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ABSTRACT

Statistical analyses of RNA folding in 5’ nontranslated
regions (5'NTR) of encephalomyocarditis virus,
Theiler’s murine encephalomyelitis virus, foot-and-
mouth disease virus, and hepatitis A virus indicate that
two highly significant folding regions occur in the 5'
and 3’ portions of the 5'NTR. The conserved tertiary
structural elements are predicted in the unusual folding
regions (UFR) for these viral RNAs. The theoretical,
common structural elements predicted in the 3’ parts
of the 5'NTR occur in a cis-acting element that is critical
for internal ribosome binding. These structural motifs
are expected to be highly significant from extensive
Monte Carlo simulations. Nucleotides (nt) in the
conserved single-stranded polypyrimidine tract for
these RNAs are involved in a distinctively tertiary
interaction that is located at about 15 nt prior to the
initiator AUG. Intriguingly, the proposed common
tertiary structure in this study shares a similar structural
feature to that proposed in human enteroviruses and
rhinoviruses. Based on these common structural
features, plausible base pairing models between these
viral RNAs and 18 S rRNA are suggested, which are
consistent with a general mechanism for regulation of
internal initiation of cap-independent translation.

INTRODUCTION

Although the nucleotide sequences of encephalomyocarditis virus
(EMCYV), Theiler’s murine encephalomyelitis virus (TMEV),
foot-and-mouth disease virus (FMDV), and hepatitis A virus
(HAV) share little sequence homology with human enterovirus
and rhinovirus, they all have similar genomic structure and gene
organization (38). Unlike most eukaryotic mRNAs, they lack a
5' cap structure (11, 29) and have an unusually long 5’
nontranslated region (5'NTR) that contains multiple AUG triplets

prior to the initiator of the viral translation. It is already known
that poliovirus RNA utilizes a mechanism of translation initiation
which differs from the ribosomal scanning process employed in
the translation of most eukaryotic mRNAs (2, 30). Combined
with the experimental evidence in FMDV (1, 17), HAV (6),
TMEV (48) and EMCYV (10, 15, 16, 18) these data suggest that
the 5'NTR of these viruses also contains an internal ribosome
entry site (IRES), and has an essential functional organization
similar to that of human enterovirus and rhinovirus. Although
details of the structure of IRES in FMDV, HAV, TMEV and
EMCYV are unknown, a large segment preceding the open reading
frame of the viral polyprotein has been demonstrated to be
involved in the regulation of translation initiation. The sizes of
the RNA stem-loops in the region of IRES are approximately
350 nucleotides (nt) in HAV and EMCV and 450 nt in FMDV
and TMEV, and are similar to known structural motifs that are
important components of cap-independent translation (6, 10, 17,
18, 48).

Mutagenesis of the sequences at the S'NTR of FMDV, HAV,
TMEYV and EMCYV suggests that IRES would essentially consist
of a central RNA core structure to which ribosomes have a strong
affinity (6, 10, 17, 18). Although some conserved RNA
secondary structures in IRES of EMCV, TMEV, and FMDV
(32, 10, 9), as well as HAV (6) have been proposed, it is not
clear how the structural motifs direct the binding of the 40 S
ribosomal subunit to the viral RNA in a cap-independent
translation. Recently, we proposed a common higher-order RNA
structural model consisting of 3 conserved tertiary structural
elements for IRES of 22 human enterovirus and rhinovirus RNAs
(22). The pseudoknot conformation in the common superstructure
was assumed to be specifically recognized by components of the
translation apparatus, 40 S ribosomal subunit and/or trans-acting
factor(s) in a cap-independent translation of enteroviruses and
rhinoviruses. According to the suggested common structural
motif, a conserved base pairing model between enterovirus (or
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thinovirus) and 18 S rRNA can provide a rational interpretation
for currently available mutagenesis data of 5’NTR of human
enteroviruses.

