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The 5=-untranslated regions (5= UTRs) of picornavirus genomes contain an internal ribosomal entry site (IRES) that promotes
the end-independent initiation of translation. Picornavirus IRESs are classified into four structurally distinct groups, each with
different initiation factor requirements. Here, we identify a fifth IRES class in members of Kobuvirus, Salivirus, and Paraturdivi-
rus genera of Picornaviridae: Aichi virus (AV), bovine kobuvirus (BKV), canine kobuvirus (CKoV), mouse kobuvirus (MKoV),
sheep kobuvirus (SKV), salivirus A (SV-A), turdivirus 2 (TV2), and TV3. The 410-nucleotide (nt)-long AV IRES comprises four
domains (I to L), including a hairpin (L) that overlaps a Yn-Xm-AUG (pyrimidine tract/spacer/initiation codon) motif. SV-A,
CKoV, and MKoV also contain these four domains, whereas BKV, SKV, and TV2/TV3 5= UTRs contain domains that are related
to domain I and equivalent to domains J and K but lack an AV-like domain L. These IRESs are located at different relative posi-
tions between a conserved 5=-terminal origin of replication and divergent coding sequences. Elements in these IRESs also occur
elsewhere: domain J’s apical subdomain, which contains a GNRA tetraloop, matches an element in type 1 IRESs, and eIF4G-
binding motifs in domain K and in type 2 IRESs are identical. Other elements are unique, and their presence leads to unique ini-
tiation factor requirements. In vitro reconstitution experiments showed that like AV, but in contrast to other currently charac-
terized IRESs, SV-A requires the DExH-box protein DHX29 during initiation, which likely ensures that the initiation codon
sequestered in domain L is properly accommodated in the ribosomal mRNA-binding cleft.

The genomes of RNA viruses contain structural elements that
have important roles in translation, replication, and encapsi-

dation. Their activities depend on structural integrity and on spe-
cific sequence motifs, thus limiting sequence variation, so that
functionally related elements in different viruses commonly con-
tain conserved sequence motifs and have a common architecture
in which covariant substitutions maintain base-pairing patterns.
Internal ribosomal entry sites (IRESs) are large, structured RNA
elements that mediate the end-independent initiation of transla-
tion (28). Each of the five classes of viral IRES that have been
identified to date has a different characteristic structure and pro-
motes initiation by a distinct mechanism.

The simplest mechanism is used by the �180-nucleotide (nt)-
long intergenic region (IGR) IRESs of dicistroviruses, which con-
sist of three pseudoknots (52). They bind directly to the ribosome
and mediate initiation without the involvement of eukaryotic ini-
tiation factors (eIFs) (61, 88). The second IRES class is epitomized
by the �330-nt-long IRESs of hepatitis C virus (HCV) and pesti-
viruses (designated HP) (47) and includes structurally related HP-
like IRESs that occur in numerous picornaviruses, including por-
cine kobuvirus (PKV), a member of the Kobuvirus genus,
members of the Teschovirus, Sapelovirus, Senecavirus, Tremovirus,
and Avihepatovirus genera of Picornaviridae, seal picornavirus 1,
and turkey hepatitis virus (8, 14, 21, 26, 35, 37, 73). The presence
of related IRESs in unrelated viruses suggests that these elements
have been exchanged by recombination (21). HP-like IRESs bind
directly to eIF3 and to the ribosomal 40S subunit, promoting 48S
initiation complex formation without the factors that are required
for the cap-dependent recruitment of 43S preinitiation complexes
to mRNA (eIF4A, eIF4B, eIF4E, or eIF4G) or for scanning (eIF1
and eIF1A) (10, 57, 58, 66, 69).

The three other structurally defined classes of IRESs all occur in

picornavirus 5= untranslated regions (UTRs), which have a mod-
ular organization in which the origin of replication (ori) is fol-
lowed by the IRES. Type 1 IRESs occur only in the Enterovirus
genus (5). They are �450 nt long and contain five domains (II to
VI), and their 3= borders are marked by a Yn-Xm-AUG motif in
which Yn, a pyrimidine tract (n; 8 to 10 nt), is separated by a spacer
(m; 18 to 20 nt) from an AUG triplet (29, 63). This motif is the
presumed point of ribosomal entry into the 5= UTR (64) and is
separated from the initiation codon by a nonconserved spacer
(�30 nt in rhinoviruses but �150 nt in poliovirus). Conserved,
functionally important nucleotides occur at the base of domain II,
in the cruciform domain IV (including a GNRA tetraloop and a
C-rich loop in adjacent apical arms), and in the central loop and
basal half of domain V (3, 5, 11, 19). This region of domain V
interacts specifically with eIF4G and eIF4A, an associated RNA
helicase, which together promote the recruitment of 43S com-
plexes to the IRES (11).

Type 2 IRESs occur in the Aphthovirus, Cardiovirus, and
Parechovirus genera (5); divergent members occur in the Erbovirus
and human Cosavirus genera (23, 34). They are �450 nt long and
also have a 3=-terminal Yn-Xm-AUG motif, but in contrast to type
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1 IRESs, the AUG triplet may be the initiation codon. Their five
principal domains (H, I, J, K, and L) are unrelated to domains in
type 1 IRESs, with the exception of domain I, which, like domain
IV of type 1 IRESs, contains a C-rich loop and a functionally im-
portant GNRA tetraloop (5). However, in contrast to domain IV
of type 1 IRESs, domain I in type 2 IRESs has a patriarchal cross
(i.e., double-barred) conformation, and the stem-loops in which
these motifs are located are not adjacent. Initiation on the IRESs of
encephalomyocarditis virus (EMCV), a cardiovirus, and foot-
and-mouth disease (FMDV), an aphthovirus, requires the specific
binding of eIF4G and eIF4A to the Y-shaped J-K domain (65, 68),
an interaction that is dependent on a conserved sequence/struc-
tural motif at the apex of domain J (4, 9, 39, 94). The IRESs from
some EMCV isolates require only eIF4G/eIF4A to recruit a 43S
complex consisting of eIF3, eIF2-GTP/initiator tRNA, and a 40S
subunit to the initiation codon to form a 48S complex (62, 65).
Type 2 IRESs therefore can function without eIF4E and factors
implicated in ribosomal scanning, such as eIF1 and eIF1A, al-
though some additionally require one or more IRES trans-acting
factors (ITAFs), which are cellular RNA-binding proteins, such as
the pyrimidine tract-binding protein (PTB) (54). All type 1 IRESs
that have been characterized to date are dependent on ITAFs
which, apart from PTB, are distinct from those used by type 2
IRESs (54).

The type 3 IRES occurs only in hepatitis A virus (HAV); its
�410-nt-long core comprises two major domains (IV and V) fol-
lowed by a Yn-Xm-AUG motif, but its function is significantly
enhanced by the upstream �175-nt-long domains II and III (7).
There are major structural and mechanistic differences between it
and type 1 and type 2 IRESs, such as the length and sequence of
core structural elements and the exceptional requirement of HAV
IRES for the cap-binding protein eIF4E (2).

The existence of these structurally and mechanistically distinct
classes of IRESs raises the question of whether other unrelated
IRESs remain to be identified. To address this possibility, we re-
cently characterized the 5= UTR of Aichi virus (AV), a member of
the Kobuvirus genus that causes acute gastroenteritis in humans
(13), and found that it contains an �410-nt-long IRES (Fig. 1)
that is structurally distinct from the different classes of IRESs de-
scribed above (95). The AV IRES also has distinct factor require-
ments: unlike all other IRESs that have been characterized to date,
48S complex formation on it is dependent on DHX29 (95), a
ribosome-associated DExH-box helicase that has been implicated
in the correct accommodation of structured mRNA in the mRNA-
binding channel of the 40S subunit (1, 71). The Kobuvirus genus
currently comprises six accepted or proposed species: bovine ko-
buvirus (BKV), canine kobuvirus (CKoV), mouse kobuvirus
(MKoV), sheep kobuvirus (SKV), AV, and PKV (33, 41, 67, 74, 90,
93). It is distantly related to salivirus A (formerly known as klasse-
virus) of the proposed Salivirus genus (17, 25, 42, 81) and to tur-
divirus 2 (TV2) and turdivirus 3 (TV3) of the proposed Paratur-
divirus genus (89).

