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The 5� untranslated regions (UTRs) of the RNA genomes of Flaviviridae of the Hepacivirus and Pestivirus
genera contain internal ribosomal entry sites (IRESs) that are unrelated to the two principal classes of IRESs
of Picornaviridae. The mechanism of translation initiation on hepacivirus/pestivirus (HP) IRESs, which in-
volves factor-independent binding to ribosomal 40S subunits, also differs fundamentally from initiation on
these picornavirus IRESs. Ribosomal binding to HP IRESs requires conserved sequences that form a
pseudoknot and the adjacent IIId and IIIe domains; analogous elements do not occur in the two principal
groups of picornavirus IRESs. Here, comparative sequence analysis was used to identify a subset of picorna-
viruses from multiple genera that contain 5� UTR sequences with significant similarities to HP IRESs. They
are avian encephalomyelitis virus, duck hepatitis virus 1, duck picornavirus, porcine teschovirus, porcine
enterovirus 8, Seneca Valley virus, and simian picornavirus. Their 5� UTRs are predicted to form several
structures, in some of which the peripheral elements differ from the corresponding HP IRES elements but in
which the core pseudoknot, domain IIId, and domain IIIe elements are all closely related. These findings
suggest that HP-like IRESs have been exchanged between unrelated virus families by recombination and
support the hypothesis that RNA viruses consist of modular coding and noncoding elements that can exchange
and evolve independently.

Positive-sense RNA virus genomes contain elements that
play key roles during steps in infection, such as translation
initiation, replication, and encapsidation. Their activities are
independent of coding potential but depend on functional se-
quence motifs and structural integrity. These requirements
impose constraints that limit sequence variation; thus, similar
functional elements in related viruses contain conserved se-
quences, despite the high error rate of RNA genome replica-
tion (61). One such element is the 300-nucleotide (nt)-long
internal ribosomal entry site (IRES) in the 5� untranslated
region (UTR) of hepatitis C virus (HCV), the type species of
the hepacivirus genus of Flaviviridae. It mediates end-indepen-
dent translation initiation by recruiting ribosomes to the initi-
ation codon, has three domains (see Fig. 4A), and is the most
conserved part of the genome (59, 70). Domain II is a 75-nt-
long bent hairpin that enhances IRES function (32, 51). The
essential 205-nt-long domain III structure consists of branch-
ing hairpins (IIIa-IIIf), many of which contain conserved, func-
tionally important motifs; a series of imperfect stems (III1 to
III4); and a pseudoknot that incorporates domain IIIf (47, 54).
The initiation codon is part of the domain IV hairpin (14). The
adjacent conserved coding region enhances IRES function
(51). Initiation on this IRES differs from that on all eukaryotic

cellular mRNAs in that the IRES binds to the small (40S)
ribosomal subunit without the involvement of eukaryotic initi-
ation factors (eIFs); ribosomal initiation complexes assemble
at the initiation codon independently of the cap-binding com-
plex eIF4F (45). The 40S subunit binds to noncontiguous parts
of the IRES, including domain IIId, the pseudoknot, and nu-
cleotides flanking the initiation codon (22, 26, 32), and eIF3
binds directly to the apical half of domain III (45, 62).

The 5� UTRs of members of the pestivirus genus of Flavi-
viridae, such as classical swine fever virus (CSFV) and bovine
viral diarrhea virus (BVDV), as well as of the HCV-like flavi-
virus GB virus B (GBV-B) contain sequences and structures
similar to elements in the HCV IRES (1, 54) (see Fig. 4I).
These IRESs contain regions of extensive similarity but also
differ due to insertions (hairpin IIId2 in pestivirus IRESs and
hairpins IIb and IIc in the GBV-B IRES) and substitutions
that, for example, result in the domain IV equivalent in pesti-
viruses being unstructured (62). These regions of the BVDV,
CSFV, and GBV-B 5� UTRs are IRESs (47, 48, 52, 53), and
pestivirus IRESs have been found to mediate initiation by a
mechanism like that used by the HCV IRES (42, 45). More-
over, conserved elements in HCV and pestivirus IRESs play
identical roles in initiation (7, 26, 27, 45, 53, 71). Because of the
structural and functional conservation, we shall refer to hepaci-
virus and pestivirus IRESs collectively as HP IRESs.

Two other mechanisms of IRES-mediated initiation that
occur on structurally distinct IRESs have been characterized.
One is exemplified by the �200-nt-long intergenic region dis-
cistrovirus IRESs, which bind directly to ribosomes and initiate
translation without the involvement of initiator tRNA or ini-
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tiation factors (43, 46). The other is used by IRESs from the
Aphthovirus and Cardiovirus genera of Picornaviridae and in-
volves binding of the eIF4G and eIF4A subunits of eIF4F to an
IRES domain upstream of the initiation codon, followed by
ATP-dependent recruitment by them of the 43S preinitiation
complex (44). The identification of three distinct mechanisms
of IRES-mediated initiation raises the question of whether
other, less well-characterized IRESs employ variants of one of
these mechanisms or use novel mechanisms. Computational
methods can theoretically be used to identify mRNAs that
contain IRESs that are related to members of these three
groups, but a search of this type for intergenic region IRES-
like RNAs by use of a pattern-matching algorithm failed to
identify any strong candidates (12). On the other hand, recent
studies have noted homology between the HCV IRES and the
5� UTRs of the picornaviruses porcine teschovirus (PTV) and
porcine enterovirus 8 (PEV-8) (29, 47) and have suggested that
PTV, PEV-8, and simian picornavirus (SPV) contain HP-like
IRESs (2, 3, 46, 47).

Here, we report that database searches for mRNAs contain-
ing sequences related to conserved elements in HP IRESs
identified closely related sequences in the 5� UTRs of seven
different picornaviruses. Modeling suggested that they have a
structure that resembles that of HP IRESs, including the func-
tionally important pseudoknot and domains IIId and IIIe. The
HP and HP-like IRESs can be divided into three groups: (i)
pestivirus IRESs; (ii) HCV, GBV-B, putative avian encepha-
lomyelitis virus (AEV), and Seneca Valley virus (SVV) IRESs;
and (iii) a third novel group, consisting of the other five (var-
iously putative and proven) picornavirus IRESs. Nucleotide
sequence covariation in the 5� UTRs from isolates of each of
these picornaviruses favors the individual proposed structures.
These observations, taken together with mechanistic data con-
cerning these mRNAs (2, 3, 46, 47), suggest that functional
noncoding RNA elements have been exchanged by recombi-
nation between members of distinct enveloped and nonenve-

loped RNA viruses. The implications of these findings for viral
evolution are discussed below.