To refine our understanding of the mechanism of internal
initiation of cap-independent translation in the mRNAs of FMDV,
EMCV, TMEV, and HAV the plausible tertiary structural motifs
in their 5'NTR are proposed in this paper. The theoretical model
is computed by a new procedure in which all thermodynamically
favored helices are generated from a computational experiment
wherein a large number of energy rules for RNA folding are
simulated by fluctuating energy parameters. The validity of
predicted helices is then examined by their conservation in all
homologous sequences. Significant tertiary interactions are
evaluated by extensive Monte Carlo simulations. The proposed
base pairing models between these viral RNA and human 18 S
TRNA share a similar structural feature to that formed between
18 S rRNA and the 3’ portion of IRES of human enteroviruses
and rhinoviruses. The feature is that a statistically significant and
highly stable pseudoknot contains partial nt of the conserved
polypyrimidine stretch. Moreover, the conserved pseudoknot
occurs at a region about 15 nt prior to the open reading frame
of polyproteins for EMCV, TMEV, FMDV and HAV. This
signifies that the common structural features in these diverse
RNAs function in the regulation of internal initiation of cap-
independent translation.

MATERIALS AND METHODS

In this study, 3 EMCV (10, 43), 3 TMEV (44—46), 9 FMDV
(39), and 9 HAV sequences (6) were used. The unusual folding
regions (UFR) in an RNA sequence are detected by a statistical
method, SEGFOLD (19, 20, 41). The significance of an RNA
folding is evaluated by comparing the predicted thermodynamic
stability of the actual segment with those of its random
permutations. A region that is both highly stable (lower stability
score as compared to the other possible foldings) and more
significant (lower significance score related to the random
shuffling segments) is referred to as an UFR and is assumed to
have a significant folding form, hinting a structural role for the
sequence information.

The RNA higher-order structure is predicted by a new
procedure. This procedure includes (a) an improved prediction
of alternative RNA secondary structures (referred to as EFFOLD,
ref. 23) based on fluctuating thermodynamic parameters, (b) the
development of a list of all phylogenetic helices with
thermodynamic stability from the prediction of all alternative
structures and (c) a ‘tree search’ for generating the combination
of compatible helices from the list. In the prediction of alternative
structures, uncertainties of energy parameters for RNA folding
are assumed to follow a normal distribution. The free energy
parameters from Turner’s energy rule (42) are perturbed about
their values according to a normal distribution within the ranges
of the experimental errors. In general, 50 ‘simulated energy rules’
may be a suitable sample size for the simulation of an RNA
folding (23). The lowest free energy structure is searched for
each ‘simulated energy rule.’ In the simulation, the computed
lowest free energies (say 50 observations) follow approximately
a normal distribution (23) that can be used in the evaluation for
the computed structures and helical stems in the next stage. Thus,
all thermodynamically favored helices that occurred in the
simulation are compiled.

70
#1 EMCB (440-829) oucPguudaatchicodrsbodedd podccbdbdehal oCe
42 DEVDA (670-1068) . caBicacad ﬂ”:.f!:l‘ﬁg\.\,l - o
3 noOVA12 (339-721) PR Fe o A A
41 BUCB (440-629)
92 TEVDA (679-1068)
#3 NOVAL2 (339-721)
41 BCB (440-029)
42 TRVDA (678-1068)
2 novai2 (33s-721)
91 BB (440-029)
#2 VDA (678-1068)
43 NOVAL2 (339-721)
41 B (440-029)
92 DERVDA (678-1068)
# NOVAL2 (339-721)
41 DD (440-829)
92 DEVDA (678-1068)

3 POVA12 (339-721)

Figure 1. Alignment of UFR in the 3’ portion of 5'NTR from EMCV (strain
B), TMEV (strain DA), and FMDV (strain A12-119). They are referred to EMCB,
TMEVDA, and FMDVAI2 in the alignment. Deletions are denoted by dots. The
conserved base pairing regions are marked by boxes and labeled by letter A—V
and a—v. Amongmem,d\ebomofkandkoormspondmmeterﬁaxysmwuml
element.

In combination with the multiple sequence alignment (21) the
phylogenetic conserved helices are selected from the compiled
list mentioned above by the COMFOLD program (24). In the
examination, the sequence position of each helix is allowed to
shift a short range so that the bias in the sequence alignment can
be partially eliminated. The information of compensatory base
changes in these phylogenetic helices is saved in a stem list and
can be used in the construction of an RNA structure at the next
step. A ‘tree search’ is used to generate RNA higher-order
structures by the combination of compatible helices from the list.
In practice, the predicted common structures are constructed
mainly by two ways. One is to generate a structure with the
maximum number of base pairs. The second is based on the
phylogenetic conserved information such as numbers of
compensatory base changes in a substructure found in the
previous examination. The detailed algorithm of the COMFOLD
program will be described in another paper (24).

