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Sequence analysis of the picornavirus echovirus 22 led to its classification as the first member of a new
genus, Parechovirus, and renaming as human parechovirus type 1 (HPeV1). Although distinct from other
genera in most of the genome, the 5* untranslated region (5*UTR) shows similarities to that of cardio/
aphthoviruses in some of its structural domains (A to L). The 5*UTR plays an important role in picornavirus
translation initiation and in RNA synthesis. To investigate translation in HPeV1, we engineered an extensive
range of mutations (including precise deletions and point mutations) into the 5*UTR. Their effects were studied
both by in vitro transcription-translation using a bicistronic construct and by in vivo studies using an
infectious, full-length HPeV1 cDNA. These approaches allowed the HPeV1 internal ribosome entry site (IRES)
to be mapped. Deletions within the first 298 nucleotides had little impact in the in vitro system, while deletions
of nucleotides 298 to 538 had a significant effect. Precise removal of domains H and L (nucleotides 287 to 316
and 664 to 682, respectively) did not significantly reduce translation efficiency in vitro, while domains I, J, and
K (nucleotides 327 to 545, 551 to 661, and 614 to 645, respectively) appeared to have much more important
roles. Mutation of a phylogenetically conserved GNRA motif (positions 421 to 424) within domain I severely
reduced translation. We also confirmed the identity of the AUG (positions 710 to 712) which initiates the open
reading frame, the positive identification of which has not been possible previously, as the N terminus of the
polyprotein is blocked and not amenable to sequence analysis. This is therefore important in understanding
parechovirus genome organization. Mutation of the AUG or an upstream polypyrimidine tract leads to
aberrant translation, suggesting they both form part of the parechovirus Yn-Xm-AUG motif. In vivo experi-
ments confirmed the importance of domains I, J, and K, the conserved GNRA motif, polypyrimidine sequences,
and AUG, as mutations here were lethal. These features are also important in the IRES elements of cardio/
aphthoviruses, but other features reported to be part of the IRES of some members of these genera, notably
domains H and L, do not appear to be critical in HPeV1. This adds weight to the idea that there may be
functional differences between the IRES elements of different picornaviruses, even when they share significant
structural similarity.

Picornaviridae is a large family of single-stranded positive-
sense RNA viruses, which includes a number of important
human and animal pathogens. Until recently, picornaviruses
were classified into five genera, Aphthovirus, Cardiovirus, En-
terovirus, Hepatovirus, and Rhinovirus, but two former entero-
viruses (echovirus 22 and 23) have now been placed in a new
genus, Parechovirus, and renamed human parechovirus types 1
and 2 (HPeV1 and -2), respectively (68). Human parechovi-
ruses had previously been shown to exhibit several atypical
properties, including unusual cytopathology (65, 73) and fail-
ure to shut off host cell protein synthesis (8, 9). Complete
nucleotide sequence determination showed that they form a
genetically distinct group among picornaviruses (17, 30, 67).
Characteristic molecular properties include an atypical form of
2A; lack of VP0 cleavage into VP4 and VP2, giving a virus
particle with only three capsid proteins rather than four; lack
of myristoylation of VP0; and a unique N-terminal extension to
VP3 containing several basic amino acids (17, 27, 30, 61, 67–
69). Subsequent partial nucleotide sequence analysis of Ljun-

gan virus (a rodent pathogen) showed this to be highly related
to human parechoviruses (53).

Like that of other picornaviruses, the HPeV1 59 untrans-
lated region (59UTR) is long (712 nucleotides [nt]) and con-
tains several AUGs which are probably not functional. Anal-
ysis of its secondary structure indicates the presence of 12
stem-loops (A to L), several of which are similar to structural
domains of cardio/aphthoviruses (17, 68). Much of the picor-
navirus 59UTR makes up the internal ribosome entry site
(IRES), needed for the cap-independent translation exhibited
by these viruses. In vitro and in vivo translation has been used
to define IRES activity for representatives of the Aphthovirus
(3, 43), Cardiovirus (13, 34, 35, 74), Enterovirus (22, 50, 55),
Hepatovirus (6, 7, 18), and Rhinovirus (29, 71) genera. An IRES
element also occurs in the genome of the hepatitis C virus and
in some cellular mRNAs (45, 48).

Picornaviruses can be divided into three groups on the basis
of IRES structure: entero/rhinoviruses, cardio/aphthoviruses,
and hepatoviruses (32, 33, 44, 59, 60, 72). One common feature
of picornavirus IRES elements is the presence at the 39 border
of a conserved, cis-acting element, the Yn-Xm-AUG motif,
where Yn is a polypyrimidine tract and Xm is a random spacer
sequence preceding an AUG triplet (37, 58). In cardio/aphtho-
viruses, as well as in hepatoviruses, translation is initiated usu-
ally at this AUG, whereas in entero/rhinoviruses this is not the
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case and the initiation codon is reached by ribosomal scanning
from the Yn-Xm-AUG motif. Cardio/aphthovirus RNAs are
translated efficiently in reticulocyte lysates, but the translation
of entero/rhinovirus RNAs requires additional, trans-acting
factors, obtained from cell extracts, and this correlates with the
observed differences in IRES structure (5, 21).

