviruses therefore may have been se-
lected for their roles in viral proliferation such as effi-
cient translation, RNA replication, and encapsidation of
genomic RNAs. Moreover, the 5 NTRs contain many
unused AUG codons, and all attempts to use the clas-
sical ribosome binding/nuclease protection assay of

!Corresponding author.

Steitz (1975) for the identification of the AUG that ini-
tiates polyprotein synthesis have failed {Dorner et al.
1982, and citations therein).

We recently studied the initiation of translation of
mRNA of encephalomyocarditis virus (EMCV), a
member of the genus Cardiovirus. We proposed that this
process involves the binding of ribosomes to the 5’ NTR
independently of a free 5' end of the EMCV mRNA.
More specifically, we presented evidence suggesting that
before initiation of translation, the ribosomes attach to
an internal ribosomal entry site, referred to as IRES, that
is several hundred nucleotides long (Jang et al. 1988,
1989). These data explained results by Shih et al. {1987,
who determined an important region for translation of
EMCV mRNA by oligonucleotide hybrid-arrested trans-
lation. An element similar to the IRES of EMCV has also
been identified in poliovirus RNA (Pelletier and Sonen-
berg 1988, 1989; Trono et al. 1988), and aphthovirus
RNA (Kiithn et al. 1990). The precise size of the IRES
element of any picornavirus RNA, however, has not
been described.

The 5’ NTRs of Picornaviridae, a family of plus-strand
RNA viruses, can be divided into two groups: one con-
sisting of the genera Cardio- and Aphthovirus (the latter
represented by foot-and-mouth disease virus, FMDV],
and the other of the genera Enterovirus (represented by
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poliovirus) and Rhinovirus. The former differ from the
latter in that they contain a stretch of poly(C) within the
5' NTR, ~200 nucleotides downstream from the 5’ end
(Porter et al. 1974; Palmenberg et al. 1984). The function
of this homopolymeric region, which can be as long as
600 residues (Brown 1979}, is not well understood, but it
is unlikely that 5’-terminal nucleotides up to and in-
cluding the poly(C} play a role in controlling translation
(Sangar et al. 1980; Jang et al. 1988). On the basis of phy-
logenetic comparison, computer-aided folding, and bio-
chemical studies, secondary structures within the 5’
NTRs of picornaviruses have been suggested (Rivera et
al. 1988; Pilipenko et al. 1989a, 1989b; Skinner et al.
1989). With respect to these higher order structures, the
5' NTRs can also be divided into two groups that coin-
cide exactly with the two groups mentioned above. Re-
markably, there is very little apparent resemblance be-
tween the secondary structures of the 5 NTRs of car-
dioviruses and aphthoviruses, on the one hand, and
those of enteroviruses and rhinoviruses on the other
hand (Pilipenko et al. 1989a,b). An exciting possibility is
that the IRES elements of different picornaviruses may
control their tissue specificity by responding to different
host cell factors {Svitkin et al. 1988).

We have now defined the borders of the IRES element
of EMCV RNA, and we describe the binding of a cellular
protein of unknown function to a specific stem—loop
structure of the EMCV IRES. This interaction appears to
be essential for IRES function in translation of EMCV
RNA. The cellular protein and the binding to the viral
RNA are distinct from those recently described for po-
liovirus RNA by Meerovitch et al. (1989).

The possibility of cellular mRNAs conferring cap-in-
dependent translation will be discussed in view of the
recent observation that a specific cellular protein is
translated in poliovirus-infected cells (Sarnow 1989).

Results

Determination of the 5’ border of the IRES element in
EMCV 5' NTR

We have shown that the segment comprised of nucleo-
tides 260—834 of the EMCV 5’ NTR (total length of the
5’ NTR is 834 nucleotides; Pilipenko et al. 1989a; A.C.
Palmenberg, pers. comm.) was sufficient to allow in-
ternal entry of ribosomes, as defined by the ability of di-
or polycistronic mRNAs to allow efficient translation of
a downstream cistron in vivo and in vitro (Jang et al.
1988, 1989). We also showed that truncation up to nu-
cleotide 484 of EMCV (nucleotides 485—834), as well as
more extensive 5’ deletions, nearly abolished the func-
tion of the IRES element. To determine the 5’ border of
the IRES, several plasmids containing serial 5’ deletions
in the EMCV 5’ NTR were constructed. To minimize
initiation of translation by a scanning mechanism that
could conceivably supersede IRES function when the
latter was destroyed by deletion, we placed the modified
EMCV 5’ NTRs into a plasmid that, on transcription
with T7 RNA polymerase, yielded dicistronic, uncapped

Cap-independent translation of EMCV

mRNA (see Fig. 1A; Jang et al. 1988). This dicistronic
mRNA consisted, 5’ to 3, of the poliovirus 5 NTR, a
reporter cistron (SEA, encoding a polypeptide of 38 kD
containing 10 methionine residues), a segment of the
EMCV 5’ NTR, and the second reporter cistron ECAT
(Fig. 1A; Jang et al. 1988, 1989). ECAT encodes CAT’ (a
polypeptide of 25 kD containing 10 methionines) that
consists of bacterial chloramphenicol acetyltransferase
(CAT) plus 17 amino acids of the amino-terminal por-
tion of the EMCYV polyprotein {Jang et al. 1989) because
initiation of the EMCV polyprotein occurs at the elev-
enth AUG of the EMCV 5’ NTR (see Fig. 6; Palmenberg
et al. 1984).

In vitro transcripts of the plasmids carrying deletions
in the EMCV 5’ NTR were translated in rabbit reticulo-
cyte lysate (RRL), a system in which the poliovirus 5’
NTR functions poorly {Nicklin et al. 1987; Jang et al.
1988). The rationale for using the poliovirus 5’ NTR at
the end of the dicistronic mRNAs was to avoid transla-
tion of the second cistron by readthrough of ribosomes
from the first cistron (for discussion, see Jang et al. 1988,
1989). As can be seen in Figure 1B, all transcripts pro-
duced similar amounts of the SEA polypeptide, an obser-
vation that served as an internal control for the transla-
tion. The amount of CAT’, on the other hand, varied
with the different constructs.