If a potential pseudoknotting or tertiary interaction is detected
in the procedure, the pseudoknot needs to be assessed by using
three scores, n,, n, and z (8, 22). n, and n, are defined as the
numbers of randomized sequences that have a pseudoknot (or
tertiary interaction) thermodynamically more stable than those
formed in the real biological sequence in the Monte Carlo
simulation. The smaller n; and n,, the more significant the
tertiary interaction. The n, and n, scores differ in that the free
energy contributed by tertiary interactions is calculated using
different simulated rules (8). The score z is defined as 7 =
(nobs—rmean)/sd for the tertiary interaction pattern in the
sequence, where nobs is the number of times the pattern occurs
in the real sequence, rmean is the average number of the
occurrence of the pattern in a set of random permutations, and
sd is the standard deviation. Using the RNAKNOT program (8)
potential pseudoknot structures in the sequence can also be
searched thoroughly from the compiling list of the
thermodynamically favored phylogenetic helices.
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Figure 2. Predicted base pairing models between the 3’ portion of 5'NTR of viral RNAs and human 18 S rRNA. (a) TMEV (strain DA), (b) EMCYV (strain DA),
(¢) FMDV (strain A12-119) and (d) HAV (wt HM175). In (b) and (c) the structural models have been simplified that 3'-end parts containing the distinct pseudoknot
are only displayed. The tertiary interactions in TMEV, EMCV, FMDV and HAV are denoted by underlines. The RNA secondary structure of the 3'-end of human
18 S rRNA is based on the published model (12, 7). An asterisk between two sequences denotes the base pairing between viral RNAs and human 18 S rRNA.
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Figure 3. Predicted tertiary structures folded in the 5'-end of 5'NTR of viral RNAs. (a) TMEV (strain DA) and EMCV (strain DA), (b) FMDV (strain A12-119)
and HAV (wt HM175). They are referred to TMEV, EMC, FMDVA12 and HPA in the figure. The tertiary structural elements are highly stable and statistically significant.

RESULTS
Possible higher-order structures in UFR

UFR in the 5'NTR of TMEV, EMCV, FMDV and HAV were
searched by the program SEGFOLD(20, 41). The results show
that UFR in the 5'NTR of TMEV, EMCV, FMDV and HAV
occur mainly in both the 5’ and 3’ portions of their 5'NTR.
Extensive simulations revealed that the segment of 366-nt
(678—1043) in TMEV (strain DA) was a distinct UFR and its
significance score (Sigscr) was —3.61 SD by using the Turner
energy rule. Also UFR of EMCV (strain B), FMDV (strain
A12-119), and HAV (wt HM175) were identified in the 362-nt
fragment (442—803), 360-nt (338 —697) and 390-nt fragment
(312—701), respectively. Their corresponding significance scores
were —4.56, —3.01, and —2.47 SD and were also calculated
by the Turner energy rule. These localized UFR coincide with
the suggested structural motifs in the 3’ portion of these 5'NTR
(6, 10, 17, 18) that were supposed to be important components
of cap-independent translation for EMCV, FMDV and HAV.

Three detected UFR sequences of EMCV (strain B), TMEV
(strain DA), and FMDV (strain A12-119) were compared by
multiple sequence alignment (21). The sequence alignment of
these three segments (extended to their initiators of the viral
translation) is shown in Fig. 1. From Fig. 1, it is noteworthy
that the three UFR shared the stronger sequence conservation
than other parts in these 5’NTR. Among them, the TMEV
sequence was both close to the EMCV and FMDV sequence.
Thus, the TMEV sequence was taken as a master sequence for
the prediction of their common structure for these three segments.

The 5'NTR (1065-nt) of TMEV (strain DA) was folded by
EFFOLD(23). In the calculation, 200 simulated energy rules for
RNA folding were generated. Forty alternative structures were
chosen from 200 computed lowest free energy structures. Among
40 predicted structures, 490 thermodynamically favored helical
stems were compiled. Based on the predicted stem list and the
multiple sequence alignment of three UFR identified from
TMEV, EMCV, and FMDV, the common structure for these
segments were derived (Fig. 1—-2). This computed-aided
structural model is similar to that proposed by Pilipenko et al. (32)
based on experimental and phylogenetic analyses.

