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The internal ribosomal entry site (IRES) of picornaviruses consists of various sequence and structural
elements that collectively impart translational function to the genome. By engineering substitution and
deletion mutations into the J-K elements of the encephalomyocarditis virus IRES, translationally defective
viruses with small-plaque phenotypes were generated. From these, 60 larger-plaque revertant viruses were
isolated and characterized, and their sequences were compared with a structural model of the IRES. The data
provide confirming evidence for the existence of helix J3 within stem J but suggest that helix J1 is 3 bp longer
than previously estimated. They also suggest that previously modeled stems L. and M should be replaced by an
alternative structure. One reversion mutation was mapped to the leader protein coding region. This change of
leader amino acid 20 from Pro to Ser increased the viral plaque size dramatically but did not alter the cell-free
translational activity of the mutated, parental IRES.

Picornavirus RNA translation is initiated by cap-indepen-
dent, internal binding of ribosomes to an RNA segment within
the 5’ untranslated region of the genome (1, 2, 11, 15). Most
internal ribosomal entry site (IRES) segments span about 400
nucleotides and contain multiple secondary and tertiary struc-
tural elements, which presumably mediate interactions with
initiation factors and ribosomal subunits. For picornaviruses,
two classes of IRES structures have been proposed according
to chemical and enzymatic probing, sequence comparisons,
and minimum-free-energy predictions. The group I IRESs of
entero- and rhinoviruses share sequences and structural motifs
among themselves that are not common to the group II car-
dio-, aphtho- or hepatovirus IRESs (10). Genetic substitution
and revertant analysis have been used effectively to map sev-
eral functionally important regions within the group I IRESs
(4, 5, 17, 18, 21). The group II IRESs have been modeled
according to the sequence of encephalomyocarditis virus
(EMCYV) and phylogenetically related cardioviruses (6, 16),
but similar mapping techniques have not been applied to the
same extent as with group I IRESs.

Previously, we described six specific substitution mutations
and four short deletions that were engineered into one impor-
tant region of the EMCV IRES, the J-K domain (9). The
phenotypes were defined according to in vitro and in vivo
translation activity and infectivity of the viral genomes. The
mapping highlighted the J and K terminal loops, the J3 helix,
and an A-rich bifurcation loop at the J-K junction as particu-
larly critical for translation initiation as directed by this IRES
(Fig. 1). During these analyses it was also observed that mu-
tated RNA transcripts varied greatly in their ability to induce
plaques on HeLa cells, with phenotypes that ranged from no
plaques to plaques of almost wild-type (wt) size. Moreover,
with several of these mutations, including G728C (helix J3),
U747A (K loop), A772C (A-rich bifurcation loop), and 709A7
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(J loop), it was noticed that large-plaque viruses occasionally
arose against a background of smaller plaques. Although a
virus’s plaque phenotype may be influenced by several genetic
components, it seemed reasonable that among these larger-
plaque isolates might be sequences with restored IRES trans-
lational activity through direct or second-site reversions.

As now described, 60 larger-plaque isolates which reverted
the minute (or nonexistent)-plaque phenotypes of translation-
ally defective mutants were sequenced, reconstructed into viral
cDNAs, and then characterized for translational and viability
phenotypes. The isolates were plaque purified (two times) be-
fore amplification to verify the stability of their phenotypes and
their genetic homogeneity. Each was named according to the
location of the original mutation (e.g., 709), followed by R, and
then a number (e.g., 709R3). If the larger-plaque virus was
spontaneously isolated from a smaller-plaque (putative) rever-
tant, an additional letter (e.g., 709R3A) was included, indicat-
ing a possible two-step mutational process. The relative plaque
sizes (RPS) of all isolates were quantitated on a scale of 0 to 10
relative to that of vM/E, a well-described recombinant-derived
strain with wild-type translational and growth characteristics
(7-9). Each isolate’s IRES (EMCYV bases 407 to 873) was then
amplified by PCR and sequenced in the region of the original
mutation. Candidate sequences for IRES reversions and rep-
resentative isolates of direct reversions were stabilized in plas-
mids, resequenced throughout the IRES, and then substituted
(along with their parental mutations) back into pEA1.1Eco (9)
before additional testing to determine if these changes actually
functioned as translational reversions. In the first test, RNA
transcripts were quantitated for ability to direct synthesis of the
viral L-P1-2A protein in reticulocyte extracts. Increased activ-
ity, dependent upon the new mutation, was indication that the
alteration(s) was indeed a translational reversion. In a second
test, each recombinant IRES in a full-length pM/E context (9)
was transfected into cells and the progeny virus was assayed for
comparative plaque phenotypes (19) relative to those of the
initial isolates.