Previous analyses had identified a Yn-Xm-AUG motif in the
AV 5= UTR (n � 7; m � 11) and in two SV-A isolates (Y12-X8-
AUG and Y12-X4-AUG) that included the initiation codon, which
was taken as an indication that these viruses contain type 2 IRESs
(17, 42, 91). However, the BKV and TV3 5= UTRs contain diver-
gent Y7-X37-AUG and Y6-X34-AUG motifs, respectively (89, 90),
and several reports had noted that the secondary structures of
these 5= UTRs were unknown (81), could not be determined (90),

or were not similar to those of cardioviruses and aphthoviruses
(17, 74, 89). We therefore reanalyzed these elements using meth-
ods that had previously been used to identify HP-like IRESs in
diverse picornaviruses and to model the structure of the AV IRES
(21, 95), and we identified AV-like IRES structures in each of these
genomes. The extensive similarities between these predicted
structures and the experimentally verified AV IRES indicate that
these RNA elements constitute a novel class of viral IRESs.

MATERIALS AND METHODS
Sequences. Sequences were analyzed from the Aichi virus strains A846/88
(GenBank accession numbers AB040749 and AB010145), BAY/1/03/DEU
(AY747174), Goiania/GO/03/01/Brazil (DQ028632), Chshc7 (FJ890523),
D/VI2169/2004 (GQ927704), D/VI2359/2004 (GQ927705), D/VI2321/2004
(GQ927706), D/VI2582/2004 (GQ927707), D/VI2524/2004 (GQ927708),
D/VI2528/2004 (GQ927709), D/VI2287/2004 (GQ927711), D/VI2244/2004
(GQ927712), and D/VI2535/2004 (GQ927710); bovine kobuvirus strain U-1
(AB084788); canine kobuvirus AN211D (JN387133); canine kobuvirus
PC0082 (JN088541); mouse kobuvirus (JF755427); porcine kobuvirus strains
swine/S-1-HUN/2007/Hungary (EU787450), swine/K-30-HUN/2008/Hun-
gary (GQ249161), pig/JY-2010a/CHN/Y-1-CHI (GU292559), and pig/Ch-
kobu/2008/CHN (GU298977); salivirus A isolates NG-J1 (GQ179640),
02394-01 (GQ184145), SH1 (China) (GU245894), and 1 to 9 (GU376738 to
GU376746); sheep kobuvirus (GU245693.2); TV2 strains 10717 (GU182408)
and 007167 (GU182409); and TV3 strains 10878 (GU182410) and 00742
(GU182411).

Sequence alignment. Viruses containing AV IRES-like sequences in
their 5= UTRs were identified using BLAST searches (http://www.ncbi
.nlm.nih.gov/BLAST/) of the GenBank database. For short (11-nt) se-
quences, the parameters used were the following: E (expect), 1,000; word size,
7; reward match/mismatch, 1/�3; gap extension, 5; and gap penalty, 2.
Searches done with long sequences (�100 nt) used the following parameters:
E, 10; word size, 11; reward match/mismatch, 1/�1; gap extension, 0; and gap
penalty, 2. Searches done using more stringent parameters (e.g., match/mis-
match, 2/�3; gap extension, 5; gap penalty, 2) identified shorter segments of
the same sequences. Nucleotide sequences were aligned with CLUSTAL-W2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) using the default parameters
(DNA weight matrix, CLUSTALW; gap open penalty, 10.0; gap extension
penalty, 0.01).

Modeling of secondary and tertiary RNA structures. Secondary struc-
ture elements were modeled using complementary probabilistic (Pfold; http:
//www.daimi.au.dk/�compbio/pfold/) (36) and posterior decoding ap-
proaches (CentroidFold; http://www.ncrna.org/centroidfold) (80) and were
verified and refined by free energy minimization using Mfold (http://mfold
.rna.albany.edu/?q�mfold) (96) and RNAfold (http://rna.tbi.univie.ac.at
/cgi-bin/RNAfold.cgi) (18), in all instances using default parameters.
Computational analysis was, in all cases, done using series of overlapping
viral RNA sequences because of the limits on the number of nucleotides
that can be processed via these web servers. Tertiary structures in picor-
navirus 5= UTRs were modeled using pKnotsRG (http://bibiserv.techfak
.uni-bielefeld.de/pknotsrg/submission.html) (72).

Assembly and analysis of initiation complexes. A vector for the tran-
scription of mRNA of SV-A nt 1 to 1498 was made (GenScript) by insert-
ing DNA into pUC57, which corresponds to a 5=-terminal T7 promoter,
two G residues, and a variant of SV-A nt 1 to 1498 (GenBank no.
GQ184145) followed by two UAA stop codons. The SV-A sequence con-
tained single substitutions that eliminated a BamHI restriction site at nt
1241 to 1246 and introduced AUG triplets at positions corresponding to
codons 137, 179, 212, 221, 237, and 253 of the 259-amino-acid-long SV-A
L�VP0 coding sequence. Further mutations were introduced into this
SV-A transcription vector by NorClone Biotech Laboratories (London,
Ontario, Canada). SV-A mRNA was transcribed from this vector, and AV
and EMCV IRES-containing mRNAs were transcribed from previously
described vectors (15, 95) using T7 RNA polymerase. 40S subunits and
native eIF2 and eIF3 were purified from rabbit reticulocyte lysate (RRL)
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(Green Hectares, Oregon, WI). Recombinant eIF1, eIF1A, eIF4A (wild-
type [wt]), eIF4AR362Q, and eIF4G736-1115 (designated eIF4Gm) and mu-
tant variants thereof, PTB, DHX29, and Escherichia coli methionyl tRNA
synthetase were expressed and purified from E. coli as described previ-
ously (38, 43, 57, 62, 65, 83). tRNAMeti was transcribed in vitro using T7
RNA polymerase and a previously described vector (60) and was amino-
acylated using recombinant E. coli methionyl tRNA synthetase (43). 48S
complexes were assembled on SV-A, AV, and EMCV mRNA transcripts

and analyzed by primer extension using avian myeloblastosis virus reverse
transcriptase and 32P-labeled primer 5=-GAAAGAAGATGAGTGAGGA
G-3= (complementary to SV-A nt 788 to 807), 5=-GCCTATCATAGCAG
TCAAGG-3= (complementary to AV nt 790 to 809), or 5=-GTCAATAAC
TCCTCTGG-3= (complementary to EMCV nt 957 to 974) as appropriate,
essentially as described previously (70).

In vitro translation. Monocistronic SV-A mRNAs (0.1 �g) were
translated using the Flexi RRL system (Promega) (20-�l reaction volume)

FIG 1 Model of the structure of the 5= UTR and adjacent coding region of Aichi virus downstream of domains A to C and the pseudoknot. This model was derived as
described previously (95), and domains/subdomains are labeled sequentially from E to L. Nucleotides shown in cyan circles are conserved in all or all but one of the AV,
CKoV, MkoV, and SV-A sequences listed in Materials and Methods; nucleotides shown in orange circles, which are deliberately limited to the highly conserved domains
I and J, match these criteria and also are present in all currently available BKV, SKV, TV2, and TV3 sequences. The AV initiation codon AUG745 is boxed.
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supplemented with 0.5 mCi/ml [35S]methionine (43.5 TBq/mmol) for 60
min at 37°C. Purified recombinant eIF4AR362Q (56) was added to trans-
lation reactions as described previously (95). Translation products were
analyzed by electrophoresis using NuPAGE 4 to 12% Bis-Tris gels (Invit-
rogen), followed by autoradiography.