Using the same procedure, a common RNA structure for UFR
of HAV mRNAs was computed by means of the stem list derived
from the HAV (wt HM175) and the multiple sequence alignment
of 8 HAV sequences. The predicted structure is similar to that
suggested by Brown et al. (6). However, the predicted folding
form in the 3’-end (Fig. 2d) of 5'NTR is different from Brown’s
published model in the region from nt 590 to 700.

Prediction and evaluation for tertiary interactions in the
5'NTR of EMCV, TMEV, FMDV, and HAV

The possible tertiary interactions were found in the 5’- and 3’-end
of the 5'NTR of these viruses. For the 3’ portion of the 5'NTR,
a plausible pseudoknot was predicted in EMCV, TMEV, and
FMDV. The predicted pseudoknots share a conservative
structural feature in these three RNAs. The tertiary structural
elements are localized at 14— 16 nt prior to the initiator of these
RNAs. The distinctively tertiary interactions include nt that are
in the regions 1001 —1006 and 1046 —1051 for the TMEV (strain
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DA, see Fig. 2a), in the regions 760—765 and 806 —810 for the
EMCYV (strain B, see Fig. 2b), and the regions 656—659 and
700—703 for the FMDV (strain A12-119, Fig. 2c). The predicted
tertiary structural elements are supported by compensatory base
changes observed in their multiple sequence alignments
(Fig. 4a—Db). Also, two pseudoknots were computed in the 3'-end
of 5'NTR of HAV (Fig. 2d). One of them has been suggested
by Brown et al. (6). The new found one occurred in the regions
629—632 and 717 —720. The nt in the region 717—720 of HAV
(wt, HM175) have been shown a strong tendency (6) of base
pairing by the indication of the cleavage site with double-stranded-
specific RNase (V}). This predicted tertiary structure is perfectly
conserved in nine HAV sequences (Fig. 4c).

The significance of these computed tertiary interactions was
evaluated by Monte-Carlo simulations. The three significance
scores, z, n; and n, of these tertiary structures were calculated
from 1000 randomly shuffled sequences. The computed n; was
8 for the tertiary structural element in TMEYV, 27 in EMCV,
47 in FMDV and 73 in HAV. The n, was 22 in TMEV, 68 in
EMCYV, 134 in FMDV and 131 in HAV. Also, these tertiary
interactions had a large z value (e.g. 5.68 in HAV and 5.42 in
EMCYV). This means that we can expect on average of 27 (or
68) observations in 1000 random samples would form more stable
pseudoknots than that of the predicted pseudoknot in EMCV.
These measures indicate that the pseudoknot predicted in the
3’-end of the 5'NTR of EMCV (also in TMEV, FMDV, and
HAV) is highly stable and statistically significant.
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Using the same procedure, highly stable and statistically
significant tertiary structures were also computed in the 5'-end
of the 5'NTR of these viruses (Fig. 3). For EMCV, two
successive pseudoknots occurred in the region 85— 129 (Fig. 3a).
The three scores of n;, n, and z of the pseudoknot folded in the
region 85—105 were 8, 8, and 7.0, respectively. The clustered
pseudoknots were also predicted in the 5'-end of the 5'NTR of
FMDV and HAV(HPA, Fig. 3b). All computed pseudoknots
show unusual statistical significance and highly thermodynamic
stability above the random background.

Base pairing model between human 18 S rRNA and the
5'NTR of EMCV, TMEV, FMDV, and HAV

Based on the computed common structure, a base pairing model
between EMCV and human 18S rRNA is proposed (Fig. 2b).
In our model, the single-stranded region at the 3’-end of 18 S
rRNA (1825 to 1830) that is followed by a significantly stable
stem-loop structure (19) can be complementary to the single-
stranded region prior to the initiator AUG of EMCV. The partial
nt within the single-stranded pyrimidine stretch was found to be
entangled in a distinctively conserved tertiary structural element.
The complementary sequence with 18 S rRNA just follows to
the distinct pseudoknot. The base pairing models between TMEV
and 18 S rRNA (Fig. 2a), and between FMDV and 18 S rRNA
(Fig. 2c) show the same feature with EMCV. The base pairing
model between HAV and 18 S rRNA is little different from
EMCV, TMEV and FMDV. In the HAV model, most of base
pairings between HAV mRNA and 18 S rRNA are prior to the
pseudoknot (Fig. 2d). The complementary sequence in HAV also
includes partial nt in the single-stranded polypyrimidine stretch.
This feature is similar to that found in the base pairing model
between human enteroviruses and 18 S rRNA (22).