RNA transcripts containing a deletion up to nucleo-
tide 373 (MPS1-ECAT374) and up to nucleotide 392
(MPS1-ECAT393) of the EMCV 5’ NTR showed about
three- and fivefold reductions in translation of the fol-
lowing indicator gene (ECAT), respectively (Fig. 1B, cf.
lane 1 with lanes 2 and 3). An explanation for this reduc-
tion will be offered in the Discussion. A construct de-
leted up to nucleotide 402 (MPS1-ECAT403M2), which
contains a double mutation indicated by asterisks in
Figure 1A, showed translation efficiency comparable to
MPS1-ECAT393, a transcript with wild-type sequence of
nucleotides 393—834 (cf. Fig. 1B, lane 3 with 4). Transla-
tion of the ECAT gene, on the other hand, was decreased
150- and 300-fold by deletions up to nucleotides 421 and
425, respectively (Fig. 1B, lanes 5 and 6). The data indi-
cate that the sequence downstream of nucleotide 403 is
crucial for internal ribosomal entry. This region includes
at its 5’ border a conserved stem—loop structure, as de-
termined by Pilipenko et al. (1989a; stem—loop E in Fig.
6, below). The deletion up to nucleotide 421 removed
half of the stem—loop structure. Replacement of the de-
leted region with a heterologous sequence (30 nucleo-
tides) failed to restore translation (Fig. 1A, MPSI-
ECAT426+; Fig. 1B, lane 6). This indicates that the pri-
mary and/or the secondary structure of the deleted
region is crucial for efficient IRES function. The impor-
tance of the stem—loop structure in translation will be
discussed later.

Using oligonucleotide-mediated hybrid arrest of trans-
lation, Shih et al. {1987) concluded that oligonucleotides
hybridizing to nucleotides 420-449 or to sequences up-
stream thereof had minimal effects on translation of
EMCV mRNA. On the other hand, oligonucleotides hy-
bridizing to nucleotides 450—479 or to sequences down-
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Figure 1. Determination of the 5’ border of the EMCV IRES. {A) Schematic diagrams of
mRNAs synthesized by in vitro transcription from plasmids deleted serially from the 5’
end of the EMCV 5’ NTR. The 5' NTRs of poliovirus and EMCV are shown as narrow
boxes. The poliovirus polyprotein and viral sea hybrid-coding sequence are depicted as a
stippled box indicated by polio-SEA. The EMCV polyprotein and CAT hybrid-coding se-
quence are depicted as a stippled box indicated by ECAT. The 3'-nontranslated region (3’
NTR) followed by the polio-SEA- and ECAT-coding sequences are depicted as lines. The
linker sequences are shown in boxes. Some sequences in the 5' NTR of EMCV are shown,

and mutations in MPS1-ECAT403M2 are indicated by asterisks {*). The positions of nu-
cleotides in the 5 NTRs of poliovirus and EMCV are indicated by numbers written verti-
cally. The sequences deleted in mRNAs are shown as broken lines. Figures are not drawn

to scale. (B) Analysis of [33S|methionine-labeled proteins synthesized in RRL by mRNAs
shown in A. Lanes are labeled according to the mRNA species used in the in vitro trans-
lation reaction. The poliovirus-SEA and the EMCV-CAT hybrid proteins are indicated as

SEA and CAT’, respectively.

stream of nucleotide 479 dramatically reduced the
translation efficiency of EMCV mRNA. We cannot ex-
plain at present why the method used by Shih et al.
{1987) did not identify stem—loop E as an important ele-
ment for translation.

Determination of the 3' border of the IRES in EMCV 5’
NTR :

Initiation of polyprotein synthesis of EMCV is thought
to occur at the eleventh AUG of the 5' NTR (Palmen-
berg et al. 1984), an initiation codon with a favorable
nucleotide context [AUAAUAUGG), according to Kozak
(1986). Similarly favorable, however, is the tenth AUG
(ACACGAUGA,; see Fig. 6) which is just 8 nucleotides
upstream of, and out of frame with, the eleventh AUG.

1562 GENES & DEVELOPMENT

B [ £

= m m o™ {Te]

r~ [+, (=] o™ o~

BB R B Do

< < >,

EEERE

— L — - — i

[7] [4)] w 7)] w w

& & &8 & & &
et L T
CAT"

5 6

Furthermore, the initiating eleventh AUG codon is fol-
lowed by another in-frame AUG (CAACCAUGA), just 3
codons downstream, which is also in a favorable nucleo-
tide context. For 3’ deletions of the EMCV 5’ NTR, we
decided to keep the AUAAUAUGG sequence intact and
inserted into all constructs a suitable restriction site
(Xhol) just upstream of this sequence. This maintained
the context of the eleventh AUG.

Unfortunately, we failed to obtain a construct con-
taining just an insertion of CCUCGAGG (Xhol linker)
sequence by the serial deletion method described in the
Materials and methods. Instead we obtained an mRNA
with a deletion between nucleotides 811 and 827
showing reduced translational efficiency of the RNA
(Fig. 2A, MPS1-ECAT811)-about fivefold compared to
the wild-type RNA (Fig. 2B, cf. lane 7 with 8). Note that
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in this construct a pyrimidine-rich segment of 9 nucleo-
tides ({the same as in the wild-type sequence] has been
reconstituted by the fusion of the sequence of the EMCV
5’ NTR with that of the Xhol linker. However, the dis-
tance between the pyrimidine-rich segment and the
eleventh AUG has been shortened. RNA transcripts de-
leted up to nucleotide 810 or further (Fig. 2A, constructs
MPS1-ECAT763, MPS1-ECAT775, MPS1-ECAT804,
and MPS1-ECAT809) showed a reduction in translation
by a factor of 100 or more (Fig. 2B, cf. lanes 1-6 with
lane 8). The replacement of a deleted sequence with a
heterologous sequence CCUCGAGG failed to restore