Directed hydroxyl radical cleavage. Wild-type eIF4G736-1115 and a
panel of single-cysteine mutant forms of eIF4G736-1115 (termed eIF4Gm)
were derivatized with Fe(II)-1-(p-bromoacetamidobenzyl)-EDTA (BABE) as
described previously (38, 39) by incubating 3,000 pmol of a protein with 1
mM Fe(II)-BABE in 100 �l buffer containing 80 mM HEPES (pH 7.5), 300
mM KCl, and 10% glycerol for 30 min at 37°C. Derivatized proteins were
separated from unincorporated reagent by buffer exchange on Microcon
YM-30 filter units and stored at �80°C.

To investigate hydroxyl radical cleavage, 5 pmol of wt or mutant SV-A
mRNA (nt 1 to 1498) was incubated at 37°C for 10 min in 50 �l buffer A
(20 mM HEPES [pH 7.6], 100 mM KCl, 2.5 mM MgCl2, and 5% glycerol)
with 10 pmol [Fe(II)-BABE]-eIF4Gm in the presence of 10 pmol unmod-
ified eIF4A. To generate hydroxyl radicals, reaction mixtures were supple-
mented with 0.05% H2O2 and 5 mM ascorbic acid and incubated on ice
for 10 min. Reactions were quenched by adding 20 mM thiourea. Sites of
hydroxyl radical cleavage were determined by primer extension using
avian myeloblastosis virus reverse transcriptase and the 32P-labeled
primer 5=-GAAAGAAGATGAGTGAGGAG-3= (complementary to SV-A
nt 788 to 807). cDNA products were resolved in a 6% sequencing gel.

RESULTS
Sequence similarities between the Aichi virus IRES and other
picornavirus 5= UTRs. The AV IRES (nt 338 to 747) consists of
three major domains, designated I, J, and K, the Yn-Xm-AUG
motif, and domain L, which contains the initiation codon (Fig. 1)
(95). In BLAST searches of viral mRNAs in the nonredundant
GenBank nucleotide database (July 2011 version), the sequences
that most closely matched this element occurred in the 5= UTRs of
other AV isolates (97 to 99% identity across the entire sequence),
in SV-A 5= UTRs (72% identity to AV nt 342 to 732), and in the
BKV 5= UTR (71% identity to AV nt 484 to 722). Subsequent
analysis identified matches with mouse kobuvirus (67) (80%
identity between MKoV nt 1 to 610 and AV nt 144 to 732), CKoV
isolate AN211D (41) (73% identity between CKoV isolate
AN211D nt 1 to 539 and AV nt 189 to 724), the closely related
canine kobuvirus isolate PC0082 (33) (76% identity between
CKoV nt 1 to 690 and AV nt 33 to 724), and sheep kobuvirus
(SKV) (75) (69% identity between SKV nt 410 to 644 and AV nt
484 to 710).

The apex of AV domain K contains two highly conserved se-
quences, AGGUACCCC (nt 662 to 670) and GGGAUCUGA (nt
681 to 689), that form a functionally important base-paired motif
(95). BLAST searches of picornavirus 5= UTRs with these and
flanking nucleotides identified 12 other AV isolates, SV-A, BKV,
CKoV, MKoV, SKV, two TV3 isolates, �225 Aphthovirus isolates,
and �175 Cardiovirus isolates. Slightly divergent variants of this
motif, differing at one or two positions in each strand, were iden-
tified in 11 cosavirus isolates (data not shown). The same bipartite
motif is a functionally important element in type 2 IRESs (4, 9),
and its presence in the TV3 5= UTR prompted us to identify picor-
navirus sequences that are related to this 5= UTR.

The 5= UTRs of TV3 strains 00742 and 1087 are 94% identical
across their entire lengths and are �65% identical to nt 157 to 523
and nt 157 to 584 of the 5= UTRs of TV2 strains 007617 and 10717,
respectively. Shorter sequences related to the TV3 5= UTR occur in
the 5= UTRs of Aichi viruses (nt 585 to 716; 62 to 63% identity),
BKV (nt 572 to 670; 66% identity), SV-A (nt 655 to 712; 70%

identity), and Saffold virus and other cardioviruses (49 to 74 nt; 70
to 75% identity). These matching sequences are located in the
apex of domain J of the cardiovirus IRES (5), whereas the larger
Aichi virus sequences mapped to the 3=-terminal half of domain J
and the adjacent region of domain K. Homology between these
regions of kobuvirus, SV-A, and turdivirus 5= UTRs and type 2
IRESs will be discussed below.

Three distinct subgroups of AV-like IRESs. BLAST searches
thus identified extensive related elements in the 5= UTRs of mem-
bers of three genera of Picornaviridae. Pairwise comparisons con-
firmed that the AV (744 nt long) and SV-A (718 nt long) 5= UTRs
are 68% identical in their latter two thirds (AV nt 293 to 744) as
reported previously (17); moreover, sequence identity of more
than 50% extends for �300 nt into the coding region. Similarly,
MKoV and CKoV 5= UTRs are highly homologous to the AV 5=
UTR across their entire length (as described above), and both are
followed by coding sequences that are �70% identical to �300 nt
of the equivalent AV coding sequence.

Nucleotides 315 to 675 of the 807-nt-long BKV 5= UTR are
64% identical to AV nt 347 to 726, nt 410 to 644 of the 797-nt-long
SKV 5= UTR are 68% identical to AV nt 484 to 720, and nt 204 to
499 of the 643-nt-long TV3 5= UTR are 54% identical to AV nt 431
to 729. BKV and SKV 5= UTRs are 82% identical across their entire
lengths, and similarly, TV2 and TV3 5= UTRs align well with each
other (60% identity across the entire 5= UTR), with the exception
of a 26-nt-long 5=-terminal sequence that is present only in the
latter (which implies that the TV2 5= UTR is incomplete) and
several insertions, for example, of 16 and 15 nt in the TV2 5= UTR
at the equivalent of TV3 nt 139 and nt l45, respectively. The 5=
UTRs of BKV and SKV and of TV2 and TV3 therefore are more
closely related to each other than to the AV 5= UTR. BKV, SKV,
and TV3 5= UTRs contain insertions of �120, 120, and 150 nt
upstream of the initiation codon, respectively, relative to AV and
SV-A 5= UTRs.

The mosaic nature of Kobuvirus, Salivirus, and Paraturdivi-
rus 5= UTRs. The 5=-terminal regions of AV and BKV 5= UTRs
form a domain that in AV has been found to be required for
replication and encapsidation (51, 78, 79, 80). It consists of a series
of 5=-terminal hairpins (A and C) and a pseudoknot encompass-
ing hairpin B, corresponding to AV nt 1 to 116 (Fig. 2A) and BKV
nt 1 to 124 (Fig. 2E) (17, 51, 78, 90). The equivalent SKV structure
is similar to that of BKV, except that the apex of hairpin B is
truncated (Fig. 2C). The 5=-terminal regions of SV-A 5= UTRs may
be incomplete, but despite limited sequence similarity with these
Kobuvirus sequences, they also can form structures equivalent to
the hairpin B pseudoknot and to hairpin C (25, 42). The CKoV
isolate PC0082 sequence likely also is incomplete but is similarly
capable of forming equivalent structures (Fig. 2B). The equivalent
5=-terminal regions of porcine kobuvirus (PKV) and of TV3 ge-
nomes also have the potential to form three similar terminal hair-
pins, the first of which is closely related to hairpin A of the AV 5=
UTR and the second of which forms part of pseudoknots that are
comparable to those of AV and SV-A (Fig. 2D and F). As noted
previously, the PKV 5= UTR downstream of this element does not
resemble 5= UTRs from members of the Kobuvirus genus but in-
stead aligns with segments of picornavirus 5= UTRs that have the
potential to adopt HP IRES-like structures (73, 93).