Our results show that the plausible base pairings between these
viral RNAs and 18 S rRNA are conserved in all 24 tested
sequences (Fig. 4a—c). The proposed pseudoknots for EMCV,
TMEV, and FMDV are supported by the covariant mutation
found in 15 sequences. The sequence complementary to these
RNAs presented here is also evolutionally conserved among all
18 S rRNAs of eukaryotes (12). The chemical and RNase probing
results also suggest that this complementary sequence is not base
paired in the 18 S rRNAs (37).

DISCUSSION

The tertiary structures predicted in the 5’ portion of the 5'NTR
of EMCV, FMDV and HAV are clustered. In this study,
statistical test shows that these predicted higher-order structures
are highly significant above random background. Our entirely
computed structural models are similar to those suggested by
Duke et al. (10), Brown et al. (6) and Clarke et al. (9).

The theoretical higher-order structure proposed in the 3’ portion
of 5'NTR for EMCV, TMEV and FMDV is highly conserved.
This higher-order structure includes 24 helical stems labelled in
letters A—J/a—j and L—V/1—v, and a tertiary structural element
labelled in letters K/k (Fig. 1). It can be divided into three parts,
a large sized stem-loop structure consisting of helical stems A—O
(except K), a middle sized stem-loop (stems P—U) and a hairpin
structure (stem V) in the 3’-end (Fig. 1 and 2). The tertiary
structural element K connects parts 2 and 3 and therefore
contributes to the formation of a compact superstructure. Each
of these structural elements is supported by compensatory base
changes except for small helical stems M and S (see Fig. 1).
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There is no direct homology in the primary and secondary RNA
structures between sequences of the HAV family and sequences
of EMCV, TMEV and FMDV. However, the consensus RNA
structures predicted in the 3’ portion of 5'NTR for eight HAV
mRNAs are similar in principle to that folded in EMCV, TMEV,
and FMDV. The predicted higher-order structures in IRES of
these diverse viral RNAs consist of three parts that have similar
shape and size. Moreover, the predicted tertiary structural
elements in these models have also been conserved in their
positions relative to the initiator AUG (14— 16 nt prior to the
initiator).

It should be mentioned that some sequences (e.g. GGAA)
corresponding to tetraloops were predicted to engage in base
pairing in the proposed model, though an assumed extra —2
kval/mol (50) for each possible tetraloop have been incorporated
in the program EFFOLD. It is clear that the more accurate
prediction requires knowledge of the thermodynamics of the
tertiary interactions and unusual loop structures such as tetraloops.

This paper is another case of successfully detecting interesting
structural motifs relative to functional properties using the UFR
approach. UFR are sequence segments that are statistically more
significant than those randomly shuffled sequences. Numerous
results from computer simulations associated with extensive
mutagenesis experiments (34, 36, 47) have shown that the distinct
UFR identified in retroviral mRNAs by our procedures correlates
with various biological functions in mRNA processing and
translation. Our results strongly suggest that the significant folding
forms in UFR of EMCV, TMEV, FMDV and HAV play an
important structural role for their sequence information. The high
structural similarity between these viral RNAs of differing
sequence implies that the proposed common RNA higher-order
structures in this paper have a general function in the internal
initiation of cap-independent translation.

Several lines of evidence indicate that 5S'NTR of poliovirus,
human rhinovirus, EMCV, TMEV, FMDV, and HAV promote
cap-independent translation initiation in which the ribosome is
directed to bind with IRES without scanning from the 5 terminus
of 5'NTR (1-3, 6, 14, 16—18, 30, 48). The RNA secondary
structures folded in IRES of these RNAs were assumed to play
critical roles in translation initiation (6, 10, 17, 27—28, 33). The
consensus superstructures presented in this study include those
functional structure motifs suggested in the 5'NTR of EMCV,
FMDV and HAV (6, 10, 17). Intriguingly, the proposed
superstructures include a consensus pseudoknot structure that
contains partial nt within a conserved polypyrimidine
subsequence. The effects of a single nt mutation in the pyrimidine
stretch sequence of FMDV (17) have demonstrated that the nt
of the first, third and forth position in segment CUUUU are
absolutely required for translational initiation. The single
pyrimidine-purine exchanges of the third base reduced
translational activities of the template up to 15% in vitro. The
pyrimidine-purine exchanges of the first, third and forth bases
would destroy the tertiary interactions in our theoretical
superstructural model of FMDV. Similar cases have also been
observed in polio, coxsackie, and human rhinoviruses 22).