MATERIALS AND METHODS

Sequences. Sequences analyzed were from the AEV Calnek (GenBank acces-
sion no. AJ225173), L2Z (AY275539), and van Reokel (AY517471) strains; duck
picornavirus (DPV; strain TW90A; AY563023); duck hepatitis virus 1 (DHV-1)
strains 03D (DQ249299), H (DQ249300), 5886 (DQ249301), R85952
(DQ226541), DRL-62 (DQ219396), JX (EF0935902), C80 (DQ864514), and
A66 (DQ886445); PEV-8 strain V13 (AF406813); PEV-8 isolates 38-V-II
(AY392545), 26-T-XII (AY392544), 16-S-X (AY392543), Po 5116 (AY393538),
and Sek 1562/98 (AY392556) and 14 other PEV-8 isolates (28); PTV-1 Talfan
(AB038528); PTV-2 isolates T80 (AF296087) and DS 756/93 (AY392534),
PTV-3 isolate O2b (AF296088), PTV-4 isolate PS36 (AF296089), PTV-5 isolate
F26 (AF296090), PTV-6 isolate PS37 (AF296091), PTV-7 isolate F43
(AF296092), PTV-8 isolate UKG 173/74 (AF296093), PTV-9 isolate Vir 2899/84
(AF296094), PTV-10 isolates Vir 460/88 (AF296095) and UKG/170/80
(AY392539), PTV-11 isolate Dresden (AF296096), and other PTV isolates in
the NCBI database; SVV (DQ641257); and SPV-1 (formerly simian virus 2
[SV2; AY064708]), SPV-3 (formerly SV16; AY064715), SPV-4 (formerly SV18;
AY064716), SPV-9 (formerly SV42; AY064717), SPV-11 (formerly SV44;
AY064718), SPV-12 (formerly SV45; AY064719), and SPV-15 (formerly SV49;
AY064720). Sequences analyzed were from HCV types 1a (NC_004102), 2a
(AB047639), 3a (D28917), 4a (Y11604), 5a (AF064490), and 6a (AY859526),
HCV isolate JFH-1 (AB047639), and HCV strain G903 (AY236366); GBV-B
(NC_001655); border disease virus 1 (BDV-1) isolate X818 (NC_003679),
BDV-2 (reindeer-1 V60-Krefeld) (NC_003677), and BDV-4 (Chamois-Spain02)
(AY641529); CSFV Alfort (J04358); BVDV-1 NADL (M31182) and BVDV-2
strain C413 (AF002227); pronghorn antelope pestivirus (AY781152); ovine pes-
tivirus strain SN2T (AF461996); and giraffe pestivirus H138 (AB040131).

Sequence alignment. Picornaviruses containing HP IRES-like sequences in
their 5� UTRs were identified with BLAST searches (http://www.ncbi.nlm.nih
.gov/BLAST/) of viral sequences in the GenBank database. For short (16-nt)
sequences, the parameters used were as follows: E (expect) � 1,000, word size �
7, reward match/mismatch � 1/�3, gap extension � 5, gap penalty � 2. Only those
matches with the greatest percent identities were considered, as described in the
text. Searches done with complete picornavirus 5� UTRs used the following
parameters: E � 10, word size � 11, reward match/mismatch � 1/�3, gap
extension � 5, gap penalty � 2. Nucleotide sequences were aligned with
CLUSTAL-W (http://www.ebi.ac.uk/clustalw/index.html) (67), using the default
parameters (DNA gap open penalty � 15.0, DNA gap extension penalty � 6.66,

TABLE 1. Viral sequences identified using BLAST as matches at the indicated levels of identity to the indicated
HCV, BVDV, CSFV, and PTV-1 IRES sequences

Parental sequence

Result for indicated virus group

Contiguous identical
nucleotides

Matching sequences
(total) Pestiviruses GBV-B viruses Picornaviruses Other viruses

HCV1a nt 287–302 (identical to
GBV-B nt 391–406)

�12 968a 913 3 11 40a

�11 1,335a 1,163 3 12 155a

HCV G903 nt 188–203 �14 57a 0 0 57 0a

�13 60a 0 0 1 2a

�14/15 18a 0 3 10 5a

CSFV nt 304–319 �11 87a,b 38a,b 0 6 41a,b

�11 1,280a,b 861a,b 3 15 401a,b

BVDV nt 319–334 �11 126a,c 89a,c 3 9 25a,c

�11 467a,c 240a,c 3 12 212a,c

PTV-1 nt 352–367 �12 88a 0 0 60 28a

�13/14 19a 0 0 11 8a

a To simplify analysis, HCV sequences were excluded from consideration as indicated.
b To simplify analysis, CSFV sequences were excluded from consideration as indicated.
c To simplify analysis, BVDV sequences were excluded from consideration as indicated.
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DNA matrix � identity, DNA ENDGAP � �1, DNA GAPDIST � 4), and with
T-COFFEE (http://www.ebi.ac.uk/t-coffee/) (37), using the default parameters.

Modeling secondary and tertiary IRES structures. Secondary/tertiary struc-
ture elements in picornavirus 5� UTRs were modeled using Pfold (http://www
.daimi.au.dk/�compbio/rnafold/) (25) and ILM (http://cic.cs.wustl.edu/RNA/)
(55, 56). Pfold and ILM analyses were done using individual DPV and SVV
sequences, aligned CSFV Alfort and BVDV NADL sequences, aligned se-
quences of HCV types 1a to 6a, aligned sequences of the PTV type 1 to 11
isolates listed above, and for AEV, DHV, PEV8, and SPV, aligned sequences
of the isolates listed above. Sequences were submitted for analysis in FASTA
format.