Picornavirus IRES function seems to require canonical
translation initiation factors, together with some cellular pro-
teins that are not involved in cap-dependent translation (2).
The initiation factors eIF-2, eIF-3, eIF-4A, and eIF-4B and the
central domain of eIF-4G, but not eIF-4E, are required for
the formation of 48S initiation complexes with the cardio-
virus IRES (56, 57, 62). The cellular protein La has a role in
poliovirus IRES function (49), while pyrimidine tract bind-
ing protein (PTB) is involved in IRES-mediated initiation in
the cardiovirus encephalomyocarditis virus (EMCV) but not
in another cardiovirus, Theiler’s virus (TMEV) (36). PTB has
a less significant role in foot-and-mouth disease virus (FMDV)
(47, 51, 52) and poliovirus (24) translation, although it has a
functionally significant interaction with the human rhinovirus
IRES, which is closely related to that of enteroviruses such as
poliovirus (29). In addition, poly(rC) binding protein 2 is in-
volved in the switch between translation and replication of
enteroviruses, by being able to bind to both the 59 cloverleaf
and the IRES. However, it does not seem to be required for
translation directed by cardioviruses and aphthoviruses (72).
More recently, Unr, a cytoplasmic RNA binding protein con-
taining five cold shock domains, has been identified as binding
to a region between stem-loop V and VI of the rhinovirus
IRES (28).

Although the parechovirus 59UTR shows some structural
similarity to cardio/aphthoviruses at its extreme 59 end and
toward its 39 end, the degree of functional identity is not clear.
Moreover, there is little or no conservation of structure in the
central part of the 59UTR, which forms part of the IRES in at
least some cardio/aphthoviruses (17, 70). To further analyze
this newly recognized picornavirus genus and explore the con-
servation of translational determinants between genera, we
have constructed an extensive range of HPeV1 59UTR mu-
tants. These include six where individual structural domains
have been deleted precisely and five with point mutations.
These have been tested both in vitro, using a bicistronic con-
struct and in vivo with an infectious HPeV1 cDNA clone. Both
approaches indicate the importance of structures and se-
quences toward the 39 end of the 59UTR to the parechovirus
IRES and suggest that the core IRES resembles that of cardio/
aphthoviruses. However, some structural domains reported to
be part of the cardio/aphthovirus IRES are not necessary for
parechovirus IRES activity.

MATERIALS AND METHODS

Cells and tissue culture. Green monkey kidney (GMK) and human lung
carcinoma (A549) cells were grown in Dulbecco modified Eagle medium (Gibco
BRL) supplemented with 10% fetal calf serum as previously described (26).

Construct to produce bicistronic mRNAs. A DNA fragment containing the
luciferase gene from the pGL3-control vector (Promega) was excised with
BamHI and XbaI and was ligated into the pGEM-4Z vector (Promega), giving
pGEM-4Z/T7-luciferase. A ClaI/BglII digest was performed on the complete
HPeV1 cDNA clone, pHPeV1, excising material from positions 1653 to 7161.
The DNA was end repaired and ligated, giving construct pHP59UTR/VP, which
has cDNA representing the 59UTR and part of the capsid-encoding region
(positions 1 to 1653), joined in frame to part of the 3D-encoding region, 39UTR
(position 7161 to end), and poly(A) tract. pHP59UTR/VP and pGEM-4Z/T7-
luciferase DNAs, following complete digestion with SacI and EcoRI, were li-
gated together, giving the product shown in Fig. 1. This has a T7 promoter to
express a bicistronic mRNA of the form luciferase (control cistron)-HPeV1
59UTR-partial coding sequence-39UTR-poly(A) tract (second cistron) and was
called pGA/wt.

Introduction of 5*UTR mutations into DNA subclones. Several deletion mu-
tants were constructed by using a KpnI subclone from pHPeV1 containing the
first 575 nt of the 59UTR. This was digested with a range of restriction enzymes;
the ends of the DNA fragments were made blunt and then ligated (Fig. 1;
SstI-BstBI [1D168], XcmI-BstBI [86D168], BstBI-BstXI [168D298], BstXI-SpeI
[298D538], and SstI-SpeI [1D538]).

Precise deletion of domains D (36 nt), H (33 nt), I (220 nt), K (35 nt), and L
(17 nt) was achieved by overlap PCR, to make a PCR fragment that lacked the
element to be deleted. The primers used (Table 1) include the general outer
primers OL240, OL537, OL566 and OL731, together with specific mutagenesis
primers. Deletion of domains J and K together (J1K; 112 nt) and the polypyri-
midine region was done by single-step PCR (Table 1). PCR-mediated site di-
rected mutagenesis was also carried out to introduce the following single muta-
tions into the 59UTR: A3G at position 424 and G3C at position 499, both
of which disrupted GNRA tetraloop motifs within domain I; A3U at position
710, which disrupted the putative initiator codon, AUG; and G3U at position
739, which disrupts a downstream AUG (Table 1). PCR-amplified DNA frag-
ments were ligated into pGEMT-Easy vector (Promega) and sequenced to con-
firm the presence of only the desired mutation. All mutated fragments were then
ligated into a subclone (pHP59UTR/VP) containing cDNA representing the
59UTR, part of the viral protein, 39UTR, and poly(A) tract.