Revertants of G728C. Mutation G728C destabilized the pu-
tative J3 helix by replacement of a C-G base pair with a C-C
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FIG. 1. J-K region of the EMCV IRES. (A) Engineered mutations G728C, U747A, A772C, and 709A7 in the J-K IRES segment of vM/E are described elsewhere
(9) and named by the mutation (e.g., G-to-C substitution) and location of the altered EMCV-R base (GenBank no. M81861). Sequence numbering is from EMCV-R.
(B) Mapped spontaneous IRES reversions to mutation G728C. (C) Mapped spontancous IRES reversions to mutation A772C. (D) Mapped spontaneous IRES
reversions to deletion mutation 709A7. Note that this structure is modeled according to the deleted J loop.
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TABLE 1. Characteristics of mutant and revertant viruses

Spontaneous larger plaque c¢DNA reconstructed

Original Relative
J-K Sequence No. of translation
mutation change in times  Example RPS“ RPS* activity”
IRES isolated [% (no. of
tested isolates)]
None —¢ — VM/EWwt) 10 — 100
G728C — - — o — 29
C728G (wt) 1 — 10 — 107 (1)
Non-IRES 2 — 1 — 31(2)
C696G 1 728R4 10 10 90 (1)
C696A 1 728R6 7 5 51(1)
C788U 1 728R1 4 2 56 (1)
U747A — — — 4 — 85
A747U (wt) 10 — 10 — ND
A747C 4 — 9 — ND
709A7 — — — 0 — 25
Non-IRES 6 — 1 — 26 (5)
C788U 2 T709R4A 4 2 55(2)
G,680Gs5 1 709R6A 4 2 46 (1)
G716U 1 709R3A 3 3 58 (1)
AT72C — — — 3 — 30
CT772A (wt) 17 — 10 — 98 (2)
Non-IRES 2 — 5 — 38(2)
C772U0 2 T72R24 5 5 90 (2)
U768A 2 T72R30 10 9 101 (1)
U768G 6 772R26 10 10 89 (2)
C891U° 1 772R4 7 5 ND
CCA891AGU* — P20S 5 30 (1)

“ Plaque size was quantitated on a scale of 1 to 10 relative to that of vM/E (3.2
mm at 30 h posttransfection).

b Relative [**S]Met incorporation in reticulocyte extracts. ND, not deter-
mined.

¢ —, not applicable.

4 Plaques only after 50 to 70 h posttransfection with 1 to 2 pg of RNA.

¢ Located in leader protein coding region.

interior loop (Fig. 1B). The substitution had strong, negative
effects on IRES-directed translation in vitro and in vivo (9),
and mutant-containing transcripts produced plaques only at 50
to 70 h after transfection, and then at a frequency 10*-fold
lower than that of the wild type. The low infectivity suggested
that any observed plaques were probably reversions. Viruses
from six such plaques were isolated and sequenced (Table 1).
One isolate had a direct reversion (C728G), two had restored
(C696G) or partially restored (C696A) the base pair disrupted
by the G728C mutation, and one virus had a base change
(C788U) just outside the J-K domain.

As expected, the sequence with a direct reversion restored
full in vitro translational efficiency (107%) and wt plaque size.
Since this isolate now contained a normal IRES, it was not
characterized further. Of greater interest were the transversion
mutations at base 696 which replaced (C696G) or partially
replaced (C696A) the original C-G base pair with G-C and
A-C pairs, respectively. Of these, C696G had the stronger
revertant phenotype. When engineered into a viral context
(pEA1.1Eco) along with its parental mutation, this change
increased the translational efficiency to 90%, a level indistin-
guishable from that of vM/E, and also restored the RPS to 10.
The engineered A-C pair at the same location (C696A) only
partially restored translation (51%) and gave a plaque size
(RPS = 5) smaller than that of the original isolate, 728R6.
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FIG. 2. Non-IRES 772R4 characterization. The BssHII-BstBI fragment from
772R4 that reverted the A772C plaque phenotype was sequenced to find a
C891U change in the leader coding sequence. The two-primer method of mu-
tagenesis (Muta-Gene kit; Bio-Rad) was then used to change the same 20th
codon from CCA to AGU (P20S) within plasmid pEA1.1Eco (9). The engi-
neered mutation was transferred into pEA1.A772C and pM/E.A772C by ex-
change of a BssHII-BstBI fragment. Cell-free translations (9, 14) containing
[**S]methionine (1 mCi/ml) were programmed with the indicated concentrations
of RNA transcripts from VM/E, A772C or A772C containing the engineered
P20S sequence. After 60 min at 30°C, the reactions were stopped and quantitated
for acid-insoluble radioactivity as described previously (13).