Mfold (75) was used to verify secondary structures of RNA sequences and to
identify stable structures not identified by Pfold, using default parameters (37°C;
1 M NaCl, no divalent ions; 5% suboptimality; maximum interior/bulge loop
size � 30 nt; maximum asymmetry of an interior/bulge loop � 30 nt; no limit on
the maximum distance between paired bases). The ILM (iterated loop matching)
algorithm was used with the following parameters: minimum loop length (L) � 3,
minimum virtual loop length (V) � 3, minimum helix length (H) � 3, number of
helices per iteration (N) � 1, and number of iterations before stop (I) � 0. The
number of sequences analyzed for each virus was small (�10), so a 1:3 mutual-
information-score-to-extended-helix-plot-score ratio was used to generate the
scoring matrix.

Covariance analysis. AEV, DHV, PEV-8, PTV, and SPV sequences were
aligned against the sequences shown in Fig. 4B, D, E, G, and H. Sequences in
each alignment were then scored for substitutions that maintained or disrupted
the predicted base pairing. Substitutions were categorized as “covariant” (in
which paired changes, such as A-UNG-C substitutions, maintain base pairing),
“neutral” (in which single changes, such as A-UNG-U and G-UNG-C, occur
without disrupting base pairing), “disruptive” (in which single changes, such as
A-UNA-C, disrupt base pairing), or “unpaired” (occurring in unpaired/single-
stranded regions). To calculate the expected numbers of random occurrences for
these categories of changes, the RNA sequence corresponding to the
pseudoknot, domains IIId and IIIe, and helices III1 and III2 of PEV-8 strain V13
was subjected to in silico evolution to generate a family of related sequences that
diverged �10% or less from the parental sequence, using Rose (66) (http:
//bibiserv.techfak.uni-bielefeld.de/rose/welcome.html) with the Kimura two-pa-
rameter substitution model, a transition bias of 1.0, a transition-to-transversion
ratio of 10, and no allowance of insertions or deletions. Substitutions in 1,000
sequences generated in this way from 10 independent experiments were scored
manually for substitutions that maintained or disrupted base pairing in the
predicted domain III structure.

RESULTS

Sequence similarities between HCV-like IRESs and the 5�
UTRs of diverse picornaviruses. Domain IIIe is part of the
most conserved region in HP IRESs (54). BLAST searches of
viral sequences that matched domain IIIe and the 4 upstream
nucleotides of the functionally and structurally characterized
HCV, CSFV, BVDV, and GBV-B IRESs at 11 or more con-
tiguous nucleotides identified sequences in other HP IRESs, in
the 5� UTRs of the picornaviruses AEV, DHV-1, PEV-8, PTV,
and SVV, and in an assortment of other viruses (Table 1 and
Fig. 1A to C). BLAST searches done in this way to identify
matches for equivalent 16-nt-long elements from these picor-
naviruses identified sequences from heterologous picornavi-
ruses, HP IRESs, and a variety of unrelated viruses; BLAST
searches that allowed a single mismatch in 13 or more nucle-
otides of this motif identified isolates of these five picornavi-
ruses and SPV types 1, 3, 4, 9, 11, 12, and 15 (Table 1 and data
not shown). HCV sequences were excluded from some analy-
ses as indicated (Table 1) because of the overwhelming num-
ber of matches at these cutoff levels. Matching sequences were
not considered if they occurred in bacteriophages, in the neg-
ative-sense strand, in the principal open reading frame, or in
the 3� UTR. These criteria eliminated all but the HP and
picornavirus sequences.

To determine whether sequence homology extended beyond
this motif, BLAST searches were undertaken to identify
matches for the complete 5� UTR of each picornavirus. These
analyses confirmed and extended relationships between the 5�
UTRs of these picornaviruses and between the picornavirus 5�
UTRs and HP IRESs. For example, a search done with the
PEV-8 (strain V13) 5� UTR identified matches at a signifi-
cance level (E) of �0.01 in 88 PEV-8, PTV, DHV, and SPV 5�

FIG. 1. Sequence variation in the domain IIIe structures of hepaci-
virus, pestivirus, and picornavirus HP-like IRESs. (A) Alignment of se-
quences corresponding to domain IIIe and flanking nucleotides (for ac-
cession numbers, see Materials and Methods). (B to E) Structurally
neutral substitutions in isolates of AEV (B and D) and PTV (C and E),
shown as aligned sequences (B and C) and mapped onto partial secondary
structure models (D and E) of AEV (Calnek) (D) and PTV-1 IRES
domain IIIe (E). PTV-2 (DS 756) refers to PTV-2 (DS 756/93). PTV-10
(UKG) refers to PTV-10 (UKG 170/80). (A to C) The 5� and 3� borders
of each element are numbered; identical nucleotides are shaded.
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UTR sequences but not in a single other viral sequence. The
100 next-best matches comprised 7 picornavirus sequences
(the 5� UTRs of DPV-1, DHV, PEV-8, and SPV isolates), 88
HP IRESs, and 5 unrelated virus sequences (that were dis-
counted based on criteria described above). Similar results
were obtained in searches done using other HP-like picorna-
virus 5� UTRs, including that of DPV. As a further preliminary

test of potential similarity with HP IRESs, the 3�-terminal 100
nt of the 5� UTRs (including the initiation codon) were com-
pared by pairwise CLUSTAL-W alignment. The region of ho-
mology between all picornavirus 5� UTRs and HP IRESs
began in the immediate vicinity of the initiation codon. The
degree of identity is high within virus families (40 to 65% for
picornaviruses) and is as high between picornaviruses and fla-

FIG. 2. T-COFFEE sequence alignments of the HCV IRES and the AEV 5� UTR (A), the DHV-1 and DPV 5� UTRs (B), and the PEV-8 and
SPV-9 sequences, including the 5� UTRs and adjacent coding regions (C); identical nucleotides are in uppercase and marked with asterisks.
Sequences were annotated after alignment to show the boundaries of predicted structural elements.
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viviruses (39 to 58%) as between all but the most closely
related flaviviruses (data not shown).