Figure 2. Determination of the 3’ border of the EMCV IRES. (A)
Schematic diagrams of mRNAs synthesized by in vitro transcrip-
tion from plasmids deleted serially from the 3’ end of the EMCV
5’ NTR. Symbols and letters are as described in the legend to Fig.
1A. The addition of a nucleotide [4; indicated by an asterisk {*}]
and the substitution of a nucleotide at nuclectide 831 (U to A} are
in all of our constructions compared to the sequence published
by Palmenberg et al. (1984). (B) Analysis of [33S)methionine-la-
beled proteins synthesized in RRL by mRNAs shown in A. Lanes
are labeled as described in the legend to Fig. 1B.

translational efficiency of the construct (see Fig. 2A,
MPS1-ECAT804 +; Fig. 2B, lane 5). The pyrimidine-rich
sequence occurring in several picornaviral mRNAs, just
upstream of the initiating AUG codon, has been noted
previously by Beck et al. (1983). This region is shortened
in transcripts of MPS1-ECAT809 that no longer support
efficient translation. We suggest that the pyrimidine-
rich sequence with a critical length of 9 (or possibly 8)
nucleotides plays an important role in the initiation of
translation, possibly by determining which of the AUGs
in this region is used for initiation.

Interestingly, the efficiency of translation of MPS1-
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ECAT795 and MPS1-ECAT809 mRNAs was about
threefold higher than that of the other constructs con-
taining deletions of the pyrimidine-rich sequence (Fig.
2B, cf. lanes 3 and 6 with lanes 1, 2, 4, and 5). A possible
cause of this phenomenon will be discussed later. An
insertion of an oligonucleotide (17 residues) with the se-
quence GAUAAUAUGGCCUCGAG duplicated the
eleventh AUG (MPS1-ECAT+). The duplicated AUG,
however, was out of frame with the ECAT cistron (Fig.
2A). The transcript containing this insertion produced
10-fold less ECAT product (CAT’). The reduction is
probably due to the binding of ribosomes to the AUG of
the insert, whereas CAT’ is probably produced by trans-
lational reinitiation of ribosomes migrating 13 nucleo-
tides upstream after finishing the preceding cistron (Pea-
body and Berg 1986).

Our data suggest that the 3’ border of EMCV IRES is
the conserved pyrimidine-rich sequence. Furthermore,
the distance between this pyrimidine-rich segment and
the initiating AUG appears to influence translational ef-
ficiency. In some of the translations, however, we con-
sistently see a band migrating slightly faster than CAT".
The AUG responsible for initiation of the faster mi-
grating band is not known but may be the twelfth AUG.
On the other hand, the tenth AUG appears not to be
functioning in the intact IRES element.

A stem-loop structure near the 5’ border of the IRES
element is necessary for function

The deletion experiments at the 5’ border of the IRES
(Fig. 1B) suggested that stem—loop E (see Fig. 6) was im-
portant for IRES function. This was tested by altering
the sequence in the stem, as shown in Figure 3A. Specifi-
cally, we changed two G residues to two C residues (Fig.
3A), thereby destabilizing the stem near the loop, and
determined the effect on translation either in a mono-
cistronic mRNA (BS-ECAT403M1) or in a dicistronic
mRNA (MPS1-ECAT403M1). As can be seen in Figure
3B, the mutation in one side of the stem lowered dra-
matically the synthesis of CAT’ directed by both the
monocistronic BS-ECAT403M1 mRNA (lane 1} and the
dicistronic MPS1-ECAT403M1 mRNA (lane 3).
Compensatory mutations restoring stem—loop struc-
ture E (GG to CC on one side, and CC to GG on the
other side; Fig. 3A) restored translational efficiency of
the monocistronic (BS-ECAT403M2) and dicistronic
(MPS1-ECAT403M2) mRNAs to the level observed with
wild-type sequence (Fig. 3B, lanes 2 and 4; also cf. lane 3
with 4 of Fig. 1B). Note that the higher yield of CAT’
with MPS1-ECAT (Fig. 3B, lane 5) is due to the presence
of sequences upstream of nucleotide 403 that augment
IRES function (see Fig. 1B, lanes 1, 3 and 4). We conclude
that the secondary structure rather than the primary se-
quence in stem—loop E is important for the IRES func-
tion. Translational efficiencies of monocistronic
mRNAs (BS-ECAT403M1 and BS-ECAT403M2] were
slightly higher than those of corresponding dicistronic
mRNAs containing the same mutations (MPSI-
ECAT403M1 and MPS1-ECAT403M2; Fig. 3B, cf. lanes
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Figure 3. Effect of secondary structure of stem-loop E
on translation. {A) Secondary structures of stem-loops E
and C predicted by Pilipenko et al. {1989a). Note that both
stem—loop C and E contain the loop sequence UCUUU. Muta-
tions in mRNAs BS-ECAT403M1, BS-ECAT403M2, MPS1-
ECAT403M1 and MPS1-ECAT403M2 on one side of stem—loop
E are indicated as 1, 2, 3, and 4, respectively. Second mutations
in mRNAs BS-ECAT403M2 and MPS1-ECAT403M2 on the
other side of stem—loop E are indicated as 2 and 4, respectively.
(B) Translational efficiencies of mRNAs containing mutations
in stem—loop E. Translational products synthesized in RRL by
monocistronic mRNAs (BS-ECAT403M1 and BS-ECAT403M?2)
and dicistronic mRNAs (MPS1-ECAT403M1 and MPSI-
ECAT403M2) were analyzed by SDS-PAGE. Lanes are labeled
as described in the legend to Fig. 1B.

1 and 2 with 3 and 4). We do not know the reason for the
difference in translational efficiencies of mono- versus
dicistronic-mRNAs. However, we consider it likely to
be due to the difference in ““accessibility’ of factor(s) to
the IRES, that is, a slower rate of attachment of factors/
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ribosome to the IRES element buried in a dicistronic The material migrating at 57 kD formed a doublet band.
mRNA. Based on the data of Howell et al. {1990), scan- Longer digestion of a UV cross-linking reaction mixture
ning is not likely to contribute to the translational effi- with higher concentration of RNases showed the same

pattern of protein bands (data not shown).
In experiments to identify the origin of the 57-kD pro-
tein in RRL, we used a ribosomal salt wash (RSW) frac-

ciency of these mRNAs.