Thus, C696A was a partial translational reversion but alone
was insufficient to explain the enhanced plaque phenotype of
728R6. Another unidentified change(s) outside of the IRES
must also be present in this virus.

A similar phenotype characterized 728R1, in which sequenc-
ing identified a C-to-U change in EMCV base 788. This nu-
cleotide, in stem-loop L, is outside the J-K domain (Fig. 1B).
Despite its distance from G728C, engineered C788U gave par-
tial restoration of translation activity (to 56%) and plaque size
(to an RPS of 2). Again, however, this change alone (C788U)
was insufficient to restore the complete plaque size of the
original revertant (RPS = 4). Like C696A, C788U was a trans-
lational reversion, but it was only partially responsible for the
enhanced plaque phenotype.

The two remaining G728C plaque isolates (RPS = 1) were
sequenced throughout their IRESs (EMCYV bases 260 to 873),
but no changes other than the original mutations were identi-
fied. As confirmation, PCR fragments containing these seg-
ments were reconstructed into vM/E and tested for cell-free
translation. The poor activity (31%) discounted an IRES re-
version as the source of these minute plaques, and these iso-
lates were not characterized further.

Revertants of U747A. RNA transcripts containing U747A
mutations were only marginally impaired in cell-free reactions.
The genotypic defects of these sequences were evident only
when translated in vivo or assayed for infectivity (9). HeLa
transfection of U747A mutation gave uniformly small plaques
(RPS = 4). Of the 14 larger-plaque isolates, 10 were sequenced
as direct revertants, restoring wild-type plaque size (RPS = 10)
and translational efficiency. The other four revertants had al-
terations at exactly the same base but replaced a C rather than
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FIG. 3. Revised EMCV J-K model. This model is similar to that previously proposed (6), except within the shaded region, where it is modified according to data
presented here and for consistency with alternative published versions (16). The circled bases A680 and C788 mark the location of an additional putative base pair in
the G,680G5 and C788U reversion sequences. For completeness, a proposed structure near the C891U leader protein reversion sequence is included. ORF, open

reading frame.

U. The virtual restoration of wt plaques and the efficient cell-
free translation of the parental mutation (U747A, 85%) made
finer distinctions among these genotypes (747U, 747C, and
747A) difficult to characterize. Although it had been hoped
that reversions at this particular site might point to second-site
interactions indicative of a tertiary binding, none of the isolates
supported this hypothesis. Each reversion converted the same
altered purine (A) into an apparently more acceptable pyrim-
idine (U or C). Similar pyrimidine-rich substitutions are found
in K loops of other naturally occurring cardioviruses (6) and
have been suggested to aid eIF-2 recognition by this sequence
(20).

Revertants of 709A7. Mutant 709A7 had a 7-base deletion
that included the terminal J loop (Fig. 1D). The sequence was
virtually inactive in cellular translational assays, and transfec-
tion of full-length RNA containing the 709A7 mutation gave
only small plaques at 50 to 70 h posttransfection (9). As with
G728C, the low specific infectivity suggested that any larger
plaques had a high probability of being revertant. Six such
viruses were isolated, but after purification and amplification,
five of the revertant stocks showed even larger plaques. Five
stable, homogeneous revertant stocks were then derived from
these larger-plaque viruses.

Sequence analysis showed that six original isolates, with the
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smallest plaques (RPS = 1), were unchanged within their
IRESs and unable to direct cell-free translation above the level
of the parental mutation (26%). Two other isolates were se-
quenced with the same C788U change in stem-loop L that had
been found among the G728C revertants. Similar to the
G728C results, this change increased translation efficiency of
the 709A7 deletion (to 55%), but not to wt levels. Transfer of
C788U into the 709A7 plasmid increased the plaque size and
the infectivity of transcript RNAs but was insufficient to restore
the plaque phenotype to that of 709R4A. Overall, the IRES
response to this second-site mutation was similar to the G728C
context and again clearly indicated that additional changes that
affected the plaque size must lie elsewhere in the genome.