Sequence alignment of picornavirus 5� UTRs and HP
IRESs. Sequence similarities between individual picornavirus
RNAs and representative HP IRESs extended for 200 to 300 nt
upstream of the initiation codon and, in some genomes, from
the 5� terminus to the coding region (Fig. 2). Sequence simi-
larities were greatest for PTV types 1 to 11 (�97% nucleotide
identity with PTV-1 nt 160 to 411) (see the supplemental
material), consistent with a prior report concerning sequences
downstream of nt 300 (74). They will therefore be treated as
variants of a single entity. SPV types 4, 11, and 15 and types 1,
3, 9, and 12 formed two closely related groups (see the sup-
plemental material).

Other significant similarities were noted. AEV nt 201 to 497
aligned with sequences that form HCV IRES domains II and
III and GBV-B IRES domain III (57% and 43% identity,
respectively), and homologous sequences formed homologous
structural domains (Fig. 3A and data not shown). Similar levels
of sequence identity were apparent in pairwise comparisons of
the HCV IRES, DPV nt 110 to 428, SVV nt 356 to 669, and
DHV-1 nt 362 to 626 (Fig. 3B). Homology was particularly
strong between sequences that are predicted to form domains
IIId and IIIe and elements of the pseudoknot (see below);
pairwise comparisons indicated that homologous sequences in
some subsets of these viruses formed other homologous ele-
ments, such as PEV-8/SPV domains IIIb1 and IIIc (Fig. 3C).
Sequence identities between HCV domain II and the corre-
sponding elements in these and SPV 5� UTRs were centered
on the opposed GAA and AGUA motifs (which form a loop E

motif in the domain II structures of all HP IRESs [29, 32, 54]).
By contrast, equivalent PEV-8 and PTV sequences lack these
motifs and their sequence identities with HCV domain II are
lower. Sequence identity between PEV-8 and SPV genomes
extended into the coding region, but whereas the 3�-terminal
�180 nt of the PEV-8 5� UTR aligned well with the SPV-9 5�
UTR (�70% nucleotide identity) and contained only a few
small gaps, alignment of the upstream regions revealed larger
gaps (Fig. 3C). This alignment of SPV and PEV-8 sequences,
the predicted position of the pseudoknot of SPV IRESs rela-
tive to the principal open reading frame (see below), and in
vitro translation data for SPV-1 (2) all indicate that the initi-
ation codon in, e.g., the SPV-9 genome is A676 (rather than
AUG724 as previously suggested) (39).

Bioinformatic determination of HP IRES structure. The
sequence similarities with HP IRESs suggest that picornavirus
5� UTRs might have similar secondary/tertiary structures, but
the presence of large insertions/deletions in sequence align-
ments indicates that they cannot simply be modeled using HP
IRESs as structural templates. To model the structures of the
HP IRES-like picornavirus sequences, we used Pfold (25),
which is based on an explicit evolutionary model and yields a
probabilistic model of secondary structure (5), and ILM (iter-
ated loop matching) (55, 56), which can utilize both thermo-
dynamic and comparative information to predict RNA second-
ary structures and pseudoknots. To validate this approach,
Pfold was first used to fold the domain III structures of BVDV,
CSFV, and HCV IRESs, which have previously been deter-
mined by chemical/enzymatic probing, X-ray crystallography,
nuclear magnetic resonance, phylogenetic comparison, and

FIG. 3. Schematic representation of the 5� UTRs and adjacent regions of HCV, GBV-B, and BVDV (flaviviruses) and of AEV, DHV-1, DPV,
PTV, PEV-8, SPV-1, and SVV (picornaviruses). 5� UTRs are divided into domains and are shaded to show those that are homologous to HCV
domain II (light gray) and domain III (dark gray). The picornavirus L (leader), VP4, and VP2 (capsid) proteins, the HCV and GBV-B core
proteins, and the BVDV Npro protease (not shown to scale) are labeled. The initiation codon for each polyprotein is indicated; nucleotides at the
boundaries between 5� UTR domains and protein-coding regions within each polyprotein are numbered. Note that the sequences of the 5� UTRs
of PEV-8 isolates (28) and PTV isolates (20) upstream of the short poly(C) tract are known to be incomplete and that the presence of a 5�-terminal
poly(C) tract in DPV-1 TW90A (GenBank accession number AY563023) suggests that it is likely also incomplete.
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mutational analysis (47). Pfold identified the majority of indi-
vidual structural elements in the domain III structures of HCV
types 1a to 6a and of BVDV/CSFV except, as expected, in
pseudoknot stem 2 (PK2), for which no alternative was pre-
dicted (Table 2). ILM identified both PK1 and PK2 of many of
these confirmed/putative IRESs but identified a smaller subset
of other structural elements than Pfold (Table 2).

Structural models of picornavirus IRESs. Having estab-
lished the validity of using Pfold and ILM to determine the
structures of HP IRESs, we then used them and Mfold (75)
(which generates complementary structural predictions on the
basis of energy minimization) to characterize HP-like picorna-

virus sequences. Individual elements identified using Pfold and
ILM are indicated in Table 2; individual elements in each of
these IRES-like elements and their sizes are given in Table 3.
Elements shown but not identified using Pfold and ILM were
instead predicted using Mfold, with the exception of some PK2
helices, as described below. The predicted picornavirus struc-
tures resemble HP IRESs in key respects (Fig. 4B to H and
Table 3), notably in containing domain III (a basal
pseudoknot, a series of helices [III1 to III4], and a series of
branching hairpins, including domains IIId and IIIe), an up-
stream bent hairpin-like structure (domain II), and several
conserved internal and apical loops. The loops indicated by

TABLE 2. Structural elements identified using Pfold and ILM in HCV and CSFV/BVDV IRESs and in AEV, DHV, DPV,
PEV8, PTV, SPV, and SVV 5�UTRsa

Structural
element

Result for indicated virus and method

HCV CSFV/BVDV AEV DHV DPV PEV8 PTV SPV SVV

Pfold ILM Pfold ILM Pfold ILM Pfold ILM Pfold ILM Pfold ILM Pfold ILM Pfold ILM Pfold ILM

Domain II �b �b � � �b �
PK1 � � � � � � � � � � � � � � � �
PK2 � � � � �
IIIa � � � � � � � � � � � � �
IIIb � � � � �c �c �c � �c � �
IIIc � � � �
IIId � � � � � � � � � � � � � �
IIId2 NA NA � � NA NA NA NA NA NA NA NA NA NA NA NA
IIIe � � �
IIIf � �
III1 � � � � � � � � � �
III2 � � � � � � � � � � � � � � �
III3 � � � � � �* �* � � � �
III4 � � � NA � � �

a Structural elements, including helices in domain III, are as indicated in Fig. 4A to I. NA, not applicable.
b Only the apical hairpin of domain II was identified.
c Pfold identified AEV domain IIIb2, Pfold and ILM identified PEV-8 domain IIIb2 and helix III3 (Fig. 4H, inset panel), and Pfold and ILM identified PTV domain

IIIb, as seen in Fig. 4D, inset panel.