Construction of a full-length cDNA of HPeV1 containing mutated fragments.
In the case of the deletions generated by restriction enzyme digestion, the
mutated KpnI subclone was used to replace the wild-type fragment of HPeV1,
following KpnI digestion and phosphatase treatment. In the case of other mu-
tants, it was more convenient to ligate the SstI/SalI fragment (positions 1 to 1001)
from pHP59UTR/VP mutants into SstI/SalI-cut pHPeV1 cDNA.

Insertion of mutated fragments into the bicistronic construct. An SstI/SalI
fragment (positions 1 to 1001) from the full-length cDNA mutants or from the
pHP59UTR/VP mutant subclones was ligating into SstI/SalI-cut pGA/wt. All
constructs were confirmed by both restriction enzyme digestion and nucleotide
sequencing. The constructs are summarized in Fig. 1.

Coupled in vitro transcription-translation. Coupled transcription-translation
(system programmed with plasmid DNA) of the bicistronic construct DNA,
under the control of the T7 RNA polymerase promoter, was carried out using the
TNT-T7 Quick reticulocyte lysate system (Promega), containing [35S]methi-
onine. Standard reaction conditions suggested by the manufacturer were used in
all cases, and a total reaction volume of 25 ml was used. Incubation was for 90
min at 30°C. A 5-ml aliquot was separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis on a 10% polyacrylamide gel and visualized by auto-
radiography. Band intensities were measured using a model 300A densitometer
(Molecular Dynamics) with ImageQuant software, scanning four times, in dif-
ferent directions, for each band. The HPeV1 protein in each sample was nor-
malized according to the intensity of the corresponding luciferase band. Inten-
sities were then expressed relative to the protein products of the wild-type
construct in each case (Fig. 3).

In vitro transcription, transfections, and analysis of viruses. To study the
effects of mutations on HPeV1, T7-mediated in vitro transcription of full-length,
mutant cDNA, which had been linearized at the end of the poly(A) tract with
MluI, was performed. Transfection of the RNA into GMK and A549 cells was
performed using Lipofectin (Gibco BRL) as previously described (26). Partial
sequence data from viruses recovered from infected cells were obtained by
isolating RNA and performing reverse transcription-PCR on the region under
investigation, followed by cloning into the pGEMT-Easy vector system or se-
quencing the PCR product directly (15).

RESULTS

Internal initiation in HPeV1. Picornavirus 59UTR function
has frequently been analyzed by in vitro translation of bicis-
tronic RNAs containing the picornavirus 59UTR inserted be-
tween two coding regions. Ribosomes can translate the first
cistron, but the second cistron is translated only when a func-
tional IRES is present. Modification of the 59UTR therefore
enables the determinants of IRES-mediated internal initiation
to be analyzed. To determine if the 59UTR of HPeV1, like that
of other picornaviruses studied, possesses an IRES domain, it
was used as an intercistronic spacer between two coding se-
quences. In the construct used (pGA/wt), a luciferase cDNA
was used as the upstream cistron, while part of the HPeV1 viral
protein was used as the downstream cistron (Fig. 1). This
should generate bands of >63 kDa (luciferase) and >41 kDa
(HPeV1 protein) when both cistrons are translated. pGA/wt
was used to program a commercial in vitro transcription-trans-
lation system, and protein production was monitored by
[35S]methionine incorporation, detected by SDS-PAGE. It can
be seen (Fig. 2, lanes 1) that both cistrons are translated effi-
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ciently when an intact HPeV1 59UTR is present, since bands of
59 and 38 kDa, close to the expected size, are produced. In
addition, a smaller (37-kDa) band possibly due to initiation at
a downstream AUG, appears close to the HPeV1 protein. In
contrast, translation of construct pGA/1D672, in which only the
39-most 30 nt of the 59UTR remain, gives a single band, cor-
responding to that generated from the luciferase gene alone
(Fig. 2). Thus, removal of HPeV1 59UTR from the construct
abolishes translation of the second cistron, indicating that the
HPeV1 59UTR does have IRES activity. For all pGA con-
structs described in this study, results obtained by visual in-
spections of the gels were confirmed by scanning and measur-
ing intensities of the two HPeV1-specific bands. These were
normalized to the luciferase band in each track and then ex-
pressed relative to the intensities of the corresponding band

(size of 38 or 37 kDa) produced from the wild-type construct
pGA/wt (Fig. 3).

Mapping the HPeV1 IRES. To define the borders of the
IRES, mutant constructs were initially produced by restriction
enzyme digestion and then tested in the coupled in vitro tran-
scription-translation system (Fig. 2). These constructs were
pGA/1D538, pGA/1D168, pGA/86D168, pGA/168D298, and
pGA/298D538 (Fig. 1), where numbers indicate the start and
end positions of the RNA deleted. Deletions of nt 1 to 168 and
86 to 168 did not reduce significantly the translational activity
of the second cistron, and the pGA/86D168 deletion may have
had a slight stimulatory effect (Fig. 2a). Deletion of nt 168 to
298 also had little effect (Fig. 2a). In contrast, constructs pGA/
1D538 and pGA/298D538 exhibited very little translation of the
second cistron, indicating that internal initiation had been