Binding of a cellular protein to stem-—loop E tion of RRL as a source of protein in the binding studies
We then explored the possibility that specific cellular instead of the entire lysate. As can be seen in Figure 4C
proteins interact with the IRES element. Accordingly, (lane 1), a single 57-kD protein bound strongly to stem—
we UV cross-linked proteins contained in RRL to 32P-la- loop E, whereas the other proteins were hardly detect-
beled RNA probes. Because of the significance of stem— able. This observation suggests that a 57-kD protein (re-
loop E noted above, we concentrated on this genetic ele- ferred to as p57) that interacts with the IRES may be a
ment (see Fig. 4A). As can be seen in Fig. 4B, several ribosome-associated molecule. One additional band mi-
bands migrating as proteins of 36, 43, 50, 57, and 69 kD grating faster than p57 was detected on overexposure of
were labeled by using this technique (lanes 1-4). All the gel containing the UV-cross-linked proteins of the
RNA probes employed yielded similar band patterns ex- RSW. The significance of this observation is not yet
cept that a band with an apparent molecular mass of 57 known.

kD was seen only in experiments in which the probes The binding of the RSW-derived p57 was analyzed fur-
contained an intact stem—loop E (Fig. 4B, lanes 1 and 4). ther with RNA probes specific to the 5’ border of the
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Figure 4. Identification of a cellular protein(s) binding to stem—loop E. {A) Presumed secondary structures of RNA probes used for
UV cross-linking. Note that the nucleotide change from GG to CC destroys a part of the stem—loop E, as shown for the probe
403-488M1, and that the compensatory nucleotide change from CC to GG on the other side of stem—loop E restores the secondary
structure, as shown for the probe 403-488M2. Positions of the nucleotides in the 5 NTR of EMCV are indicated by numbers. (B)
Analysis of UV cross-linked proteins from RRL elicited by 32P-labeled RNA probes shown in A. RRL proteins incubated with RNA
probes were irradiated with UV light, digested with RNases, and analyzed by SDS-PAGE. Overexposure of an autoradiogram showed
several bands with apparent molecular masses of 36, 43, 50, 57, and 69 kD. Note that appearance of the 57-kD bands correlates well
with translational efficiencies of mRNAs (see Fig. 1B, lanes 3—5, and Fig. 3B) containing the same stem—loop E as the probes used in
the UV cross-linking reaction. Lanes are labeled according to the probes used in UV cross-linking reaction. (C) Comparison of protein
species in RSW or in RRL shown by UV cross-linking reaction with the probe 393—488. The autoradiogrph was less exposed than the
one in B. Note that one of the 57-kD bands was enhanced in UV cross-linking reaction with a RSW fraction whereas other bands were
reduced in the same reaction. Lanes are labeled according to protein sources used in the UV cross-linking reaction.
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failed to bind p57 in contrast to those RNAs containing
the entire stem—loop E (Fig. 5B, lanes 7 and 3). In the
absence of RSW, no product was observed after UV-
cross-linking (Fig. 5B, lanes 2, 4, 6, and 8). No band was
seen without UV-cross-linking (data not shown), an ob-

EMCV IRES (Fig. 5A). Probe I, containing nucleotides
393-488, bound p57 as well as probe III did (nucleotides
393-559), and no other protein bands originating from
RSW were observed (Fig. 5B, lanes 1 and 5). Probe II {nu-
cleotides 422488} and probe IV (nucleotides 422—559)
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Figure 5. Characterization of p57 with different RNA probes and com-
petitor RNAs. [A] Presumed secondary structures of RNAs used as
probes and competitors in UV cross-linking reactions with a RSW frac- 46
tion. Positions of nucleotides in the EMCV 5' NTR are indicated by
numbers. (B) Analysis of UV cross-linked protein(s) from a RSW fraction
elicited by 32P-labeled RNA probes shown in A. UV cross-linking reac-
tions were carried out with RNA probes indicated at top with (+] or
without (— ) a RSW fraction. (C) Analysis of UV cross-linked protein in a
RSW fraction elicited by 32P-labeled RNA probes 393—488 and 393-559 - 30
in the presence of competitor RNAs shown in A. UV cross-linking reac-
tions were carried out as described in Materials and methods with
1 2345 M 6 78910

probes and competitors indicated at top.
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servation suggesting that p57 is unlikely to form a tran-
sient covalent bond with the RNA. Transient covalent
binding has been observed recently with RNA-recog-
nizing proteins such as aminocacyl-tRNA synthetase
{Starzyk et al. 1982] and bacteriophage R17 coat protein
(Romaniuk and Uhlenbeck 1985).

Binding of p57 to RNA probe I was eliminated by
competition with unlabeled RNAs containing the
stem—loop E [probes I and III), but it was not influenced
by competitor RNAs lacking the stem~—loop structure
(probes II and IV), as shown in Figure 5C (cf. lanes 2 and
4 with 3 and 5). The same result was obtained when
binding to labeled probe III was subjected to competition
with cold RNAs containing either intact stem—loop E or
truncated sequences (Fig. 5C, cf. lanes 7 and 9 with 8 and
10).

In agreement with these data, the binding of p57 to
probe I in Figure 4A (wild-type sequence) was greatly re-
duced in the presence of unlabeled competitor RNA of
mutant probe IV {403—-488M2 mutant RNA in which
stem—loop E is restored; Fig. 4A), but not with RNA of
probe III (403-488M1), the RNA with the destabilized
stem—loop E (data not shown). Binding of the 36-, 43-,
50-, and 69-kD proteins seen in Figure 4B was always
reduced no matter which competitor RNA was used
(data not shown). We conclude that p57 is a cellular pro-
tein that specifically binds to stem—loop E of the IRES of
EMCV.