TABLE 3. Structural elements and sequence motifs in group A, group B, and group C HP-like IRESs

IRES group and
virus

Data for indicated structural element

Domain II Pseudoknot Domain III

Length
(nt)

Presence of: Length (nt) of: Presence of:

III1 mispairLoop E
motif

UANCCAU
loop Stem 1 Stem 2 Linker Spacer IIIa AGUA

loop IIIc IIId G
loop IIId2 IIIe

A
HCV 75 � � 9/9 6/6 1 11 � � � � � A-A
GBVB 174 � (�) 9/9 6/6 1 11 � � � � � A-A
AEV 64 � � 9/9 5/5 3 11 � � � � � A-A
SVV 79 � � 11/11a 5/5 1 13 � � � � � A-A

B
PEV-8 54 � � 12/12 8/8 3 10 � � � � � A-A
PTV-1 29 � � 12/12 8/8 3 9 � � � � � A-G
SPV-9 119 � � 12/12 8/8a 3 9 � � � � � A-G
DHV-1 76 � � 12/12a 8/8 5 11 � � � � � A-A
DPV 66 � � 12/12a 8/8 3 17 � � � � � A-A

C
CSFV 59 � � 14/16a 7/7 7 12 � � � � � A-A
BVDV 64 � � 13/15a 7/7 6 12 � � � � � A-A

a Numbers defining the lengths of helices in the pseudoknot include internal mispairs and internal bulges as appropriate. “Spacer” refers to the nucleotides between
the pseudoknot and the initiation codon.

VOL. 81, 2007 STRUCTURALLY RELATED PICORNAVIRUS AND FLAVIVIRUS IRESs 5855



FIG. 4. Models of predicted secondary and tertiary structures of HCV and various picornavirus IRESs. Models of the IRESs of HCV (A), AEV
(B), SVV (C), PTV-1 (D), DHV-1 (E), DPV (F), SPV-9 (G), and PEV-8 (H) were derived as described in the text. Domains are labeled II, II,
and IV; individual helical segments are labeled II1, II2, III1, and III2, etc.; and individual hairpins are labeled IIIa and IIIb, etc., and are analogous
to similarly labeled structures in the HCV IRES. To maintain the continuity of the current nomenclature, we have designated additional hairpin
elements IIIb1 in the AEV IRES and IIId2 in the SVV IRES. Stem 1 and stem 2 are elements of the pseudoknot. AUG triplets marked with a
solid black bar represent the translation initiation site for the viral polyprotein. Lightly shaded rectangles indicate base pairs that are maintained
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despite sequence variation between types, strains, and isolates of designated viruses; single-site substitutions that do not disrupt base pairing are
indicated by asterisks, and base pairs maintained by paired covariant substitutions are indicated by lozenges. Unpaired bases in the domain II
structures of individual picornavirus IRESs that are conserved in the HCV IRES are indicated by gray shading, as are the conserved apical loops
of domain IIIa (as appropriate) and domain IIIe and the apical G-rich element of the domain IIId loop. The insets for panels D, G, and H represent
potential alternative structures of the apical IIIab regions of PTV, SPV-9, and PEV-8 IRESs identified by Pfold and ILM, as described in the text,
whereas the structures formed by the equivalent residues shown in the main panel were determined using Mfold.
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shading in Fig. 4B to I and in Table 3 are analogous to the
HCV domain II E-loop GAA71-73/AGUA93-96 motifs and
the apical HCV domain II UANCCAU80-86 motif (which has
the slightly divergent sequence GAGCCAAC in GBV-B) and
to the GAGUAA161-166, GGG266-268, and GA(U/C)A294-299

motifs in HCV domains IIIa, IIId, and IIIe, respectively. Table
3 also indicates the sequence of the conserved mispair in helix
III1 of domain III and whether the predicted structures contain
domains IIIc, IIId2, and IIIe. Individual picornavirus HP
IRES-like structures differed from canonical HP IRESs most
significantly in terms of the size and structure of domain II and
the apical region of domain III and by the absence of a domain
IV-like hairpin in all viruses but SPV.

Pfold identified the majority of HP IRES-like structural
elements in these RNAs, except for the PK2 helices, which
were identified in DPV, PEV-8, PTV, SPV, and SVV 5� UTRs
by using ILM. Alignment with other HP IRES-like sequences
(Fig. 5) indicates that AEV and DHV 5� UTRs can neverthe-
less potentially form PK2 helices and, consequently, that all
seven picornavirus 5� UTRs can form an HP-like pseudoknot
9 to 11 nt upstream of the initiation codon (except in SVV and
DPV, which are separated by 13 nt and 17 nt, respectively).
Elements of the IRES-like fold that were not identified by
Pfold or ILM (such as domain IIIe and some helices in the
IIIabc region of AEV, DHV, DPV, and SVV) were identified
using Mfold. Mfold was also used to test the predicted 5� UTR

structural models by determining whether the helical and stem-
loop substructures identified by Pfold (excluding elements of
the pseudoknot) were the most thermodynamically stable
structures within larger fragments of each 5� UTR. Mfold
analysis supported the results of Pfold analysis in all instances,
except for the differences in predicted structures in the “IIIabc”
regions of DPV, PEV-8, PTV, and SPV IRESs noted below.
The resulting predicted structures are shown in Fig. 4B to H
(together with the HCV [Fig. 4A] and CSFV [Fig. 4I] IRESs).