The region adjacent to the 5= UTR in each of these genomes
encodes a leader (L) protein, which ranges in size from 53 amino
acid residues in TV2 to 195 amino acid residues in PKV and
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FIG 2 Secondary and tertiary 5=-terminal structures of Aichi virus (GenBank accession number AB040749) (A), canine kobuvirus (GenBank accession number
JN088541) (B), sheep kobuvirus (GenBank accession number GU245693) (C), porcine kobuvirus (GenBank accession number EU787450) (D), bovine kobu-
virus (GenBank accession number AB084788) (E), and paraturdivirus 3 strain 10878 (GenBank accession number GU182410) (F), all predicted using pKnotsRG
(72). This model of a segment of the AV 5= UTR and analogous data concerning the BKV 5= UTR have been described elsewhere (17, 90). Domains A, B, and C
are labeled in panels A and B, and nucleotides are numbered throughout.
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which, apart from those of MKoV and CKoV, shares low sequence
identity with the AV L protein. However, the L proteins of BKV,
SKV, and PKV are similar in size (188 to 195 amino acids in
length), share significant (38 to 56%) pairwise sequence identity,
and in the case of BKV and PKV contain a C-X2-C-X21-C-X2-H
zinc finger motif that closely resembles the C-X2-C-X21-C-X2-C
zinc finger motif in the AV, MKoV, and CKoV L proteins. SV-A,
TV2, and TV3 L proteins are much shorter and do not contain
zinc finger motifs. BKV/SKV and PKV therefore contain similar
ori noncoding and L protein coding sequences flanking two com-
pletely unrelated types of IRESs, the presence of which is indica-
tive of recombination leading to lateral gene transfer, as suggested
previously to account for the presence of related HP-like IRESs in
unrelated viruses (21).

These picornavirus 5= UTRs therefore all contain similar 5=-
terminal elements that likely are required for replication and en-
capsidation, followed by an IRES that may either be HP-like (in
PKV) or that has a sequence related to that of the AV IRES (BKV,
CKoV, MKoV, SV-A, SKV, TV2, and TV3), which may in turn be
followed by unrelated spacer elements (BKV/SKV and TV3) (Fig.
3) and divergent L coding sequences.

Structural model of the salivirus A IRES. The data described
above indicate that BKV, SV-A, TV2, and TV3 5= UTRs contain
sequences that are related to the AV IRES. Structural models of
these 5= UTRs were derived using the same complementary meth-
ods that had previously been used to obtain models of picornavi-
rus HP-like IRESs (21) and of the AV IRES (95). The models of
these IRESs that were derived in this way are supported by the
results of chemical and enzymatic probing, validating this ap-
proach (14, 87, 95).

To derive a model of the SV-A 5= UTR, analysis initially was
limited to the complete or near-complete 5= UTR sequences of
SV-A isolate 02394-01 and the closely related SH1 and NG-J1
isolates, and then it was extended to include nine partial SV-A 5=
UTR sequences (17, 42, 81). Sequences were aligned and then
analyzed using Pfold (36), which applies an explicit evolutionary
model to aligned sequences to generate a probabilistic structural
model of RNAs. These results then were validated using Centroid-
Fold, a posterior decoding approach (80), and by free energy min-
imization, e.g., Mfold (18, 96). Individual structural elements
identified using these approaches are listed in Table 1. Pfold iden-
tified all major structural elements except for domain C, domain

FIG 3 Schematic representations of the 5= UTRs and adjacent coding regions of porcine kobuvirus, SV-A (isolate 02394-01), Aichi virus, canine kobuvirus isolate
PC0082, mouse kobuvirus, bovine kobuvirus, sheep kobuvirus, and turdivirus 3 (strain 10878). 5= UTRs are divided into domains and are shaded to show those
that are structurally related to domains A, B, and C and the pseudoknot, which together constitute the 5=-terminal ori region of Aichi virus (51, 78) (gray); domain
H (dark blue); domains I, J, and K (light blue); and domain L (purple). The ori region and domains H, I, J, K, and L are labeled, and the initiation codon for each
polyprotein and the nucleotides that make up each domain of the 5= UTR are indicated. The 5= UTRs of SV-A (GenBank accession number GQ184145) (17),
canine kobuvirus (GenBank accession no. JN088541), and mouse kobuvirus (GenBank accession no. JF755427) are suspected to be incomplete.
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G, the base of domain J (which were modeled using Mfold and, in
the case of domain B, also with pKnotsRG), and subdomain Ja
(which was identified using CentroidFold). Domain A is absent,
confirming that the SV-A sequence likely is incomplete at its 5=
terminus (17). The SV-A 5= UTR downstream of the putative ori
(domains B, C, and the pseudoknot) comprises five small hairpins
(domains D= to G= and H), an �90-nt-long Y-shaped domain (I),
the �200-nt-long cruciform domain J, and an �100-nt-long in-
terrupted hairpin (domain K) which is separated by a pyrimidine
tract from the �70-nt-long hairpin domain L, which contains the
initiation codon (Fig. 4). To maintain a standardized nomencla-
ture, elements that are related to segments of the AV 5= UTR are
named in the same way, whereas unrelated elements are also
named sequentially from the putative ori but are designated diver-
gent domains by a prime symbol, starting with domain D=. Do-
mains D= to G= (nt 122 to 254) are structurally distinct from equiv-
alent domains in the AV IRES, but consistently with the high level
of sequence homology downstream of nt 293 with the AV 5= UTR
(see above), the structure of this region of the SV-A 5= UTR closely
resembles that of the AV 5= UTR, with only minor differences,
such as the presence of an additional 5-bp helix at the base of
domain I (Fig. 1 and 4). Sequence alignments indicate that the
only significant insertions (of 4 to 5 nt) or deletions (of 3 nt) in this
domain relative to AV domain I occur at its borders (data not
shown). Sequence identity is concentrated in domains H, J, K, and
L (Fig. 1), but the structures of other regions, such as domain I and
the domain J apex, are maintained by extensive compensatory
mutations (Fig. 1 and 4).

Structural model of the bovine kobuvirus IRES. The observa-
tion that the BKV and TV2/TV3 5= UTRs contain sequences that
resemble elements of the AV IRES prompted us to use the com-
plementary approaches described above to derive structural mod-
els of these 5= UTRs downstream of the putative ori. This approach
identified five additional major domains in the BKV 5= UTR (Ta-
ble 1). As for SV-A, domains in the BKV 5= UTR that are related to
elements in the AV 5= UTR are named in the same way, whereas

two unrelated elements which form hairpin-like structures inter-
rupted by small internal loops (Fig. 5A) are (in this case) desig-
nated domains D= and E=. Although their sizes are similar to those
of the domains D to H that occur between the AV ori and IRES
elements, their sequences are distinct from those of these AV do-
mains. Domain I (120 nt long) is significantly larger than the
equivalent domain in the AV IRES (�80 nt long), but it similarly
adopts a Y-shaped structure, whereas domains J (184 nt) and K
(117 nt) are comparable in size and structure to equivalent ele-
ments in the AV IRES, and there is significant sequence homology
between them (see below). The �180-nt-long pyrimidine-rich re-
gion downstream of BKV domain K includes the initiation codon
(AUG809), but neither its sequence nor its potential structure re-
semble domain L of AV and SV-A.

Structural model of the turdivirus IRES. The 5= UTRs of TV2
and TV3 are closely related except for minor relative insertions
and deletions, and their sequences therefore were aligned and
used to derive a structural model for only one of them. TV3 was
chosen because its 5= UTR apparently is complete, so that a model
would complement the intact 5=-terminal domains A to C and the
pseudoknot (Fig. 2F). These putative ori sequences are followed
immediately by a domain that is similar in size (87 nt) to domain
I of the AV IRES, has 44% sequence identity to it, but diverges
somewhat from its regular Y-shaped conformation (Fig. 6). The
size and structure of the downstream domains J (196 nt) and K (89
nt) are comparable to equivalent elements in the AV IRES, and
there is a high degree of sequence homology between them (see
below). TV3 domain K is followed immediately by a 19-nt-long
pyrimidine (Yn) tract, but there is no sequence or structural sim-
ilarity between the part of the TV 5= UTR between the Yn tract and
the initiation codon (AUG647) and either the equivalent noncod-
ing region of the BKV 5= UTR or the proximal coding region of the
AV genome.