Binding of cellular protein p57 to stem—loop E
correlates with IRES function

The ability of p57 to bind to stem—loop E correlated well
with the translational efficiency of the synthetic
mRNAs. RNA probes containing wild-type stem—loop E
(structure I in Fig. 4A) or stem—loop E with four muta-
tions that restore the stem adjacent to the loop (struc-
ture IV in Fig. 4A) strongly bound p57 (Fig. 4B, lanes 1
and 4). mRNAs containing these structures were effi-
cient in translating CAT’ (see Fig. 1B, lanes 1-4; Fig. 3B,
lanes 2 and 4). On the other hand, RNA probes con-
taining either one-half of stem E {structure II in Fig. 4A)
or a modified stem—loop E with destabilizing mutations
(structure III in Fig. 4A) at best showed weak binding to
p57 (Fig. 4B, lanes 2 and 3). Dicistronic mRNAs con-
taining these deleted or modified structures in their
EMCV IRES had greatly diminished translational effi-
ciencies for CAT’ (Fig. 1B, lane 5; Fig. 3B, lane 3).

Discussion

We recently proposed that initiation of translation of
EMCV RNA occurs by ribosomal internal entry into the
5’ NTR without the requirement for a free 5’ end (Jang et
al. 1988, 1989). Such a mechanism is quite different
from that proposed for capped cellular mRNAs {Kozak
1978), but the individual steps of ribosomal internal
entry and the molecular elements required for such an
event are not yet understood. We have begun to dissect
the IRES of EMCV and have discovered a cellular protein

Cap-independent translation of EMCV

that specifically interacts with a structural element of
the IRES.

A stem—loop structure 400 nucleotides upstream from
the initiation codon is crucial in translation of EMCV
RNA

We reported previously that the full-length 5’ NTR of
EMCV and a 5 NTR beginning at nucleotide 260
(MPS1-ECAT) were equally efficient in protein synthesis
(Jang et al. 1988}, an observation suggesting that the nu-
cleotides up to nucleotide 259 had no influence on
translation. However, a deletion up to nucleotide 402 re-
sulted in a fivefold reduction in translation when com-
pared to MPS1-ECAT RNA, and a reduction was even
seen when the deletion involved sequences only up to
nucleotide 374 (Fig. 1B, cf. lane 1 with 2—4). This obser-
vation suggests that a structural element, contributing
to efficient translation, resides between nucleotides 260
and 402. On inspection of the proposed secondary struc-
ture of the EMCV 5’ NTR (Pilipenko et al. 1989a), we
observed that stem—loop C contains a UCUUU loop
identical to that of stem—loop E (see Figs. 3 and 6). Be-
cause stem—loop C was removed in all 5'-deletion
variants analyzed in this study, we consider it possible
that, functionally, stem—loop C is a duplication of
stem—loop E and may therefore augment translational
efficiency. This hypothesis could be tested by replacing
stem—loop E with stem—1loop C.

A 5' deletion up to nucleotide 421 or base changes in-
terrupting the stem reduced the translational efficiency
drastically. This indicated the importance of stem—loop
E, a structural element conserved among cardioviruses
and aphthoviruses (Pilipenko et al. 1989a).

Binding of a cellular 57-kD protein may be an essential
step in translation of EMCV RNA

The data presented in Figures 4B and 5B show that
stem—loop E binds a cellular protein, p57. Binding is
abolished when the stem adjacent to the UCUUU loop
is destabilized by mutation but restored when mutations
on both sides restore the secondary structure. Binding of
p57 and translational efficiency covary, an observation
suggesting strongly that the cellular polypeptide p57
plays a crucial role in translation of EMCV RNA. The
properties of p57 are under investigation. The function
of p57 in host cell metabolism is not yet known. It ap-
pears that p57 is a ribosome-bound protein, a property
that would befit a role in mediating ribosome binding to
the IRES. However, p57 exists in small quantities in the
postribosomal fraction of RRL. A double band was seen
to migrate at ~57 kD when proteins of RRL were UV
cross-linked to RNA probes (Fig. 4B), and it is therefore
possible that p57 may exist in different forms (see also
Fig. 4C) that may differ, in turn, in their affinity for the
ribosome.

Very recently, Borovjagin et al. {1990) have observed
the binding of a protein from ascites carcinoma Krebs-2
cells to nucleotides 315—485 of the 5 NTR of EMCV.
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Figure 6. A model for translational initiation of EMCV mRNA by internal ribosomal entry. A protein that binds to stem—loop E
(p57) and a putative protein that binds to the pyrimidine-rich sequence (X) are depicted as boxes shaded lightly and densely, respec-
tively. A 40S ribosomal subunit is depicted as an oval. The secondary structure of the EMCV 5’ NTR [from the poly(C) stretch to the
initiation codon of EMCV polyprotein shown in a box], predicted by Pilipenko et al. (1989a), is used in the illustration. The stem—loop
structures are sequentially named by letters of the alphabet. Positions of nucleotides in the EMCV 5’ NTR are indicated by numbers.

This protein (p58) may be identical to p57 in its binding
properties to the IRES element described here, although
the investigators failed to discover p57 in RRL extracts.
Furthermore, the role of Krebs-2 p58 in translation was
not studied.