Domain II in AEV, DHV, DPV, and SVV 5� UTRs resem-
bles domain II in conventional HP IRESs, whereas the SPV
domain II elements were significantly larger than those in HP
IRESs, and the PEV-8 and PTV domain II elements were
significantly smaller and lacked the GAA and AGUA motifs
present in HP IRESs and all other picornavirus HP IRES-like
elements (Fig. 4A to I). The structure of PTV domain II
proposed here differs significantly from that in a recent pro-
posal (3) but was independently identified by Pfold, ILM,
Mfold, and Alifold (13) analyses of multiple PTV sequences
and is supported by analysis of covariant nucleotide substitu-
tions. Its 5� border does not correspond to the experimentally
determined 5� border of the PTV IRES at nt 126 (46). Bioin-
formatic analyses suggested that PTV nucleotides between nt
126 and domain II have the potential to form additional hair-
pins that may thus be functionally important (data not shown).

The numbers and sizes of helices that formed the apical half
of domain III differed significantly between these different
picornaviruses, and in contrast to basal elements of domain III,
their structures were not all predicted unambiguously by
Mfold, ILM, and Pfold. The DPV IIIabc region predicted by
Pfold is shown in Fig. 4F: Mfold analysis indicated that this
corresponds to the most stable conformation for this region
and for the 11-base-pair III2 helix, except that base pairing of
UCC245-247 and GGA314-316 was indicated. The relative
sizes of PTV domains IIIa and IIIb predicted by Mfold (Fig.
4D) and by Pfold and ILM (Fig. 4D, inset) differed slightly, and
whereas Pfold and ILM suggested that the apical regions of the
PEV-8 and SPV domain III structures can form a four-way
junction and that domain IIIb consists of two subdomains (Fig.
4G and H, insets), Mfold suggested that these regions fold
most stably to form Y-shaped structures (Fig. 4G and H),
indicating that, like PTV, SPV and PEV-8 would lack domain
IIIc. This conclusion is consistent with suggestions by Chard et
al. (3) that PTV domain III may lack a stable four-way junction
near its apex.

Conservation of structure in picornavirus HP-like IRESs.
The predicted 5� UTR structural models were also tested by
assessing their compatibility with sequences of closely related
viruses and, when possible, of divergent viral isolates that had
not been used to build the models. The few insertions/deletions
in the aligned sequences are limited to the apexes of PEV-8
domain IIIb and SPV domain IIId and to unpaired elements of
SPV domains IIIb1 and IIIb2. Most substitutions (Table 4)
occurred in unpaired regions (“unpaired” substitutions) or did
not disrupt base pairing (e.g., A-UNG-U and G-UNG-C tran-
sitions [“neutral” transitions]). Some substitutions in unpaired
regions which were not separately classified were predicted to
lead to the formation of additional base pairs: nine such sub-
stitutions in the domain II structures of SPV isolates were
equivalent to A349G, C387U, U406A, and U406G substitutions in

FIG. 4—Continued.
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SPV-9 and would stabilize the long subapical helix. A small
number of substitutions were transitions that disrupted base
pairing (e.g., A-U3A-C; “disruptive” substitutions). The ma-
jority occur at only a few loci: for example, 7 of 10 such
substitutions in SPV isolates were the equivalent of SPV-9
U502G/U502A and G503A substitutions in domain IIIb1 (Fig.
4G). A significant proportion of substitutions are covariant;
therefore, base pairing in predicted helices is maintained by,
e.g., A-UNG-C double substitutions. The locations of covari-
ant and neutral substitutions in each predicted IRES structure

are shown in Fig. 4B to H. The frequencies of disruptive
mutations in all sets of picornavirus sequences were lower, and
(except for PTV) the frequencies of covariant substitutions
were higher than those in a control set of PEV-8 IRES domain
III-derived sequences generated by random evolution in silico.
PTV genomes contained an average of only two substitutions,
the majority of which were “unpaired.” The observed pattern
of sequence variation provided strong support for the pro-
posed individual structural elements and for the proposed
overall structure of the picornavirus IRESs. More generally,

FIG. 5. Segregation of IRESs into three groups on the basis of length and sequence covariation of the pseudoknot and adjacent elements. The
boundaries of elements in confirmed/putative picornavirus IRESs are as shown in Fig. 4B to H and references 1 and 54; the accession numbers
for each genome are given in Materials and Methods. SPVs 1, 3, and 12 are identical to SPV-9, and SPVs 11 and 15 are identical to SPV-4 in the
regions shown and were therefore excluded. All differences from consensus nucleotide sequences (“con.”) in panels A to C are indicated by a
single-letter code; N indicates that there is no consensus. Vertical lines indicate Watson-Crick base pairing, and asterisks indicate GU base pairing.
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this pattern is consistent with conclusions that secondary/ter-
tiary structure within IRES groups is conserved despite se-
quence variation that can be extensive (16, 21).

Although only one DPV-1 sequence has been reported, we
noted that although the core region of its proposed IRES and
the corresponding region of the PTV-1 IRES (nt 222 to 242/nt
323 to 405) are only 60% identical, only 2 predicted base pairs
in the corresponding predicted structures are absent, whereas
18 base pairs are maintained by sequence covariation. This
observation strongly suggests that these two RNAs have nearly
identical folds. Similarly, the PEV-8 strain V13 domain III
sequence is �70% identical to members of both principal SPV
subgroups, and substitutions at 75% of positions (excluding
those for the IIIb2 domain) are covariant substitutions or struc-
turally neutral transitions and 15% occur at unpaired positions.
There is therefore significant structural similarity between the
�200 nt upstream of the initiation codon in PEV-8 and SPV 5�
UTRs.

Sequence and structural properties of coding sequences ad-
jacent to the initiation codon. The coding region immediately
adjacent to the IRES encodes the core protein in HCV and
GBV-B and the N-terminal protease (Npro) in pestiviruses.
Equivalent regions in the picornavirus genomes encode differ-
ent proteins. The AEV 5� UTR is followed immediately by the
VP4 and VP2 capsid protein-coding regions (35), and the cod-
ing region downstream of the DHV-1 5� UTR encodes VP0, an
uncleaved VP4-VP2 precursor (23). The other picornaviruses
all encode VP4 and VP2 proteins preceded by “leader” pro-
teins of differing sizes (Fig. 3); the function of these proteins is
unknown.