Another virus from these stocks, 709R6A, was sequenced
with an unusual IRES length alteration. For EMCV and most
other cardioviruses, the sequence 5’ of the J1 helix normally
terminates with four guanine residues. This particular isolate
(RPS = 4) had an additional base within this string (G,680Gs).
The fifth G increased the in vitro translation of the parental
J-loop deletion to 46% and was responsible for some but
(again) not all increased plaque size and infectivity of 709R6A.
Like C788U, incomplete restoration of G,680G5 plaque size
suggested additional unmapped mutations outside the IRES,
although the extra G could surely be tagged as a partial rever-
sion response to the defective translational sequence. The final
isolate from this stock (709R3A) had a G-to-U change at base
716, a location immediately 3 to the original 709A7 deletion.
When tested from cDNA, the alteration gave a moderate in-
crease in translation activity (58%) and produced plaques
equivalent to those of the 709R3A virus from which it was
derived.

Revertants of A772C. Transfection of RNAs containing
A772C within the J-K oligo(A) bifurcation loop gave minute
plaques (RPS = 3) after 30 h of incubation, presumably be-
cause of the low efficiency with which this IRES is translated
(30%). Still, the specific infectivity of this mutation made
larger plaques easy to detect, and 30 isolates were picked,
propagated, and sequenced. Of these, 17 were direct reversions
to the wt sequence (C772A), and when cloned as cDNAs, the
two tested representatives completely restored translational
efficiency (98%).

Two other isolates had replaced the C at this location with a
U (C772U). The phenotype (RPS = 5; relative translation of
90%) was not as robust as the direct reversions but was still
among the most active of tested sequences. Eight other A772C
large-plaque isolates (RPS = 10) were mapped to IRES posi-
tion 768, near the base of the altered bifurcation loop. Two
different transversions, U768A and U768G, were sequenced
here, and each, when tested in the presence of A772C, was an
effective revertant. This location, then, marked a true second-
site reversion that seemed to completely compensate for the
defective genotype of the original mutation. Since no obvious
structural model links base 772 with 768 in optimal or subop-
timal folding predictions (6), we propose instead that both sites
may be equivalently recognized by a required protein that may
bind at or near the bifurcation loop. A defect at one nucleotide
might easily be compensated by a commensurately tighter re-
action elsewhere within the site. Initiation factor eIF-2 (20), La
autoantigen (12), p49 (9), or even the ribosome itself might be
candidates for such reactions.

Non-IRES revertants of A772C. IRES-dependent functions
were assigned to 49 of the above-described plaque reversions
after genetic reconstruction into an otherwise wt genomic
background and proof that the altered IRESs had revived
translational activities. But 11 larger-plaque isolates had no
sequence changes in their IRESs besides the original muta-
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tions, and several of the reversion-containing reconstructed
IRESs proved insufficient by themselves to fully restore plaque
size to that of the original revertant. This partial restoration
indicated that additional mutations, outside the IRES, were
also present in these viruses. Because of an especially large
plaque size, 772R4 (RPS = 7) seemed an ideal candidate to
search for such non-IRES reversions.

To achieve this, most of the 772R4 genome was cloned
and/or sequenced. PCR techniques amplified nine cDNA seg-
ments that collectively covered about 7,500 bases of the RNA,
excluding only a short fragment near the 3’ end of capsid
precursor P1. Individually, these segments were engineered
back into vM/E, containing the parental A772C mutation, and
the resultant sequences were tested for plaque morphology.
Only one segment of 1,500 bases encompassing the 772R4
leader protein and part of P1 region was reasonably effective in
reverting the phenotype (RPS = 5). By analyzing and sequenc-
ing progressively smaller fragments, it was found that 772R4
had a C-to-U mutation at base 891 (Fig. 2), resulting in a
Pro-to-Ser substitution at the 20th amino acid of the leader
protein. This site is only 60 bases 3’ to the viral IRES and 119
bases from the A772C mutation. When engineered back into
AT772C, C891U was responsible for a substantial increase in
viral plaque size (RPS = 5). To establish whether the base
itself or the encoded amino acid had caused this effect, the 20th
codon of the pM/E leader sequence was changed by mutagen-
esis from CCA (Pro) to AGU (Ser) and then tested again in
the A772C context. The synthetic combination also gave an
enhanced plaque phenotype, clearly implicating the altered
amino acid as the morphological agent. It was therefore unex-
pected that P20S (CCA891AGU) was no more translationally
active than the parental sequence (Table 1) in an A772C con-
text. Even RNA saturation experiments, which are highly sen-
sitive to subtle differences in translational activation, failed to
distinguish A772C activity from that augmented with the
plaque-enhancing P20S (Fig. 2). Although this leader amino
acid was clearly responsible for the plaque size change in the
revertant phenotype, its mechanism did not manifest through
an obvious alteration in the transcripts’ translational rates, as
measured in cell extracts. When tested as a full-length se-
quence in a vVM/E context, P20S gave an RPS of 10, the same
as the wt IRES (not shown).