In addition to similar 5=-terminal ori structures, BKV and TV2/
TV3 5= UTRs therefore also contain large segments that closely
resemble the essential J and K domains of the AV IRES, and they

TABLE 1 Structural elements identified using Pfold, CentroidFold, and Mfold in salivirus A, bovine kobuvirus, and turdivirus 3 5= UTRsa

Structural
elementb

Result for indicated virus and method

Salivirus A Bovine kobuvirus Turdivirus 3

Pfold Centroid Mfold Pfold Centroid Mfold Pfold Centroid Mfold

A NA NA NA � � � � �
B � � � � � � � �
C � � � � � � �
D (D=) � � � � � �
E (E=) � � � � �
F (F=) � � �
G (G=) �
H � � �
Ia � � � � � �
Ib � � � � � � �
Ja � � � � �
Jb � � � � � � � � �
Jc � � � � � � � �
K � � � � � � � � �
L � � �
a Structural elements are as indicated in Fig. 4, 5A, and 6. NA, not applicable.
b Structural elements A to L are named according to the nomenclature used for domains and subdomains in the Aichi virus 5= UTR, as indicated in Fig. 1 and 2A; domains D= to G=
refer to domains in salivirus A and bovine kobuvirus 5= UTRs, as indicated in Fig. 4 and 5A.
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all are flanked by related elements, namely, the upstream
Y-shaped domain I and the downstream Yn tract. However, these
BKV and TV 5= UTRs differ from the closely related AV and SV-A
5= UTRs, in that the ori and domain I are more than 100 nt closer
to each other in the BKV 5= UTR than in the AV 5= UTR, and there
is almost no separation between them in the TV3 5= UTR; more-
over, both BKV and TV3 lack an equivalent of AV domain L and
instead contain large insertions between the domain K/Yn tract
tandem and the initiation codon. The structural and sequence
homology between the core AV IRES (domains I, J, and K) and
these other picornavirus elements suggests that they are functional
IRESs but are separated from the initiation codon by a spacer that
can vary significantly in length and sequence. Interestingly, these

spacers do not contain AUG triplets, thus they resemble the spac-
ers found at the same relative location in type 1 IRESs, which also
vary in length and sequence and lack AUG triplets (5).

Conservation of structure in picornavirus AV-like IRESs.
Several picornaviruses have recently been reported with 5= UTRs
that are closely related to either Aichi virus or to bovine kobuvirus
IRESs, including MKoV (67), SKV (75), and the closely related
CKoV isolate AN211D (41) and canine Aichi virus isolate
JN088541 (33). Since these sequences were not used to build the
structural models of AV and KBV IRESs, their compatibility with
them was used as a test of their validity.

The few insertions or deletions in MKoV and CKoV IRESs
relative to the sequence of the AV IRES, and in the SKV IRES

FIG 4 Model of the structure of the 5= UTR and adjacent coding region of salivirus A downstream of domains B and C and the pseudoknot, derived as described
in the text. Domains are labeled D= to G= and H to L, and the initiation codon for the viral protein (AUG722) is boxed. Nucleotides are numbered at 50-nucleotide
intervals, and every 20th nucleotide starting from nt 160 is marked by a small solid circle.
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relative to the BKV IRES, mapped either to unpaired regions or
occurred in tandem in both strands of helical elements, thus lead-
ing to increases in the length of helices in domains Ja and Jc and
the apex of domain K in the MKoV IRES, and in domains Ja, Jb,
and Jc of the CKoV IRES (Fig. 7A and B). Further pairwise com-
parisons of MKoV and CKoV IRESs to the AV IRES (Fig. 1 and 7A
and B) and of the SKV IRES to the BKV IRES (Fig. 5A and B)
indicated that in each case, �83% of nucleotide differences were
covariant (e.g., A-UNG-C double substitutions), neutral (e.g.,
A-UNG-U and G-UNG-C transitions), or occurred in unpaired
regions (Table 2). These differences thus would not disrupt base
pairing in predicted helices. A few nucleotide differences between
each pair of IRESs would disrupt base pairing (disruptive differ-
ences, e.g., A-UNA-C), but interestingly, many of these nucleo-
tide differences were located in regions of weak base pairing and in
the immediate proximity of substitutions that would lead to the
appearance of new base pairs. Accordingly, the nucleotide differ-
ences observed in these IRESs both tend to maintain the base
pairing of helical elements and preserve the potential for the in-

trinsic flexibility of weakly base-paired regions. The potential for
additional base pairing also was noted in MKoV and CKoV IRESs
at the base of domain L, which thus may be longer than that in the
AV IRES. The frequencies of compensatory mutations in these
IRESs were higher, and those of disruptive mutations were lower,
than those in a control set of viral IRES domains with a similar GC
content generated by random evolution in silico (21). The ob-
served pattern of sequence variation in AV-like and BKV/SKV
IRESs provides strong support for the proposed pattern of the
folding of the entire IRES and for the existence of the proposed
individual structural elements.

Sequence and structural similarities between AV-like IRESs
and their relationships with other IRESs. Detailed sequence and
structural comparisons between the 5= UTR elements described
above were undertaken to identify their distinguishing character-
istics and any similarities with other IRESs. This analysis (see be-
low) showed that these elements constitute a distinct, coherent
group.

Domain H occurs in the AV, MKoV, CKoV, and SV-A 5=

FIG 5 Models of the structure of the 5= UTR and adjacent coding region of bovine kobuvirus (A) and sheep kobuvirus (B) downstream of domains B and C and
the pseudoknot, derived as described in the text. Domains are labeled D=, E=, and Ia-K, and the initiation codons for the viral proteins (BKV AUG809 and SKV
AUG798) are boxed. Nucleotides are numbered at 50-nucleotide intervals, and every 20th nucleotide starting from nt 160 is marked by a small solid circle. To
maintain the continuity of nomenclature for this group of IRESs, we have designated the first two hairpins domains D= and E=, whereas elements that are related
to segments of the AV 5= UTR are designated subdomains/domains Ia, Ib, Ja, Jb, Jc, and K. The predicted structural elements between domain K and the initiation
codon are not shown, and the omitted nucleotides (BKV nt 681 to 798 and SKV nt 671 to 788) are represented by ellipses. Nucleotide differences between BKV
and SKV are classified as indicated on the inset key and are shown on the SKV model.
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UTRs, and it is highly conserved (Fig. 1). Interestingly, the se-
quence of its apical stem-loop (e.g., AV nt 307 to 324) is identical
to that of domain III of some type 1 IRESs, including those of
isolates of coxsackievirus B3 (CV-B3), CV-B4, echovirus 21 (EV-
21), and EV-30 (data not shown). Despite its strong conservation,

domain H enhances but is not required for AV IRES function, at
least in cell extracts (95). This finding parallels observations that
domain III is lacking in some type 1 IRESs, and that it is not
required by the type 1 poliovirus IRES (12). The strong sequence
conservation in domain H suggests that it has an accessory role in

FIG 6 Model of the structure of the 5= UTR and adjacent coding region of turdivirus 3 (strain 10878) downstream of domains B and C and the pseudoknot,
derived as described in the text. Domains are labeled Ia to K, and the initiation codon for the viral polyprotein (AUG647) is boxed. Nucleotides are numbered at
50-nucleotide intervals, and every 20th nucleotide starting from nt 120 is marked by a small solid circle. Nucleotides 518 to 646 between the pyrimidine (Yn) tract
and the initiation codon have been omitted and are represented by ellipses.
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IRES function that is apparent only in cells or during viral infec-
tion or that is involved in some other aspect of viral multiplica-
tion.