A possible function of the pyrimidine-rich sequence
proximal to the initiating AUG codon

Modification of the nucleotide sequence preceding the
AUG initiating polyprotein synthesis of EMCV (the
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eleventh AUG, shown in a box in Fig. 6) strongly influ-
ences translation of ECAT. Replacement of 17 nucleo-
tides (CUUUGAAAAACACGAUG) near the eleventh
AUG with a linker sequence (CCUCGAGG) (see Fig.
2A, MPS1-ECAT811) reduced translational efficiency of
the construct about fivefold (cf. Fig. 2B, lane 7 with 8).
Translation was all but abolished when two more nu-
cleotides were deleted (MPS1-ECATS809). Translation
was not restored upon further deletion (MPS1-ECAT-
763, MPS1-ECAT775, MPSI1-ECAT795, and MPSI-
ECATR804) (Fig. 2B, lanes 1-6). A pyrimidine-rich seg-
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ment with the sequence UUUUCCUUU therefore ap-
pears to be a critical region involved in the regulation of
initiation of protein synthesis. Interestingly, in MPS1-
ECATS811 RNA, which directs efficient translation of
ECAT gene (Fig. 2B, lane 7), the pyrimidine-rich seg-
ment is as long as the authentic EMCV 5’ NTR (9 nu-
cleotides), although it differs in sequence by 2 nucleo-
tides (UUUUCCCUC). This may suggest that the
number of pyrimidines, and not necessarily the se-
quence, is essential for efficient IRES function. The po-
sition of the pyrimidine segment may also play a role in
determining the translational initiation site. For ex-
ample, the translational efficiency of MPS1-ECAT795
RNA, which contains a (C), stretch 20 nucleotides from
the initiation codon, was clearly higher than that of
other deletion constructs such as MPS1-ECAT804 (Fig.
2B, cf. lane 3 with 4). Note that the distance of the C
stretch to the initiation codon of MPS1-ECAT795 (19
nucleotides) is similar to that of the pyrimidine stretch
to the initiation codon of MPS1-ECAT (18 nucleotides).

The UUUUCCCUC sequence in MPSI-ECATS11 is
separated from the twelfth AUG codon at nucleotide
846 (834AUGGCCACAACCAUGAS849) by 21 nucleo-
tides. Presently, we do not know whether the ECAT
product from MPS1-ECAT811 RNA is initiated at the
eleventh or at the twelfth AUG (at nucleotide 846). A
decision between these two possibilities can be made by
amino-terminal sequencing of the translation product.
On the other hand, the tenth AUG codon (at nucleotide
824) just upstream of the authentic initiation codon for
polyprotein synthesis is rarely, if ever, recognized by the
ribosome even though it contains a favorable Kozak’s
consensus sequence (824ACGAUGAUAAUAUGGS837;
see also Howell et al. 1990). These observations under-
score the precision by which the IRES element directs
the initiation of translation to a single AUG codon
within the long 5° NTR. One would predict, however,
that the tenth AUG can be used if the IRES element is 5’
deleted and, thus, its function is destroyed. This was in-
deed found by R. Jackson and his colleagues (Howell et
al. 1990).

How does the EMCV IRES work!

The data presented here suggest that the EMCV IRES
contains at least two domains important for function:
stem—loop E and the pyrimidine-rich segment. These
domains, which are conserved among cardioviruses and
aphthoviruses {Beck et al. 1983; Pilipenko et al. 1989a),
are separated by several hundred nucleotides, although
they may be in close proximity in the tertiary structure.

A possible mechanism for the initiation of translation
is illustrated schematically in Figure 6. Polypeptide p57,
a cellular RNA-binding protein, will specifically attach
to stem—loop E of the IRES. By means of its apparent
affinity to the ribosome, it will bring the 40S ribosomal
subunit into the vicinity of potential initiation codons.
Whether the 40S subunit selects the eleventh AUG
codon by hybridization of a purine-rich sequence near
the 3’ end of its 185 RNA to the pyrimidine-rich seg-
ment of the IRES or whether a polypeptide {denoted as X

Cap-independent translation of EMCV

in Fig. 6) that recognizes the pyrimidine-rich sequence is
involved remains to be investigated. The structures be-
tween stem—loop E and the pyrimidine-rich segment in
the EMCV 5’ NTR may also be essential for IRES func-
tion (G.W. Witherell, S.K. Jang, and E. Wimmer, un-
publ.). Kithn et al. (1990) found that modifications in the
corresponding region of the FMDV 5’ NTR strongly re-
duced translational efficiency. These investigators also
recognized the importance of the pyrimidine-rich seg-
ment for IRES function of FMDV mRNA.

Many features of the EMCV IRES, which is represen-
tative of cardioviruses and aphthoviruses, appear to be
quite different from features of the poliovirus IRES,
which is representative of enteroviruses and rhino-
viruses (see introductory section). (1) Although the
borders of the poliovirus IRES have not yet been defined,
it is known that an essential element {(a stem-loop
structure consisting of nucleotides 567-~627; Pilipenko
et al. 1989b) of the polio IRES is separated from the initi-
ating AUG codon by ~100 nucleotides (Bienkowska-
Szewczyk and Ehrenfeld 1988). These 100 nucleotides
can be deleted without loss of viral viability (Kuge and
Nomoto 1987). Insertion of AUG codons into these 100
nucleotides disturbs viral rcplication, an observation
suggesting that the ribosomal subunit may scan through
this region after it has attached to the IRES (Kuge et al.
1989). Interestingly, these 100 nucleotides have been
naturally deleted in rhinovirus RNA (Callahan et al.
1985; Skern et al. 1985). (2] As mentioned before, Meer-
ovitch et al. (1989) identified a cellular protein {p52) that
specifically binds to the stem—loop structure {nucleo-
tides 567~627). Del Angel et al. (1989) have also found
that cellular proteins form a complex with the polio-
virus 5’ NTR, and they have proposed that an eukaryotic
initiation factor (eIF-2a) is in the complex. On the basis
of the difference in primary and secondary structure of
the protein-binding stem—loops of EMCV and poliovirus
IRES elements, and because probe I (Fig. 4A) does not
compete with poliovirus RNA for the binding to p52 {N.
Sonenberg and S.K. Jang, unpubl.), we determined that
the p52 described by Meerovitch et al. (1989) and the p57
described here are different molecules.