FIG. 1. Schematic representation of the bicistronic construct, pGA/wt, containing the HPeV1 59UTR. Stem-loop domains (A to L) of the 59UTR are labeled in
accordance with those of the cardiovirus 59UTR (68). Domain C(pk) is a pseudoknot involving the loop of domain B. The part of the 59UTR remaining in deletion
mutants produced using restriction enzymes (pGA/1D538, pGA/1D168, pGA/86D168, pGA/168D298, pGA/298D538, and pGA/1D672) is indicated by a horizontal black
line. Specific domains deleted in mutations pGA/DD, pGA/DH, pGA/DI, pGA/DJ1K, pGA/DK, pGA/DpolyP, and pGA/DL are shaded grey. Point mutations are shown
as arrows (pGA/GNRA424, pGA/GNRA499, pGA/AUG710, and pGA/AUG737).
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abolished (Fig. 2a). Thus, these mutations served to narrow
down the 59 limit of the IRES, which must lie downstream of
nt 298 and upstream of nt 538. The fact that nt 298 is in domain
H suggests that domains A to H are not essential for IRES
activity in this system.

Domains I, J, and K, but not H and L, are essential for
internal initiation of translation. Next, precise 59UTR dele-
tions were made in which stem-loop domains D, H, I, J1K, K,
and L were individually removed. All of these domains show a
high level of conservation of secondary structure with corre-
sponding sequences in cardio/aphthoviruses, and there is con-
siderable primary sequence identity at the top of domain I and
in J and K (17). Several of these corresponding structures have
been shown to be important in the aphtho/cardiovirus IRES
(70). Analysis of the in vitro transcription-translation products
showed that deletion of domains I and J1K effectively abol-
ished translation of the second cistron (Fig. 2b). Deletion of
domain K alone had a clear effect, but a significant albeit low
level of translation remained (Fig. 2b and 3). To investigate
whether this reduction in efficiency was due to a lower affinity
for protein factors within the lysate, pGA/DK was translated in
an extract to which pGA/Dluc/59UTR had been added. This
construct contained only the HPeV1 59UTR and had no cod-
ing sequence. It could therefore itself generate no translation
product and was added to act as a competitor to pGA/DK, by
sequestering factors required in trans. There was some further
depression of translation levels, suggesting that inefficient
translation of pGA/DK may be due to lower affinity for such
factors (Fig. 3). In contrast to the significant effect of removing
domains I, J, and K, removal of domains D, H, and L had an
undetectable effect on translation efficiency of the second cis-
tron (Fig. 2b and 3).

The polypyrimidine region and downstream AUG. In addi-
tion to 59UTR structural elements, a key element in the IRES
of other picornaviruses is the Yn-Xm-AUG motif, where Yn is
a pyrimidine tract, followed by an AUG located 5 to 25 nt
downstream (69). The HPeV1 pyrimidine-rich region (UUUC
CUUUUAU) (nt 686 to 697) which is followed by an AUG
triplet after a spacer region of 19 nt was therefore of particular
interest. Precise removal of this pyrimidine-rich region re-

sulted in a complete loss of the usual 38-kDa product seen
upon analysis of the wild-type construct (Fig. 2b). Instead,
significant levels of smaller products were observed, presum-
ably due to incorrect initiation of the second cistron (Fig. 2b).
One of these was similar in size to the second translation
product (37 kDa) observed for the wild-type and other mutant
constructs, but appeared to be slightly smaller (Fig. 3). These
findings suggest that the pyrimidine-rich region is required for
accurate initiation.

The mutation of AUG710 (the other element of the putative
HPeV1 Yn-Xm-AUG motif) to UUG also removed the usual
translation product, but an enhanced level of the second trans-
lation product was observed, suggesting that a downstream
AUG (most likely AUG737) can function efficiently in transla-
tion initiation in vitro (Fig. 2c and 3).

A conserved GNRA motif is critical for HPeV1 IRES func-
tion. Since GNRA tetraloops have been observed to be impor-
tant in the IRES of other viruses, a search for these motifs was
carried out in the HPeV1 59UTR (11). Within domain I, the
largest domain of the HPeV1 IRES, three GNRA motifs (a
GUAA and two GGAAs) were found in tetraloops (Fig. 1).
The GUAA (nt 421 to 424), located in the domain I hammer-
head, is analogous to GNRA motifs in the cardio/aphthovirus
59UTR. The two GGAA sequences form bulges opposite one
another in the main domain I stem (nt 374 to 378 and 499 to
502), and TMEV has a GNRA motif in a location similar to the
latter. We therefore performed mutagenesis of the GUAA and
GGAA (nt 499 to 502) sequences to investigate possible roles
in HPeV1 IRES activity. The efficiency of in vitro translation of
a mutant containing a single substitution at the fourth position
of the GUAA motif (A3G) was significantly reduced, suggest-
ing that this motif is highly important for IRES activity (Fig.
2c). In contrast, mutation of the GGAA sequence (to CGAA)
resulted in no apparent decrease in translation efficiency (Fig.
2c).