Aichi virus domain I does not have obvious sequence or struc-

tural homologues in other classes of IRESs, but it is a well-
conserved element of the 5= UTRs of SV-A, MKoV, CKoV, and of
other AV isolates (Fig. 1). Moreover, it has significant sequence
homology with domain I of BKV (54% identity), SKV (60% iden-

FIG 7 Models of the structures of the 5= UTR and adjacent coding region of mouse kobuvirus (MKoV) downstream of domain E (A) and that of canine kobuvirus
(CKoV) isolate AN211D downstream of domain F (B). The nomenclature of domains is the same as that used for Fig. 1, and the initiation codons for the viral
polyproteins (MKoV AUG611 and CKoV AUG562) are boxed. Nucleotides are numbered at 50-nucleotide intervals, and every 20th nucleotide starting from MKoV nt 120
and CKoV nt 80 is marked by a small solid circle. Nucleotide differences between MKoV and AV (A) and CKoV and AV (B) are classified as indicated in the inset key.

TABLE 2 Relative frequencies of different categories of nucleotide differences in AV, BKV, CKoV, MkoV, and SKV 5= UTRs

Picornavirus 5= UTR fragments
used for comparisons

No. (%) of nucleotide differences in indicated category

Total Covariant Neutral Unpaired Additional Disruptive

BKV (nt 143-675) SKV (nt 131-667) 83 32 (39) 8 (10) 30 (36) 6 (7) 7 (8)
AV (nt 223-790) CKoV-AN211d (nt 68-606) 139 60 (43) 18 (13) 37 (27) 17 (12) 7 (5)
AV (nt 26-790) MkoV (nt 68-606) 116 53 (46) 13 (11) 30 (26) 15 (13) 3 (3)
CKoV-AN211d (nt 70-610) CKoV (US-PC0082) (nt 231-761) 18 0 2 (11) 10 (56) 5 (28) 1 (5)
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tity), and TV3 (47% identity), which all adopt folds that are re-
lated to that of domain I in AV, MKoV, CKoV, and SV-A IRESs.
This domain is thus an element that distinguishes AV-like IRESs
from other viral IRESs.

Systematic pairwise comparisons of AV, BKV, CKoV, MKoV,
SV-A, TV2, and TV3 sequences showed that sequence identity in
the J-K domain region ranged from 94% for the closely related
SV-A to 52% for BKV and TV2 (Table 3). This level of sequence
conservation is comparable to that in type 1 and type 2 IRESs,
which also can diverge from each other in pairwise comparisons
by as much as 50% but nevertheless contain related structures (5).
There is �22% absolute conservation of nucleotides within the
strongly conserved J and K domains in the eight AV-like IRESs
characterized here (which in total comprised more than 30 se-
quences), and these conserved residues are concentrated in only a
few locations. They include the four-way helical junction and a
subapical helical region in domain J that is required for AV IRES
function (95), the major internal loop of domain K, and the apex
of this domain (Fig. 1). As noted above, the conserved apical re-
gion of domain K of AV-like IRESs shares significant homology
with the apex of domain J of type 2 IRESs: both contain a con-
served bipartite motif (Fig. 8E to K) that is located at a similar
distance from the base of the domain and the adjacent polypyrimi-
dine tract in the different IRESs. This motif is a functionally im-
portant element in type 2 IRESs (4, 9) and is critical for the activity
of the AV IRES (95): it is a key determinant of eIF4G’s interaction
with both classes of IRESs. Although eIF4G also binds specifically
to domain V of type 1 IRESs (11), there is no obvious similarity
between the sequence or structure of this region and the apical
regions of domain J of type 2 IRESs and domain K of AV-like
IRESs (compare Fig. 8L to E to K).

Whereas these observations point to a specific similarity be-
tween type 2 and AV-like IRESs, the structure of the apical cruci-
form region of domain J in the latter (Fig. 8A and B) is quite
distinct from the structure of the apical region of domain I of type
2 IRESs (Fig. 8D), instead it resembles the structure of the corre-
sponding apical region of domain IV in type 1 IRESs, such as those

of enterovirus 71 (Fig. 8C) and CV-B3 (3). Similarities include the
overall cruciform pattern of folding, the sizes of the Jb subdomain
and of its equivalent in type 1 IRESs, and the presence of both a
GRNA tetraloop at the apex of this subdomain in a similar struc-
tural context, viz., adjacent to a 5-bp hairpin, and a 5- to 6-nt-long
internal bulge. However, neither this internal bulge nor the apical
loop of subdomain Ja on AV-like IRESs are C rich, in contrast to
the corresponding loop B and loop A equivalents in type 1 IRESs
(Fig. 8C), which are binding sites for the poly(rC) binding protein
2, an ITAF (16). Moreover, subdomains Ja and Jc are significantly
smaller than the equivalent hairpins in type 1 IRESs (Fig. 8A to C).
The implication that there are functional differences between
these apical cruciform regions of type 1 and AV-like IRESs is sup-
ported by the observation that whereas the substitution of con-
served nucleotides in the apical tetraloop severely impairs type 1
IRES function (32), equivalent substitutions did not reduce the
efficiency of initiation on the AV IRES (95).

Initiation on the salivirus A IRES is dependent on eIF4A and
requires specific binding of eIF4G. Initiation on each class of
IRES occurs by a distinct mechanism and thus has distinct initia-
tion factor requirements. Salivirus A is representative of the Aichi-
like class of IRESs identified here, and we therefore characterized
aspects of the mechanism of initiation on it and compared them to
initiation on other IRESs. Initiation on mRNAs that require eIF4F
(or its eIF4A and eIF4G subunits) for the recruitment of 43S com-
plexes (such as the type 1 PV IRES and the type 2 EMCV IRES) is
inhibited by a dominant-negative eIF4AR362Q mutant (56),
whereas initiation by mechanisms that are eIF4A independent
(such as on the classical swine fever IRES) is not (59, 66). The
translation of SV-A mRNA in rabbit reticulocyte lysate was com-
pletely abrogated by the inclusion of eIF4AR362Q in translation
reactions (Fig. 9B, lanes 2 and 5), indicating that this IRES is
strongly dependent on eIF4A/eIF4G.

The requirement for eIF4G/eIF4A in initiation on type 1 IRESs,
type 2 IRESs, and the AV IRES in each case involves the specific
binding of eIF4G to the IRES in a manner that is enhanced by
eIF4A (21, 44, 62, 65, 95). The ability of eIF4Gm to bind specifi-

TABLE 3 Comparison of nucleotide sequence identities between J and K domains of the 5= UTR of Aichi virus and related picornaviruses

Virus domain

Pairwise nucleotide identity (%) to:

Aichivirus
Salivirus A
02394-01

Salivirus A
NG-J1

Bovine
kobuvirus

Sheep
kobuvirus

Mouse
kobuvirus

Canine
kobuvirus Turdivirus 2 Turdivirus 3

Turdivirus 3 (strain 10878;
nt 202-494)

56 56 55 57 57 55 55 63

Turdivirus 2 (strain 10717;
nt 215-507)

56 53 53 52 56 56 53

Canine kobuvirus (nt
241-544)

76 66 66 67 64 77

Mouse kobuvirus (nt
292-594)

65 50 65 63 65

Sheep kobuvirus (nt
364-668)

64 63 63 68

Bovine kobuvirus (nt
376-675)

67 67 64

Salivirus A (strain NG-J1; nt
307-605)

73 94

Salivirus A (strain 02394-01;
nt 433-623)

75

Aichivirus (nt 433-729)
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cally to the SV-A IRES was characterized using the directed hy-
droxyl radical probing technique, in which Fe(II) tethered to
unique surface-exposed cysteine residues on eIF4Gm via the
linker 1-(p-bromoacetamidobenzyl)-EDTA (BABE) is used to
generate hydroxyl radicals that cleave the IRES in its immediate
vicinity. Cleavage sites then were mapped by primer extension
inhibition. eIF4Gm consists of five pairs of stacked �-helices (48),
and we used a cysteineless (Cys-less) variant and two previously
validated eIF4Gm mutants with single surface-exposed cysteines
(11, 39, 94, 95): a substitution mutant with a novel cysteine at
residue 829 (located between helices 2b and 3a) and a
D928¡D928C insertion mutant, designated C929, with a novel cys-
teine residue located after helix 4b (numbering as in the revised

sequence NM_182917). Hydroxyl radicals from Cys829 cleaved
the SV-A IRES in ternary eIF4Gm/eIF4A/IRES complexes at nt
626 and 627, 637 and 638, 645, and 681 and strongly at nt 663 to
666, and hydroxyl radicals from C929 cleaved the IRES at nt 649 to
656 (Fig. 9D). These sites of cleavage mapped to opposite sides of
domain K (Fig. 9C), overlapping the conserved motif identified
near the apex of this domain that is identical to a determinant of
eIF4G’s interaction with type 2 IRESs (Fig. 1 and 8E to K).