The differences seen in picornavirus IRES elements
must not distract from their common function: initia-
tion of protein synthesis in a cap-independent fashion
(Jang et al. 1988, 1989; Pelletier and Sonenberg 1988,
1989). Such differences are likely to play a role in deter-
mining host range or tissue tropism: The elements may
require different sets of factors to function efficiently in
different cells. The difference between the translational
efficiency of EMCV RNA and poliovirus RNA in RRL
may be taken as a simple but telling example. Whereas
EMCYV RNA is a superb mRNA in RRL, poliovirus RNA
hardly stimulates protein synthesis in this system, and
much of the protein produced in RRL under the direc-
tion of poliovirus RNA is initiated at the wrong AUGs
(Dorner et al. 1982, 1984; Nicklin et al. 1987). Addition
of HeLa cell factors to RRL, on the other hand, dramati-
cally stimulates translation of poliovirus RNA in RRL,
and the viral polyprotein is initiated at the proper AUG
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at the end of the 5 NTR {Brown and Ehrenfeld 1979;
Dorner et al. 1984; Svitkin et al. 1985, 1989).

Are IRES-like elements functioning in cellular protein
synthesis?

The IRES elements of EMCV and poliovirus can func-
tion in mammalian cell extracts or in intact cells
without the involvement of viral gene products (Jang et
al, 1988, 1989; Pelletier and Sonenberg 1988, 1989). This
indicates the presence in mammalian cells of factors
that recognize and utilize these structures in the 5’
NTRs of picornaviral mRNAs. It follows that cellular
factors, such as p57, are also likely to interact with
IRES-like structures in cellular mRNAs, thereby, in spe-
cific cases, overriding cap-dependent initiation of trans-
lation. So far, no cellular IRES has been described, but
the 5 NTR of glucose-regulated protein 78/immuno-
globulin heavy chain-binding protein (GRP78/BiP) is a
candidate to harbor such an element. This is based on
the observation that the translation of GRP78/BiP is en-
hanced in poliovirus-infected cells and therefore may di-
rect cap-independent initiation of translation (Sarnow
1989). Indeed, the 5' NTR of GRP78/BiP mRNA, when
engineered into the center of a dicistronic mRNA, can
efficiently promote translation of the second cistron in
vivo (P. Sarnow, pers. comm.). We consider it likely that
many more cellular mRNAs with 5 NTRs similar to
that of GRP78/BiP will be discovered in the future.

Materials and methods
Construction of plasmids

Enzymes for cloning and modifying DNA were purchased from
New England Biolabs, Inc., and Bethesda Research Laboratories,
Inc. DNA manipulations were done by standard procedures, or
as indicated (Maniatis et al. 1982). Plasmid pMPS1-ECAT con-
taining a T7 promoter and a dicistronic coding sequence was
derived from plasmids pMPSI1-E2A (Jang et al. 1988) and pBS-
ECAT {Jang et al. 1989) by replacing the EMCV-2A sequence of
pMPS1-E2A with the EMCV-CAT sequence of pBS-ECAT.
Upon in vitro transcription with T7 polymerase, pMPS1-ECAT
produces a dicistronic mRNA containing, in 5’ to 3’ order, the
first cistron consisting of the poliovirus 5’ NTR and the coding
region of the viral sea oncogene, followed by the second cistron
consisting of the EMCV 5’ NTR and the coding region of the
CAT gene. In this construct, the CAT gene product carries an
extra 17 amino acids originating from the amino-terminal por-
tion of the EMCYV polyprotein.

To make plasmids containing serial deletions from the 5’ end
of the EMCV 5' NTR (pMPS1-ECAT374, pMPS1-ECAT393,
pMPS1-ECAT422, and pMPS1-ECAT426+), plasmid pMPS1-
ECAT was digested with EcoRl, and the smallest fragment con-
taining the 5" NTR of EMCV (nucleotides 260—833) and a part
of the CAT-coding sequence was isolated following low
melting point (LMP) agarose gel electrophoresis. The isolated
fragment (1 pg) was incubated with 0.5 unit of exonuclease III,
which has 3’-exonuclease activity, for 5, 10, 15, 20, and 40 min.
After combining all of the reaction mixtures, the single-
stranded ends of the fragments produced by the exonuclease III
were removed by S1 nuclease, and residual single-stranded por-
tions of the DNAs were filled in by Klenow fragment of Esche-
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richia coli DNA polymerase. An EcoRI linker (5'-
GGAATTCC-3’) was ligated to both ends of the blunt-ended
DNA fragment, followed by double restriction enzyme diges-
tion with EcoRI and HindIIl and isolation of the smaller frag-
ments. These fragments, which had various deletions at the end
of the EcoRI linker side and fixed ends at the HindIll side, were
ligated with two other fragments of pMPS1-ECAT: the smaller
fragment of pMPS1-ECAT (generated by Pvul and HindIlI diges-
tion), and the larger fragment of pMPS1-ECAT (generated by
EcoRI and Pvul digestion). The ligated DNAs were transformed
into E. coli cells and screened by use of restriction enzymes.
Deleted portions of plasmids were identified by a dideoxynu-
cleotide-sequencing method with a primer hybridizing to nu-
cleotides 505-519 of the EMCV 5’ NTR.

Plasmids used for transcription of dicistronic mRNAs con-
taining serial deletions from the 3’ end of the EMCV 5’
NTR (pMPS1-ECAT763, pMPS1-ECAT775, pMPS1-ECAT-
795, pMPS1-ECATS04, pMPS1-ECAT804 +, pMPS1-ECATS09,
pMPS1-ECATS811, and pMPS1-ECAT +) were constructed as
follows. Plasmid pBS-ECAT(Xhol) containing a Xhol site and
the initiation codon of the EMCV polyprotein at the Ball site in
the plasmid pBS-ECAT was constructed by blunt-end ligation
of a linker (5'-CCATTATATCCTCGAGGATAATATGG-3'}
and the plasmid pBS-ECAT partially digested with Ball en-
zyme. Plasmid pMPS1-ECAT(Xhol) containing a Xhol site was
constructed by a blunt-end ligation of a Xhol linker (5'-
CCTCGAGG-3'), and plasmid pMPS1-ECAT linearized with
BstXI and treated with T4 DNA polymerase. Plasmid pMPS1-
ECATI10 was constructed by a ligation of the smaller fragment
of pBS-ECAT{Xhol) (generated by Hpal and Xhol digestion) and
the larger fragment of pMPS1-ECAT{Xhol) (generated by Hpal
and Xhol digestion). The final plasmids containing serial dele-
tions at the 3’ part of the EMCV 5' NTR were constructed by
ligation of the larger fragment of pMPS1-ECATI0 {generated by
Xhol and HindIll digestion) and serially deleted fragments of
pS32Alll (Jang et al. 1988). The serial deletion of pS32AIIl was
performed as described above except that Ball restriction was
used instead of EcoRI and incubation times for exnuclease III
treatment were 3, 6, 9, 12, and 15 min. The serially deleted
pS32AIIl fragments were ligated with a Xhol linker (5'-
CCTCGAGG-3') and then digested with Xhol and HindIIl. The
smaller fragment of the digested DNA was ligated with the
larger fragment of pMPS1-ECATI10 described above. The re-
sulting plasmids were screened by restriction enzymes and se-
quenced by use of a CAT primer (5'-GGATATAT-
CAACGGTGG-3') hybridizing to a CAT-coding sequence.