Effect of mutations in the 5*UTR on HPeV1 growth. In
addition to using in vitro translation, the possible functional
role of sequences and structural elements in the IRES domain
was also addressed by in vivo experiments. Here, several of the
same mutations were introduced into an infectious cDNA

TABLE 1. Oligonucleotides used for the construction of mutants

Mutant construct(s) Oligonucleotide name Sequence (59—39)

pGA/DD OL678 GCCTGGTCCAACAAGGATGCTTAAAGCATAG
OL679 GCATCCTTGTTGGACCAGGCATAGGGTTG

pGA/DH OL729 TGGCGTGCCATAAATCTATTAACAGCCATCCTCTAGTAAG
OL730 TGTTAATAGATTTATGGCACGCCA

pGA/DI OL768 TGCCCACACAGCCATCCTTTGTAAGGCCCAC
OL769 CTTACAAAGGATGGCTGTGTGGGCA

pGA/DJ1K OL736 TGCAAACACTAGTTGTAAAACCCAGGGGGGA
pGA/DK OL734 ACGTTTCCCAGATCAGATCCACA

OL735 TGTGGATCTGATCTGGGAAACGTCTAGTGGGCCAA
pGA/DL OL746 CGTCTAGTGGGCCAAACTTTTCCTTTTATTGTTAATATTGACA

OL747 GAAAGTTTGGCCCACTAGACG
pGA/DpolyP OL737 GGATCCTGGTGTTAATATTGACATTA
pGA/GNRA424 OL759 CATCTGGTAGCAGATGCCTCT

OL760 AGAGGCATCTGCTACCAGATG
pGA/GNRA499 OL758 ACTAGTGTTTGCACCACTACCAGATTGATAGGTACTGAATATCTTCGAC
pGA/AUG710 OL738 GGATCCCTGGTTTCCTTTTATTGTTAATATTGACATTTTGGA
pGA/AUG737 OL861 GAGTATTGCAGATATTGCTACTGGTG

OL862 CACCAGTAGCAATATCTGCAATACTC
General primers OL240 GCCTCTG(G/C)GGCCAAAAGC

OL537 CAGGCGAGCTCTTTGAAAGGGGTCTCC
OL566 CCAACCCTATGCCTGGTC
OL731 CAGTTGTGATGTCATAAGCCA
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clone of HPeV1 (Table 2). The wild-type cDNA clone and the
various mutant clones were transcribed in vitro, and the RNA
was used to transfect monolayers of GMK cells. The develop-
ment of viral plaques was monitored for 3 to 6 days after
application of plaquing overlay. The results are summarized in
Table 2.

When nt 1 to 168, 86 to 168, and 168 to 298 were deleted,
there were no clear signs of viral growth. Although they have
no effect on translation in vitro, such large deletions, encom-
passing more than one structural domain, probably adversely
affect other aspects of virus replication. This is particularly the
case for nt 1 to 168 and 86 to 168, which perturb 59 proximal
sequences known to play a key role in RNA replication in
other picornaviruses (70). Deletion of domain K is lethal to
HPeV1; this deletion did not completely abrogate translation
in vitro in the bicistronic system (Fig. 3), but it substantially
reduced its efficiency. This direct effect on translation probably
accounts for the lethal phenotype, although other steps in
replication may also be affected. Despite the phylogenetic con-
servation of domain L, its precise deletion gave a virus with
wild-type growth properties in cultured cells, indicating that it
does not have an important role in IRES activity or in other
aspects of HPeV1 infection of these cells (Table 2). Although
having no effect on in vitro translation, deletion of domain H
gave a virus with highly impaired growth, evidenced by less
extensive cytopathic effect which was slow to develop. The
viability of this virus shows that domain H does not have an
essential role in the IRES, but its impaired growth indicates

that H is necessary for efficient virus replication (Fig. 4). Do-
main D was another structural element which could be deleted,
albeit again giving a highly impaired virus. We also analyzed
the effects of the GGAA3CGAA mutation (position 499)
within the domain I main stem GNRA motif. This mutation
did not alter viral growth properties (Table 2; Fig. 4). In con-
trast, a single mutation in the phylogenically conserved GNRA
motif (GUAA3GUAG) was lethal, but infectious viruses
could be obtained by blind passage of transfected cell super-
natants. Upon sequencing, these were found to have reverted
to the wild-type sequence. Mutation of AUG710 was also lethal,
but revertant viruses with the wild-type sequence were recov-
ered.

In vitro translation of HPeV1 RNA initiates at two AUGs,
but this is not significant in vivo. Picornaviruses differ in the
precise role of the Yn-Xm-AUG motif. In FMDV, translation
initiation occurs not only at this AUG but, at a higher fre-
quency, at the next downstream AUG (1). In cardioviruses,
ribosomes initiate translation at this AUG (38), while in en-
tero/rhinoviruses virtually all initiation is at the next down-
stream AUG, presumably following scanning from the original
entry site (14, 32). Sequence analysis of parechoviruses sug-
gests that the AUG of the Yn-Xm-AUG motif (AUG710) ini-
tiates the open reading frame, but there is an AUG (AUG737)
downstream (17, 30). The observation of two HPeV1-specific
products seen in most translations shown in Fig. 2 suggests that
HPeV1 translation in vitro can occur at two AUGs, the first
one of these (presumably, AUG710) being preferred. Transla-
tion initiation from AUG710 was inhibited by an A3U muta-
tion, but recognition of the second one, AUG737, was not
affected (Fig. 2c and 3). To determine the relationship between
these two AUGs, we analyzed the effect of mutation of
AUG737 (to AUU). In the coupled in vitro translation system,
this mutation prevented production of the smaller protein,
confirming that this was indeed produced by initiation from
AUG737 (Fig. 4). However, a HPeV1 infectious clone contain-
ing this mutation gave a virus with wild-type properties (Table
2), in contrast to the lethal effect of mutation of AUG710. The
results suggest that the only significant translation is from
AUG710 and that in vitro translation from AUG737 is not
reflected in vivo.