Among HP IRESs, domain IV occurs only in HCV and
GBV-B, and the equivalent regions of pestivirus genomes are
unstructured (14, 62, 63). Of the picornavirus sequences ana-
lyzed here, only those from SPVs could form stable domain IV
structures that in SPV-9 contained five base pairs (�G � �3.5
kJ mol�1) (Fig. 4G) and in SPV-3 forms an interrupted 12-
base-pair helix (�G � �11.3 kJ mol�1) (data not shown).
HCV and CSFV IRES activity is enhanced by the proximal 40
nt of coding sequence, including a conserved A-rich sequence
(6, 51). This element is preceded by a pyrimidine-rich element
in HCV, GBV-B, and all pestiviruses; similar pyrimidine-rich
elements are present in all of the picornaviruses considered
here, but in some, particularly AEV and SVV, the A-rich
element is weak or absent (data not shown).

IRESs from five distinct picornaviruses constitute a third
novel group of HP-like IRESs. Analysis of length and sequence
variation in the structural core of these IRESs (i.e., the
pseudoknot, domain IIIe helix III1, and the domain IIIf helix)
(Fig. 5) indicated that HCV-like IRESs (group A [HCV,
GBV-B, AEV and SVV, an outlier]) and pestivirus IRESs
(group C) are distinct from the other picornavirus IRESs
(group B). This analysis excluded the variable “spacer” be-
tween the pseudoknot and the initiation codon, domain II, the
nonconserved pestivirus/SVV-specific IIId2 element, and distal
sequences in domain III. Domain IIIe is highly conserved in all
HP-like IRESs; the adjacent element of helix III1 has the
identical consensus sequence 5�-AGAG/5�-U(A/G)CU in
IRES groups A and B, and the proximal half of PK2 has the
consensus sequence 5�-GAG/5�CUC in IRES groups A and C.
Other core elements differ significantly in terms of length and
have distinct consensus sequences; formation of each helix is
maintained by covariant nucleotide substitutions, indicative of
functional importance. Individual elements in each IRES
group also have distinctive lengths. Thus, PK1 is 9 nt long in
group A (except in SVV), is 12 nt long in all members of group
B, and in group C consists of 7-nt and 6-nt helices linked by an
asymmetric bulge. PK2 is 8 nt long in all members of group B
but only 6 nt long in groups A (except in SVV [5 nt]) and C
(which differ from each other in that group C IRESs have an
A-rich linker between PK1 and PK2). These differences in the
lengths of stems and connecting loops are maintained within
each group, likely because each combination represents a set
of compatible elements that together satisfy structural and
thermodynamic requirements for stable pseudoknot formation
(11).

DISCUSSION

The 5� UTRs of picornaviruses from several genera contain
HP IRES-like elements at different locations relative to the 5�
end of the genome and next to a variety of coding sequences
(Fig. 3). These observations and the fact that several of these
elements have been found to mediate initiation by an HP
IRES-like mechanism rather than by a conventional picorna-
virus-like mechanism (see below) suggest that HP-like IRESs
have on several occasions been exchanged by recombination
between members of Picornaviridae and Flaviviridiae.

TABLE 4. Relative frequencies of nucleotide substitutions in the 5� UTRs of AEV, DHV1, PEV8, PTV, and SPV isolatesa

Virus No. of isolates
No. (%) of substitutions in indicated category

Total Unpaired Covariant Neutral Disruptive

AEV 3 14 4 (29) 2 (14) 7 (50) 1 (7%)
DHV-1 8 29 5 (17) 4 (14) 14 (48) 6 (21%)
PEV-8 6 102 61 (60) 22 (22) 14 (14) 5 (5%)
PTV 60 124 73 (59) 6 (5) 41 (33) 4 (3%)
SPV 7 249 44 (18) 181 (73) 14 (6) 10 (4%)

PEV-8 in silico 1,000 13% 3% 13% 71%

a The categories of substitutions are defined in the text. Substitution frequencies were determined relative to those for designated type sequences (Fig. 4), from the
5� border of the predicted domain II structure to the nucleotide preceding the initiation codon, and are compared with those for a control data set derived by in silico
evolution of PEV-8 domain III.
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Structural models of picornavirus HP-like IRESs. Probabi-
listic models of seven distinct HP IRES-like structures were
supported by thermodynamic considerations and by analysis of
additional sequence variants. Sequence differences between
the proposed IRESs of different types and isolates of each virus
were predominantly structurally neutral transitions or substi-
tutions in unpaired regions and thus had little or no effect on
the overall fold or on base pairing in individual helices. Struc-
turally disruptive substitutions were rarer than covariant sub-
stitutions, which uniformly served to maintain the proposed
pattern of base pairing (Fig. 4B to H). Sequence covariation in
noncoding RNAs is indicative of a necessity to maintain func-
tionally important structures (58, 61).

The proposed structures are consistent with and significantly
extend previous models for the structures of fragments of these
5� UTRs, which included SPV domains IIIa, IIIb, and IIId
(39), PTV-1 domain IIIe (46), and the pseudoknot region (47).
The PTV-1 IRES structure proposed here differs in detail,
particularly regarding domain II, but is generally similar to
another recent model (3). However, the structures proposed
here are incompatible with previous models for the PTV-1
IRES (72) and for elements of DHV, PEV-8, PTV-1, and
SPV-9 5� UTRs (28, 39, 46, 68, 69), possibly because they were
derived by analysis of 5� UTR fragments or by use of algo-
rithms that cannot identify tertiary (pseudoknot) interactions.
By contrast, Pfold and ILM, which were used to derive the
models described here, were first validated by their accuracy in
predicting the secondary and tertiary structures of HCV,
CSFV, and BVDV IRES domains, which have previously been
independently determined by phylogenetic, biochemical, and
biophysical means.