Plasmid pBS-ECAT403M1 was constructed by a three-frag-
ment ligation of the larger fragment of pBS-M+ (Stratagene;
generated by EcoRI and Pstl digestion), the 2530-nucleotide
fragment of pBS-ECAT (generated by HindlIll and PstI diges-
tion), and the 90-nucleotide fragment produced by a polymerase
chain reaction (PCR; from the EcoRI to the HindlIll site). The
PCR was carried out as recommended by the supplier {Perkin-
Elmer Cetus) with primers (5'-GGGAATTCGAGCATTCC-
TACCGGTCTTTCCCCTCTC-3’ and the CAT primer de-
scribed above) and plasmid pBS-ECAT as template. Plas-
mid pBS-ECAT403M2 was constructed similarly to pBS-
ECAT403M1, but a different primer {5-GGGAATTCG-
AGCATTCCTACCGGTCTTTCCGGTCTCGCCAAA-3') was
used for the EMCV sequence. Plasmid pMPS1-ECAT403M1
was constructed by three-fragment ligation of the 5287-nucleo-
tide fragment of pMPS1-ECAT (generated by EcoRI and Pvul
digestion), the 3356-nucleotide fragment of pMPS1-ECAT (gen-
erated by HindIll and Pvul digestion}, and the 90-nucleotide
PCR fragment used for pBS-ECAT403M1 construction. Plasmid
pMPS1-ECAT403M2 was constructed similarly to pMPS1-
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ECAT403M2, but the PCR fragment for pBS-ECAT403M2 was
used instead of the PCR fragment for pBS-ECAT403M1. The
fidelity of all portions of plasmids generated by PCR was con-
firmed by sequencing.

Plasmid pBS-ECAT393 was constructed by three-fragment li-
gation of the 3165-nucleotide fragment of pBS-ECAT (generated
by EcoRI and Pstl digestion), the 2324-nucleotide fragment of
pBS-ECAT (generated by Kpnl and Pstl digestion), and the 309-
nucleotide fragment of pMPS1-ECAT393 (generated by EcoRI
and Kpnl digestion). Plasmid pBS-ECAT422 was constructed
similarly to pBS-ECAT393, but the 279-nucleotide fragment of
pMPS1-ECAT422 (generated by EcoRI and Kpnl digestion) was
used instead of the 309-nucleotide fragment of pMPSI-
ECAT393.

In vitro transcription and translation

The plasmids purified by CsCl gradient centrifugation were lin-
earized with different restriction enzymes prior to in vitro tran-
scription. All plasmids whose transcripts were used for in vitro
translation were digested with Hpal, an enzyme that cleaves
plasmids after the CAT-coding sequence. To generate the
probes 393-488, 422-488, 403-488M1, 404-488M2,
393-559, and 422-559, we used pBS-ECAT393 digested with
Hindlll, pBS-ECAT422 digested with HindIll, pBS-ECAT403M1
digested with HindlIll, pBS-ECAT403M2 digested with Hindlll,
pBS-ECAT393 digested with Bgll, and pBS-ECAT422 digested
with Bgll, repectively. T7 RNA polymerase was a kind gift of
John J. Dunn. Transcription reactions were carried out as de-
scribed previously (van der Werf et al. 1986). Transcription of
32P-labeled RNA was carried out similarly to that of unlabeled
RNA, but 10 uM of unlabeled UTP and 32P-labeled UTP (120
wCi) were used instead of 1 mM of unlabeled UTP.

In vitro translation of the RNA transcripts was performed in
RRL, as described by the supplier (Promega). The final RNA
concentration in the reaction mixtures was 30 nM, which is
favorable for EMCV mRNA translation (Jang et al. 1988).
Translation was carried out at 30°C for 60 min; protein syn-
thesis was measured by incorporation of [35S]methionine.
Translation products were analyzed on 12.5% SDS-polyacryl-
amide gels by use of the buffer system described by Nicklin et
al. {1987). Gels were treated with En®Hance (New England Nu-
clear Corp.), dried, and exposed to Kodak XAR-5 film for 18 hr.
Translation products were quantified using an Ambis Radioan-
alytic Imaging System (Ambis System, Inc.).

UV cross-linking of RNAs

The UV cross-linking reaction was performed as described by
Meerovitch ct al. {1989), with several modifications. Gel-puri-
fied RNA probes {10* to 10° cpm), labeled with [32PJUTP, were
incubated at 30°C for 20 min in a 30-pl total volume of binding
buffer {Konarska and Sharp 1986} into which ~75 ug of RRL or
RSW proteins were added. For competition assays, ~2.8 ug of
unlabeled RNAs were added in binding buffer and incubated at
30°C for 10 min prior to adding labeled RNAs. Samples were
irradiated with UV light on ice for 30 min with a UV-Strata-
linker (Stratagene). Unbound RNAs were digested with 20 pg of
RNase A and 20 units of RNase T1 by incubating at 37°C for 30
min. Samples were analyzed by SDS-PAGE electrophoresis fol-
lowed by autoradiography. Preparation of RSW from RRLs was
by the method of Schreier and Staehelin {1973).
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