Experimental results from numbers of laboratories have also
demonstrated that pseudoknot structures function as a target for
proteins binding to mRNAs (4, 5, 25, 35, 40). The structural
feamreinapseudoknotcannotbereplaoedbyahairpin structure
that was composed of an equivalent set of base-pairs. If the
distinct configuration of a pseudoknot is destroyed, its biological

function will be reduced or abolished. Although the proposed
tertiary structure in this study needs to be verified through
experiments, our model provides a rational interpretation for
available mutagenesis data in the translation initiation of these
viral RNAs (17). Kaminski et al. (18) have suggested that a large
superstructure directed a precise binding of ribosomes to the
3’-end of IRES for the translational initiation of the EMCV RNA.
The single-stranded 5-nt CUUUA of the hairpin-loop structure
in strain Rueckert of EMCV (in strain B it is CUCUA, 738—742,
and hairpin was labelled by U/u in Fig. 2) has been reported as
an efficient binding site for eukaryotic initiation factor eIF-2/2B
(13). This binding site is located nearby the predicted pseudoknot
in EMCV. Also, Meerovitch et al. (26) indicated that a p52
protein could specifically bind the 3’ portion (559—624) of the
5'NTR of poliovirus. Taken together, the proposed significant
pseudoknot structures formed in EMCV, TMEV, FMDV and
HAV are assumed to function as an efficient binding site for
ribosome and/or other initiation factors in the translational
initiation. This is similar to that suggested for the conserved
pseudoknots of polio, coxsackie, and human rhinoviruses (22).
However, the predicted tertiary structural elements in EMCV,
TMEV, FMDV, as well as HAV, have some different features
with that identified in polio, coxsackie, and rhinoviruses. The
major difference is that the pseudoknots in IRES of EMCV,
TMEV, FMDV and HAV are immediately followed by the
initiator of viral translation. In the case of human enterovirus
and rhinovirus, the predicted pseudoknots are at least 140-nt prior
to the initiator. It can be expected that enterovirus and rhinovirus
follow somewhat different translation strategies than EMCV,
TMEV, FMDV and HAV.

The theoretical base pairing models between human 18 S rRNA
and these RNAs of EMCV, TMEV, FMDV and HAV also share
similar structural features to that formed between 18 S rRNA
and human enterovirus and rhinovirus RNAs. The partial
sequences involved in the two types of base pairing model are
all located at the same region (1823 —1837) in the 3’'-end of
human 18 S rRNA (22) that is not base-paired in its established
RNA secondary structure model (7, 12, 37). Although the
theoretical base pairing model awaits verification through
experiments, the sequence and structural analyses for those
variants described by Pestova et al. (31) and Pilipenko et al. (33)
show that the base pairing interaction between poliovirus mRNA
and human 18 S rRNA would be destabilized in the mutated
transcripts that template activity was markedly lower than that
of wt. We suggest that the complementary sequence to the 18
s IRNA in IRES of EMCV, TMEV, FMDV and HAV, similar
to that in IRES of the enterovirus and rhinovirus, can play an
functional role in a manner analogous to that of the Shine-
Dalgarno sequence documented for the translational initiation of
prokaryotic mRNAs.

Another example of internal ribosome binding has also been
demonstrated in the translation of a cellular mRNA, human
immunoglobulin heavy-chain binding protein (BiP) mRNA (49).
A conserved higher-order structure that contains a tertiary
structural element prior to the initiator has also been computed
in the 5'NTR of BiP family sequences (results are not shown
in this paper). These plausible common structure models add to
the known intriguing properties of 5'NTR of all picornaviral
mRNAs. We consider that it is the structural role of IRES
detected in picornaviruses is crucial in the internal initiation of
cap-independent translation.
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