The disruption of this element in SV-A (Mut1) mRNA abro-
gated both its translation (Fig. 9B, lanes 2 and 3, and C) and its
cleavage by Fe(II)-eIF4Gm (Fig. 9D, compare lanes 2 and 3 to 5
and 6). These results are directly comparable to the results of the
mutation of this conserved element in the AV IRES (95) and sim-

FIG 8 Conservation of sequence and structure in apical regions of picornavirus 5= UTR domains. Models of apical regions of Aichi virus domain J (A), bovine
kobuvirus domain J (B), enterovirus 71 (EV71) domain IV (C), EMCV domain I (D), turdivirus 3 domain K (E), Saffold virus domain J (F), bovine kobuvirus
domain K (G), Aichi virus domain K (H), salivirus A domain K (I), EMCV domain J (J), foot-and-mouth disease virus (FMDV) domain J (K), and EV71 domain
V (L). Panels are annotated to show the GNRA tetraloop in domain J of the AV and BKV 5= UTRs (A and B); loop A, loop B, and GNRA loops in domain IV of
the EV71 IRES (C); and the GNRA, CRAAAA, and ACCC loops in domain I of the EMCV IRES (D). The nucleotides that make up the conserved discontinuous
sequence motif present in domain J of type 2 IRESs and domain K of AV-like IRESs are in orange and are indicated by square brackets.
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ilarly suggest that the loss of function of the mutant SV-A IRES in
promoting translation initiation is due to the loss of its ability to
bind stably to eIF4G.

Initiation on salivirus A IRES is dependent on DHX29. A
distinguishing characteristic of initiation on the AV IRES is its
strong dependence on the DExH-box protein DHX29 (Fig. 10B,
lanes 2 to 5) (95). DHX29 almost abrogates initiation on IGR and
HP-like IRESs, whereas on the type 2 EMCV IRES it promotes 48S
complex formation at AUG826, which is upstream of the initiation
codon for the viral polyprotein (AUG834) (71) (Fig. 10A, lanes 1
and 3). The function of DHX29 in initiation is to ensure that
structured mRNA is properly unwound and accommodated in the
mRNA-binding cleft of the 40S subunit (1, 71), and in the case of
the AV IRES, its dependence on DHX29 is due to the sequestration
of the initiation codon in domain L, a stable hairpin. Our analysis
of the SV-A IRES indicated that it has a similar structure (Fig. 4),
suggesting that it, too, is dependent on DHX29.

This was tested by the in vitro reconstitution of 48S complex
formation on the SV-A IRES from individual purified compo-
nents of the translation apparatus, using primer extension inhibi-
tion to map the position of this complex on the mRNA. Amino-
acylated initiator tRNA, ribosomal 40S subunits, and eIFs 1, 1A, 2,
3, 4A, 4B, and 4F, with or without PTB, led to a very low level of
48S complex formation at AUG722 on the SV-A IRES (Fig. 10C,
lanes 1 to 3). 48S complex formation was strongly enhanced by the
inclusion of DHX29 (Fig. 10C, lanes 1, 4, and 5). The presence of
PTB in initiation reactions enhanced toeprints at nt 686 to 688,
which map to a helical element in domain K (Fig. 10C, lanes 3 and
5, and F, lanes 3 and 5). The binding of PTB to the AV IRES led to
the appearance of toeprints at an identical location (95).

To determine whether the sequestration of the SV-A initiation
codon in domain L, a stable hairpin (�G � �23.3 kcal/mol),

accounts for the requirement for DXH29, we characterized the
effect of a disruptive mutation that reduced the stability of the
residual domain to �G � �14.3 kcal/mol (SV-A Mut2) (Fig. 10D
and E). These substitutions enhanced SV-A IRES-mediated trans-
lation in RRL (Fig. 9B, lanes 2 and 4), and the in vitro reconstitu-
tion of initiation on SV-A Mut2 mRNA yielded a greater level of
48S complex formation than that on the equivalent wild-type
mRNA. Importantly, 48S complex formation was independent of
DHX29 (Fig. 10F, compare lanes 2 to 5).

Taken together, these observations indicate that the factor re-
quirements for initiation on the SV-A IRES correspond to the
requirements for initiation on the AV IRES, but they differ from
the requirements for initiation on type 2, IGR, and HP-like IRESs.

DISCUSSION

Structural and functional analyses indicate that the 5= UTR of
Aichi virus, the type member of the Kobuvirus genus of picorna-
viruses, contains an IRES that has a structure and which uses a
mechanism that are in many respects distinct from those of estab-
lished classes of IRESs (95). Sequence analysis and modeling of
secondary structures reported here have now identified elements
in the 5= UTRs of BKV, CKoV, MKoV, and SKoV (also members
of the Kobuvirus genus), SV-A (of the proposed Salivirus genus),
and TV types 2 and 3 (members of the proposed Paraturdivirus
genus) that are closely related to the AV IRES and that together
constitute a new class of IRES. Further members of this group will
likely be identified, such as tortoise testivirus 1 (which, on the
basis of the 115 nt preceding the initiation codon, has a 5= UTR
that is related to that of AV) (22).

Sequence and structural characteristics of AV-like IRESs.
AV-like IRESs contain unique structural elements (domain I, the
basal region of domain K, and domain L), elements that are either

FIG 9 Interaction of the salivirus A IRES with eIF4G. (A) Model of the SV-A IRES, with domain K in boldface. (B) The activity of SV-A mRNA in the presence
of eIF4A(R362Q) (lane 5) or containing destabilizing mutations in domain K (Mut1) (lane 3) or domain L (Mut2) (lane 4) compared to wt SV-A mRNA (lane
2) and assayed by translation in RRL. (C) Secondary structure of SV-A IRES domain K showing the conserved motif (bracket) that is required for interaction with
eIF4G in the EMCV IRES. The destabilizing AGGU¡UCCA mutation in this motif in SV-A (Mut1) mRNA is indicated. Domain K has been annotated to show
sites of hydroxyl radical cleavage from unique surface-exposed cysteine residues on eIF4Gm (D), color coded as described in the inset key. (D) Primer extension
analysis of directed hydroxyl radical cleavage of wt and Mut2 SV-A IRESs from Fe(II)-tethered eIF4Gm in the presence of eIF4A.
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FIG 10 Initiation on the salivirus A IRES is dependent on DHX29. Toeprinting analysis of 48S complex formation on EMCV (A), Aichi virus (B), (C) wt SV-A,
and (F) Mut2 SV-A mRNAs in reaction mixtures containing 40S subunits, eIF1, eIF1A, eIF2, eIF3, eIF4A, eIF4B, eIF4F, initiator tRNA, PTB, and DHX29 as
indicated. AUG codons are indicated on the left, and toeprints that correspond to 48S complexes are indicated on the right. Lanes C, T, A, and G depict
corresponding DNA sequences. (D) Model of the SV-A IRES, with domain L in boldface. (E) Structures of the L domain of the wt SV-A IRES and an SV-A IRES
mutant containing destabilizing substitutions in domain L.
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highly homologous or structurally related to elements in type 1
IRESs (i.e., the apical hairpin of AV domain H and the apical
cruciform region of domain J), an element (the apex of AV do-
main K) that is highly homologous to an element in type 2 IRESs,
and elements that have direct sequence/structural counterparts in
type 1 and type 2 IRESs (such as the GNRA tetraloop) or in type 1,
type 2, and type 3 IRESs (the Yn tract). The essential core of the AV
IRES consists of domains I, J, K, and the adjacent Yn tract (95),
and these domains constitute the most highly conserved elements
of the different AV-like IRESs identified here. Domains H and L
are highly conserved in all AV, CKoV, MKoV, and SV-A isolates
(Fig. 1), but the former is divergent and the latter does not occur at
all in BKV and TV2/TV3 5= UTRs. It thus may be appropriate to
assign these IRESs to two subclasses. Sequence identity within the
core of AV-like IRESs is high and is concentrated in discrete loca-
tions that include the apical cruciform region of domain J and the
apical region of domain K (Fig. 1).