An important corollary to the identification of sequence and
structural similarities between these seven picornavirus 5�
UTRs and HP IRESs is proof that the former do in fact
mediate internal initiation by an HP-like mechanism rather
than by the fundamentally different conventional picornavirus
mechanism (44, 47). Recent reports indicate that the PTV-1,
PEV-8, and SPV-1 elements described here are IRESs that
initiate translation independently of eIF4A (2, 19) and that
the PTV-1 IRES mediates initiation by an HP-like mechanism
(3, 46).

Implications for the mechanism of IRES-mediated initia-
tion of translation. The IRESs identified here differ from one
another significantly, primarily in terms of the size and number
of subdomains in domain III and, for some, in the structure of
domain II, but they all contain a structurally related core com-
prising the pseudoknot, domains IIId and IIIe, and helices III1

and III2. The high level of sequence and/or structural conser-
vation of this core is indicative of its functional importance,
consistent with the results for mutational analyses of HP
IRESs (7, 18, 26, 27, 33, 49, 52, 53, 71) and, to a limited extent,
the PTV-1 IRES (3). The most variable elements of these
picornavirus IRESs are domain II and the apical IIIabc region,
which, during initiation, play roles in interacting with the ribo-
somal E site and stabilizing binding of the coding region of
mRNA in the ribosomal mRNA-binding cleft (domain II) (26,
65) and in binding to eIF3 (IIIabc) (45, 62). It is not yet known
whether the high level of structural variation in these various
IRESs is paralleled by subtle mechanistic differences in medi-
ating internal initiation or whether the tertiary structures of

these regions may, despite sequence differences, orient func-
tionally important motifs in similar ways so that critical inter-
actions with components of the translation apparatus can still
occur. Alternatively, specific functions played by peripheral
IRES domains may be fulfilled in different ways. Differences in
domains II and IIIabc of HP and picornavirus HP-like IRESs
might be due to the presence of virus-specific cis-acting ele-
ments that influence replication in addition to translation ini-
tiation (8–10, 50). The absence of elements directly equivalent
to HCV domain II and/or IIIabc in some picornavirus HP-like
IRESs may therefore be due to the locations of replication
signals elsewhere in their genomes and a consequent loss of
selective pressure to maintain these elements in their IRESs.

Exchange of IRESs between RNA viruses by recombination.
PEV-8 and SPVs 1, 3, 4, 9, 11, 12, and 15 are related and may
constitute a new picornavirus genus (28, 38, 39), to which DPV
may also be assigned. PTV-1 is the type member of the
Teschovirus genus (74), whereas AEV is a member of the
Hepatovirus genus (35). The DHV-1 polyprotein is most closely
related to polyproteins encoded by members of the Parecho-
virus genus, but DHV-1 may constitute a new genus (23, 69)
and the SVV polyprotein is most closely related to Cardiovirus
polyproteins. Phylogenetic analysis indicates that SPV and
PEV-8 (and thus probably DPV) cluster with the Enterovirus
and Rhinovirus genera, teschoviruses (e.g., PTV-1) cluster with
the Cardiovirus, Aphthovirus, and Erbovirus genera, and AEV
clusters with the Hepatovirus genus (15). HP-like IRESs are
therefore present in members of distinct and deeply branched
picornavirus genera as well as in distinct (Hepacivirus and
Pestivirus) genera of Flaviviridae. These observations and the
observations that these IRESs are located at various distances
from the 5� end of the genome and are juxtaposed next to a
variety of coding sequences (Fig. 3) might be due to repeated
capture of a cellular RNA element by different viruses but can
more plausibly be accounted for by multiple recombination
events between viral genomes. The feasibility of replacing the
IRES of a picornavirus by the HCV IRES without loss of
viability has been demonstrated using synthetic poliovirus chi-
meras (30).

Recombination is a common event that contributes signifi-
cantly to the genetic diversity and evolution of RNA viruses
(73) and has been reported for several virus groups, including
pestiviruses and picornaviruses (17, 57). Recombination sites
occur most frequently in the nonstructural protein-coding re-
gion of the picornavirus genome, and although less common,
recombination has been reported at the 5� UTR/VP4 capsid
protein junction (31, 41, 57, 60). The preferential recombina-
tion of related sequences for yielding viable progeny accounts
for observations that recombination between enteroviruses is
mostly limited to members of the same species (40, 41). Non-
homologous recombination yields viable recombinants at a
100-fold-lower frequency than homologous recombination
(24), but it has nevertheless been detected in picornaviruses
and pestiviruses, as is evident by the “capture” of cellular
RNA elements (4, 36) and by the apparent exchange of
genetic elements between distinct viral species. For example,
the coding regions and 3� noncoding regions of human entero-
viruses cluster into four clades (HEV species A to D), whereas
their 5� UTR sequences form only two clades (the poliovirus-
like 5� UTRs of species A and B and the coxsackievirus B-like
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5� UTRs of species C and D) (57). Similarly, most circulating
HEV B strains are recombinants in which only the capsid
protein region groups with the sequence of the prototype
strain, whereas the 5� UTR and the nonstructural proteins
group with each other but not with the capsid proteins (31).
Enterovirus capsid proteins were therefore suggested to be
independent genetic entities that can combine freely with a
variety of 5� UTRs and nonstructural protein genes from re-
lated viruses so that elements encoding structural and non-
structural proteins can evolve relatively independently, ac-
counting for the relatively high genetic variability of capsid
proteins (31, 60). The observations reported here can be con-
sidered an extension of this model: at a lower frequency, func-
tional noncoding elements may also recombine independently
of coding regions. Whereas data derived from phylogenetic
analysis of enteroviruses are suggestive of genetic exchange
between species, the observations reported here are particu-
larly significant because they constitute one of the few indica-
tions that genetic material can be exchanged between virus
families. Moreover, unlike previous reports (such as the sug-
gestion that the presence of the hemagglutinin-esterase gene in
the positive-strand single-stranded RNA genomes of torovi-
ruses and coronaviruses and the negative-strand single-
stranded RNA genome of influenza virus C is due to nonho-
mologous recombination) (34, 64), data reported here suggest
that nonhomologous recombination can also involve the mod-
ular exchange of functional noncoding RNA elements between
viruses.
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