FIG. 2. Coupled transcription-translation analysis of HPeV1 59UTR muta-
tions within the bicistronic construct pGA/wt. Translation efficiency was exam-
ined by [35S]methionine incorporation as described in the text, and samples were
resolved by SDS-PAGE on a 10% gel. M represents the position of protein
markers; numbers to the left indicate approximate molecular masses in kilodal-
tons.
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DISCUSSION

This work represents the first molecular analysis of the newly
recognized picornavirus genus, Parechovirus (68, 69), which
includes the frequent human pathogen HPeV1. This genus is a
distinct molecular entity among picornaviruses and exhibits a
low overall degree of identity to any other genus. It is therefore
important to have a fuller understanding of its molecular bi-
ology, which will also contribute to our understanding of func-
tional conservation and diversity of picornaviruses. In view of
its overall genetic distance from other picornaviruses, it is
interesting that part of the 59UTR, including what is probably
the core IRES (located towards the 39 end of the 59UTR),
exhibits primary and predicted secondary structural similarity
to the corresponding region from cardioviruses and aphthovi-
ruses (17). In contrast, much of the rest of the 59UTR is quite
distinct from that of cardioviruses and aphthoviruses. There
are frequently differences in IRES structure and function even
among viruses which exhibit extensive overall identity; for in-
stance, the coxsackievirus B3 IRES is smaller and located
closer to the initiation codon than that of poliovirus (46). A
study of the parechovirus IRES was therefore undertaken to
analyze how the pattern of conservation to cardioviruses and
aphthoviruses was reflected in IRES function. We constructed
a panel of 59UTR mutants containing an extensive range of
mutations, including large deletions, precise excision of indi-
vidual structural domains, and point mutations. These were
introduced into both a bicistronic construct and an infectious,
full-length cDNA. Many virus mutants obtained showed de-
fective properties, or the RNA produced from mutant cDNA
was not infectious, which correlated well with reduced expres-
sion of viral protein observed during in vitro experiments.

Taken together, the in vitro and in vivo results allowed the
IRES to be mapped and the contribution of specific elements
within it to be assessed. Deletions within the first 298 nt of the

59UTR were of little importance, while deletions of nt 298 to
538 had a significant effect on translation. The 59 boundary of
the core IRES must therefore be somewhere downstream of
position 298 and contains maximally domains H to L. How-
ever, precise removal of domains H and L did not clearly
reduce translation in vitro, and so domains I, J and K appear
to constitute the structural core of the IRES. Separate removal
of these large, complex regions of secondary structure com-
pletely destroyed IRES activity in vitro, with the exception of
deletion of domain K, which reduced IRES activity substan-
tially but not completely. Deletion of core IRES domains was

FIG. 3. Densitometric analysis of coupled in vitro transcription-translation
reactions. The translation efficiency for each sample in Fig. 2 was measured by
scanning four times in different directions and taking the mean value. The two
HPeV1 proteins in each sample were normalized according to the intensity of the
corresponding luciferase cistron. Intensities were then expressed relative to the
intensity of the protein products of the wild-type construct loaded onto each gel.
2a, 2b, 2c, and 4 refer to figures showing the gels from which the data were
derived. Black bars represent the relative intensity of the 38-kDa protein com-
pared to that in the wild-type track, while the grey bars refer to the relative
intensity of the 37-kDa protein. The DpolyP bar is labeled p to indicate that
although similar in size to the 37-kDa product, it is slightly smaller.

FIG. 4. Coupled transcription-translation analysis of pGA/AUG737 com-
pared to that of pGA/wt. Translation efficiency was examined by [35S]methionine
incorporation as described in the text, and samples were resolved by SDS-PAGE
on a 10% gel. M represents the position of protein markers; numbers to the right
indicate approximate molecular masses in kilodaltons.

TABLE 2. Approximation of growth ability of recombinant HPeV1
produced in monolayers of GMK cells

Construct Time when plaques were visible
(days after transfection)

Relative virus
growth in

GMK cellsa

pHPeV1 3 111111
pHPeV1/1D168 —b 222222
pHPeV1/86D168 — 222222
pHPeV1/168D298 — 222222
pHPeV1/298D538 — 222222
pHPeV1/DD 4 111222
pHPeV1/DH 5 112222
pHPeV1/DK — 222222
pHPeV1/DL 3 111111
pHPeV1/GNRA424 —c 222222
pHPeV1/GNRA499 3 111111
pHPeV1/AUG710 —c 222222
pHPeV1/AUG737 3 111111

a Ranging from 111111 (wild-type growth) to 222222 (no growth),
based on plaque size and period after transfection required for visible plaques to
be observed.

b —, no plaques or cytopathic effect visible after 6 days.
c Revertants with wild-type sequence were obtained following blind passage.
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lethal to HPeV1. These structural features are particularly well
conserved between cardio/aphthoviruses and parechoviruses,
consistent with their importance to the IRES core. Domains I,
J, and K also appear to be the most critical for translation
initiation in cardio/aphthoviruses (13, 25, 74). Although trans-
lation in picornaviruses may require other regions of the
59UTR participating in a subtle interplay between translation
and RNA replication (16), the structural domains defined here
seem to represent the irreducible minimum for IRES activity.