This behavior was puzzling, until a recent report on leader
region mutations in the closely related Theiler’s murine en-
cephalomyelitis virus provided a potential answer. Within the
presumed Theiler’s murine encephalomyelitis virus homolog
for EMCV leader, H.-H. Chen and colleagues have identified
a conserved CHCC (Cys-3-His-5-Cys-10-Cys-13) motif remi-
niscent of Zn-binding proteins that interact with translating
mRNAs. They proposed that the Theiler’s murine encephalo-
myelitis virus leader may serve an autoregulatory translational
repression function during cardioviral infection, through a Zn
binding mechanism (3). Interestingly, the analogous motif in
EMCYV (Cys-10-His-11-Cys-19-Cys-22) directly overlaps the
P20S location that compensates in plaque size for the A772C
translational defect. Should this leader hypothesis prove valid,
it might predict that during in vivo infection, a defective leader
sequence (e.g., P20S) could putatively compensate for an
equally defective IRES (e.g., A772C) through an inability to
further repress (depress) viral translation. As we discovered
with our engineered combination mutations, such regulatory
activities might not be especially evident in reticulocyte ex-
tracts. We intend to engineer and test P20S in other vM/E
contexts with additional J-K mutations (e.g., G728C) and also
scan the leader regions of the remaining non-IRES plaque size
revertants for equivalent protein sequence changes.
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Revised IRES model. Genetic mapping, particularly through
revertant analysis, is commonly used to confirm or refute par-
ticular elements of a predicted RNA structural model. We fully
expected that among the 60 putative revertants, a large pro-
portion might be at second sites and indicative of putative
tertiary interactions. The A772C substitution in the oligo(A)
bifurcation loop, for example, is a tempting inverse sequence
to the translationally important pyrimidine-rich segment at
EMCYV bases 807 to 815 (22). But although the revertant data
from 30 separate isolates showed a strong pattern of permis-
sible substitutions in and around this bifurcation loop, there
was no indication of pairing compensations elsewhere in the
IRES. Likewise, the U747A substitution in the loop of the K
stem was tagged with 14 same-site changes that gave no indi-
cation of exogenous RNA interactions. IRES models for these
two loops, then, are consistent with single-stranded regions,
and in fact, the bifurcation segment at the J-K junction should
probably be extended to include base 768, which the reversions
suggest can function as purine or a pyrimidine. The predicted
helical nature of the J3 region was also confirmed by these
analyses, because the most effective reversions for G728C di-
rectly replaced the erroneous base pair with the wt (C-G) or its
genetic equivalent (G-C). An improper pair (A-C) was only
somewhat restorative. Surprising but equally effective was the
mutational creation of an additional J1 base pair (C788U).
This same change (C778U), or the alternative insertion of G at
the 5’ side of J1, was equally active in reverting the defects
imparted by the 709A7 deletion. Our previous IRES predic-
tions have modeled four J1 base pairs (6), although others have
assigned six pairs, at the expense of L-stem stability (16). The
G,680G5 and C788U changes are more consistent with a sev-
enth J1 pair, fixed in response to the J3 (G728C) or J5 (709A7)
disruptions. The previous L loop is not supported by these
data, and a revised regional structure is obviously now war-
ranted (Fig. 3). Alterations to the model aside, it is still hard to
envision how enhanced stability of J1 could compensate for a
J5 defect, 26 bp away, unless protein bridges these segments.
The overall structure and surface topography of J-K clearly
need to be examined crystallographically before we can under-
stand this function.

This work was supported by National Institutes of Health grant
AI-17331 to A.C.P. and NIH training grant GM-07215 to M.A.H.
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