Specific functions have been assigned to several elements in
AV-like IRESs, including some that distinguish them from other
classes of IRES (95). The well-conserved domain I (Fig. 1) con-
tains binding sites for PTB, which enhances initiation on the AV
IRES. Domain K of AV-like IRESs has a structure that in its en-
tirety is also distinct from other domains in members of estab-
lished IRES groups, although it does contain a conserved apical
element that is identical to a motif in type 2 IRESs (Fig. 8). Data
reported here for SV-A (Fig. 9) and elsewhere for the AV IRES (95)
revealed that this motif is a key determinant of the interaction of
these IRESs with eIF4G and is essential for their function. The fact
that this motif has the same key role of binding eIF4G during
initiation on type 2 IRESs constitutes a point of significant simi-
larity between these two types of IRESs (4, 9, 39, 94, 95). Foot-
printing and directed hydroxyl radical probing experiments have
shown that the basal region of domain K, which is not related to
any part of the type 2 IRES, constitutes a second major site of
interaction with PTB, and that PTB interacts with this and other
parts of the AV IRES (95) in a way that is distinct from its modes of
binding to type 1 and type 2 IRESs (30, 31). Domain L in AV,
CKoV, MKoV, and SV-A IRESs contains the initiation codon for
the viral polyprotein, and data reported here (Fig. 10) and else-
where (95) indicate that this domain’s stability accounts for the
AV and SV-A IRESs’ unusual requirement for DHX29, a DExH-
box protein that has been implicated in the correct accommoda-
tion of structured mRNA in the mRNA-binding channel of the
40S subunit for scanning through highly structured 5= UTRs (1,
71). This requirement for DHX29 is in contrast to all other IRESs
that have been characterized to date (71). A further point of dif-
ference concerns domain J of AV-like IRESs, which has a global
fold that resembles domain IV of type 1 IRESs and, to a lesser
extent, domain I of type 2 IRESs. The specific role of these large
central domains in internal initiation is not known, but muta-
tional analyses have established that the requirement for con-
served sequence elements within them differs. AV IRES function
depends on the integrity of subdomain Jb, which contains a highly
conserved central element (Fig. 1), but not on the sequence of its
GNRA tetraloop (95), whereas the activities of type 1 and type 2
IRESs depend strongly on the nature of the sequence of this te-
traloop motif (32, 45, 76).

Taken together, there are therefore global structural and mech-
anistic similarities between type 1, type 2, and AV-like IRESs that
distinguish them from IGR IRESs and HP-like IRESs, but there

also are clear differences between AV-like IRESs and the other two
major classes of picornavirus IRESs that justify the classification of
them into separate groups.

Recombination as a source of diversity in viral IRESs. Re-
combination enables genetic diversity to be generated rapidly over
a broad sequence space, and it therefore contributes significantly
to the divergence and evolution of many viruses. In picornavi-
ruses, recombination occurs primarily, but not exclusively, in re-
gions of the genome encoding nonstructural proteins and usually
is limited to members of the same or closely related species (82).
One factor that likely accounts for the majority of viable picorna-
virus recombinants deriving from parental strains with high levels
of sequence identity is the requirement for the maintenance of
sequence-specific interactions between viral proteins or between
viral proteins and RNA. Recombinants that disrupt interactions
within a protein or RNA structure or assembly are likely to be
rapidly lost from viral populations by purifying selection. On the
other hand, the exchange of modular elements between genomes
leading to the appearance of viable recombinants with novel com-
binations of characteristics (6) may be more feasible if such ele-
ments do not interact extensively with sequences elsewhere in the
genome. In the case of RNA, such elements would be self con-
tained, in the sense of adopting the same optimal structure
whether they exist in isolation or as part of a longer sequence (85).
IRESs fit this criterion, and they function in the absence of inter-
action with other elements of the genome; indeed, a key test for
their activity is for them to mediate initiation in the context of
synthetic dicistronic mRNAs in which they are flanked by heter-
ologous sequences (5).

We have previously suggested that the presence of related HP-
like IRES elements in distinct, deeply branched genera of Picorna-
viridae and in distinct genera of Flaviviridae, juxtaposed against
unrelated coding sequences, suggest that IRES modules have been
exchanged between these viruses by recombination (21), which
might represent an example of lateral gene transfer (24). The ob-
servation that the genomes of BKV and SKV on the one hand and
PKV on the other contain structurally and mechanistically distinct
IRES elements located between related noncoding ori and L
protein-coding sequences (Fig. 3) (73, 75) provide further strong
support for the hypothesis that IRESs can be considered indepen-
dent functional modules that can be transferred between related
or unrelated genomes. The example of BKV/SKV and PKV may be
an extreme case in which unrelated elements in picornaviruses
have been exchanged by recombination, but the possibility that
related IRESs can be exchanged between kobuviruses is supported
by the recent determination that the Aichi virus isolate Chshc7 has
a mosaic structure in which nt 261 to 852 (i.e., the IRES and part of
the L coding region) may derive from a different isolate than the
remainder of the genome (20). Moreover, the observation that the
core AV-like IRES elements identified here are located at positions
relative to the ori or the initiation codon that are unique in each
case further supports the possibility that recombination occurs in
the 5= UTR to exchange functional noncoding RNA elements be-
tween viruses from different genera. Thus, the spacer between ori
and domain I of the IRES ranges in length from 5 (TV3) to �240
nt (SV-A) in the examples considered here, and even in the closely
related AV and SV-A it differs in terms of length and sequence,
whereas at the 3= border of the IRES the initiation codon may be
part of a conventional Yn-Xm-AUG motif or may, as in BKV and
TV3, be separated by a long spacer. Significantly, a growing num-
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ber of interspecies and intraspecies recombination events involv-
ing picornavirus 5= UTRs has been reported (see, for example,
references 27, 46, 49, 55, 84, and 92). The suggestion that IRES
elements can be exchanged in toto between picornavirus genomes
by recombination does not preclude the possibility that this mech-
anism also leads to the transfer of individual IRES domains be-
tween genomes. In this respect, the identification of homology
between the apical regions of domain J in AV-like IRESs and do-
main J in cardio- and aphthovirus IRESs, which are otherwise
distinct, is particularly intriguing: this region includes the highly
conserved eIF4G-binding motif and in some instances extends
over as much as 74 nt.

The analysis of the genomes of plant and other RNA viruses
provides additional support for the hypothesis that terminal non-
coding RNA regions of viral genomes contain functional, inde-
pendently folded structural elements that can be transferred be-
tween species, genera, and even families by recombination. There
is direct evidence for the recombinational transfer of the �300-
nt-long 3= UTR of grapevine chrome mosaic virus RNA-1 to to-
mato black ring virus RNA-2 (40), and a similar phenomenon
could account for the presence of structurally related and func-
tionally exchangeable translational enhancers known as Barley
yellow dwarf virus (BYDV)-like translation elements in the 3=
UTRs of members of Luteovirus, Dianthovirus, Necrovirus, and
Umbravirus genera (50, 86), of the sequence- and structurally re-
lated 3=-cap-independent translational enhancer (3=CITE) in the
3= UTRs of members of Tombusvirus, Aureusvirus, and Carmovi-
rus genera (53), and of the stem-loop 2-like motif (s2m) in the 3=
end of the genome of some species in Astroviridae, Caliciviridae,
Coronaviridae, and Picornaviridae (37, 77).
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