The apparent lack of involvement of domain H in the
HPeV1 IRES was unexpected, as in EMCV and FMDV it
forms part of the binding site for PTB, reported to play a role
in IRES function of several picornaviruses (29, 36, 39). How-
ever, the precise role of PTB in translation is not clear-cut.
EMCV seems to require PTB binding, but another cardiovirus,
TMEV, has PTB-independent IRES activity (36). Further-
more, a single point mutation in the EMCV IRES eliminates
that dependence (39). Thus, PTB dependence in cardioviruses
is not absolute or necessarily exhibited by all members (2).
Mutation of some of the PTB binding sites selectively reduces
the translation and replication efficiencies of poliovirus in neu-
ronal cells but not in HeLa cells (21), while rhinoviruses, which
are closely related to the enterovirus poliovirus, have a func-
tional interaction with PTB (24, 29). In addition, the IRES of
the flavivirus hepatitis C virus does not require PTB. Thus,
PTB dependence of IRES activity is variable, even between
closely related IRESs, and minor differences of sequence and
structure may be responsible for different protein binding pro-
files. Therefore, it is perhaps not surprising that parechoviruses
differ from some picornaviruses in terms of the significance of
domain H, as this domain is poorly conserved between pare-
choviruses and other picornaviruses (17). It is also possible that
the in vitro system based on rabbit reticulocytes, used here to
study the parechovirus IRES, does not accurately reflect the
requirements for protein-RNA interactions present in a nor-
mal infection. Moreover, it should be noted that complete
removal of domain H gave a virus with severely impaired
growth properties. It is possible that this is related to factors
other than translation, such as RNA replication or encapsida-
tion. Indeed, specific mutations in the IRES have been re-
ported to have a dramatic effect on RNA replication, even
when production of viral nonstructural proteins is under the
control of a second IRES, and this therefore does not result
from translation inhibition (4, 16, 31, 66). It is, nevertheless,
possible that the impaired growth of the DH mutant is indic-
ative of a role for stem-loop H in translation.

It has been reported that in TMEV, the insertion of 3 nt into
domain H reduced IRES activity following transfection into
BHK-21 cells, while little effect was seen in rabbit reticulocyte
lysates (70). Virus containing this mutation had impaired
growth properties and reduced neurovirulence. This observa-
tion suggests that the reticulocyte lysate system may not be very
sensitive for determining the significance of noncritical IRES
components. Thus, it would be interesting to explore the effects
of deletion of domain H in other cellular systems. However,
the fact that a viable DH virus was recovered at all suggests, in
agreement with the in vitro results, that H is not an absolute
requirement for internal initiation, although it could have an
influence on its efficiency in vivo.

Deletion of domain D has a result similar to that seen upon
deletion of domain H; i.e., there is no effect on in vitro trans-
lation, but the corresponding mutant virus grows poorly. Do-
main D is related to a corresponding feature in cardioviruses,
which is absent in aphthoviruses (17), and lies well upstream of
the core parechovirus IRES. It has been little studied but
seems to lie at, or beyond, the 59 border of the IRES elements

of cardioviruses (70). Again, the fact that a viable DD mutant
can be produced indicates that it is not necessary for core
IRES activity. The defective nature of this mutant could be due
to a more subtle lesion in translation in vivo or to an effect on
other replication steps. In contrast to the defective growth
properties of the DH and DD mutants, the DL mutant was
indistinguishable from wild type. There is strong phylogenetic
support for the presence of domain L in all cardio/aphtho/
parechoviruses and in Ljungan virus, an animal picornavirus
closely related to human parechoviruses (17, 53). More-
over, domain L appears to be part of the IRES of cardioviruses
and aphthoviruses, and in the latter is another domain impli-
cated in an interaction with PTB (32, 47). The apparent lack of
effect, both in vitro and in vivo, of deleting this domain in
HPeV1 is hence surprising, but it is possible that domain L has
a cell-type-specific role and may be more important in natural
infections.

In addition to the analysis of these structural elements, site-
directed mutagenesis of four sequence motifs was also per-
formed: two GNRA tetraloops and two elements of the putative
Yn-Xm-AUG motif. Mutation of the latter motif had a critical
effect on HPeV1 translation initiation in vitro and was lethal to
HPeV1. Extensive previous work has demonstrated the impor-
tance of the pyrimidine-rich region in other picornaviruses (7,
19, 23, 36, 43, 50). The AUG located about 20 nt downstream
from this pyrimidine-rich region differs functionally among
picornaviruses. In cardio/aphthoviruses, it is an initiation
codon and following ribosome binding translation is initiated
directly, although initiation from a downstream AUG also
takes place in aphthoviruses (1). In entero/rhinoviruses, ribo-
somes are translocated by an unknown mechanism, possibly
scanning, to an initiator AUG, located further downstream
(33, 50). Alteration of the AUG forming part of the putative
Yn-Xm-AUG motif in HPeV1 severely reduced in vitro trans-
lation, and following transfection of the mutated RNA, no
plaques were recovered. Following transfections without pla-
quing overlay, revertant viruses, containing the wild-type
AUG, were observed. The product obtained from the AUG710
mutation in vitro was similar in size to that observed as a minor
component upon translation of many of the constructs, prob-
ably due to initiation from the in-frame methionine codon,
located 27 nt downstream of the putative Yn-Xm-AUG motif.
Deletion of the Yn sequence gave a still smaller product of
uncertain origin. These observations, together with sequence
and structural similarities with cardio/aphthovirus IRESs, im-
ply that the HPeV1 initiation codon is at position 710
(AUG710) as previously predicted and that the polypyrimidine
sequence and AUG analyzed do form part of a functional
Yn-Xm-AUG motif (17, 30, 67). As well as being significant to
understanding parechovirus translation, this finding is impor-
tant because amino acid sequencing studies could not give a
definitive indication of the location of the N terminus of the
parechovirus polyprotein, as the N-terminal amino acid of VP0
is blocked (67). These mutagenesis studies therefore shed im-
portant light on genome organization in parechoviruses.

In aphthovirus, about one-third of the internal initiation
events occur at the Lab initiation site at the Yn-Xm-AUG
motif; the rest occur at the next downstream AUG codon, the
Lb site (1, 63). In cardioviruses, internal initiation at the Yn-
Xm-AUG motif AUG predominates, but there is limited use
of a second AUG, 12 nt downstream (38, 40). This different
behavior could be explained by the context of the AUG at the
39 end of the IRES (20, 41, 42). It has also been reported
recently that other upstream sequences influence AUG selec-
tion (54). In vitro translation of the HPeV1 constructs showed
that a second AUG (AUG737) could also serve as an initiation
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codon, as a significant level of a smaller product was obtained.
Mutation of this second AUG demonstrated that it was indeed
the origin of the smaller in vitro product, as this was no longer
present (Fig. 4). However, it also proved that the second AUG
was not functionally important, since its mutation had no effect
on the properties of the virus. This second AUG certainly
cannot substitute for AUG710 in vivo, as mutation of AUG710
is lethal, even though a translation product was obtained in
vitro. Notwithstanding any effect on translation efficiency, pre-
sumably loss of the N-terminal amino acids of VP0 would have
a severe effect on the virus. Thus, in parechoviruses there
seems to be little if any role for AUG737.

GNRA tetraloops occur frequently in RNA molecules, pos-
sibly because they increase hairpin stability (10, 12). There is
perfect conservation of one GNRA tetraloop (positions 421 to
424 in parechoviruses), located toward the top of domain I,
among all aphtho/cardio/parechoviruses (64). The role of this
well-conserved GNRA motif was analyzed in HPeV1 by in
vitro translation of mutated RNAs and by introduction into a
complete cDNA copy of the virus genome. It was demon-
strated that alteration from GUAA to GUAG not only re-
duced translation in vitro but also was lethal to HPeV1. Trans-
fection experiments led only to revertants of wild-type
sequence. Mutagenesis of this motif has recently been per-
formed on the FMDV and EMCV IRESs, and translation
activities of mutated bicistronic constructs were analyzed fol-
lowing transfection (11, 64). This also indicated a significant
effect of mutations that disrupt the GNRA motif. In contrast,
the mutation of a second GNRA sequence, in the main domain
I stem, had no effect on in vitro translation or growth, suggest-
ing that it has no major significance. This GNRA sequence
forms a 4-nt bulge in the domain I stem, rather than a terminal
loop, and thus may be expected to be less important.

The results presented here, derived from experiments using
an extensive panel of mutants, provide strong evidence for the
requirement for structural elements and conserved sequence
motifs in the HPeV1 IRES. The data show that the parecho-
virus IRES is similar in several functional as well as structural
respects to that of cardio/aphthoviruses, but that there are
some differences, notably the lack of involvement of domains
H and L. As in cardio/aphthoviruses, domains I, J, and K are
the main structural elements of the IRES, and the Yn-Xm-
AUG motif is also critical. This seems to direct the production
of protein from AUG710, which is part of the Yn-Xm-AUG
motif. The data therefore contribute significantly to our un-
derstanding of the functional diversity and similarity within
picornaviruses.
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ievirus A9 RGD motif is not essential for virus infectivity. J. Virol. 69:8035–
8040.

27. Hughes, P. J., and G. Stanway. 2000. The 2A proteins of three picornaviruses
are related to each other and to the H-rev 107 family of proteins involved in
the control of cell proliferation. J. Gen. Virol. 81:201–207.

28. Hunt, S. L., J. J. Hsuan, N. Totty, and R. J. Jackson. 1999. unr, a cellular
cytoplasmic RNA-binding protein with five cold-shock domains, is required
for internal initiation of translation of human rhinovirus RNA. Genes Dev.
13:437–448.

29. Hunt, S. L., and R. J. Jackson. 1999. Polypyrimidine-tract binding protein
(PTB) is necessary, but not sufficient, for efficient internal initiation of
translation of human rhinovirus-2 RNA. RNA 5:344–359.
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