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ABSTRACT Although echovirus 22 is presently classified
as a member of the enterovirus group in the family of picor-
naviruses, it has been reported to have exceptional biological
properties when compared with other representatives of the
group. We have determined the complete nucleotide sequence
of the echovirus 22 (Harris strain) genome, which appears to be
significantly different from all the other studied picornavi-
ruses. However, the organization of the genome [7339 nucle-
otides, excluding the poly(A) tract] is similar to that of previ-
ously sequenced picornaviruses. This genome includes a 5’
untranslated region, relatively well-conserved when compared
with aphtho- and cardioviruses, followed by an open reading
frame coding for a 2180-amino acid-long polyprotein. The
amino termini of capsid polypeptides VP1 and VP3 were
determined by direct sequencing, and the other proteolytic
cleavage sites in the polyprotein were predicted by comparison
with other picornavirus proteins. The amino acid identities of
echovirus 22 polypeptides with the corresponding proteins of
other picornaviruses are in the 14—35% range, similar to those
percentages seen when representatives of the five picornavirus
groups (entero-, rhino-, cardio-, aphtho-, and hepatoviruses)
are compared. Our results suggest that echovirus 22 belongs to
an independent group of picornaviruses.

Picornaviruses are small, naked, icosahedral particles con-
taining a single-stranded RNA genome with mRNA polarity.
This group includes a number of important human and animal
pathogens and has been studied extensively. Currently pi-
cornaviruses are divided into five main groups, largely on the
basis of physicochemical properties and pathogenesis in the
host. These groups are rhinoviruses, aphthoviruses [foot-
and-mouth disease viruses (FMDVs)], cardioviruses (e.g.,
encephalomyocarditis virus), hepatoviruses [hepatitis A vi-
rus (HAV)], and enteroviruses. The latter are subgrouped
into polioviruses, coxsackie A and B viruses, echoviruses,
and enteroviruses 68-71. Recently echoviruses have been
shown to contain genetically distinct subgroups, the major
one closely resembling coxsackie B viruses and the minor
one, including echovirus 22, exhibiting specific molecular
characteristics (1, 2). Echovirus 22 is also known to have
other exceptional biological properties when compared with
members of the enterovirus group (3-7).
Nucleotide-sequence analysis of picornaviruses has cast
light on the classification of the family (8). In most cases, the
nucleotide and amino acid identities among the group mem-
bers correspond well with the previous divisions. For in-
stance, polioviruses and coxsackie B viruses have been
shown to be quite homogeneous subgroups and also rela-
tively closely related. On the other hand, HAV, previously
classified as enterovirus 72, shows only minimal sequence
homology with enteroviruses and, indeed, any picornavirus
studied so far (9). Classification of picornaviruses on the basis
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of genetic properties may soon become essential because
their detection in the disease context can be expected to be
done increasingly by the PCR, which uses conserved and
specific regions of the genome (10). Molecular characteristics
are also essential when detailed pathogenetic mechanisms of
viral diseases are concerned. We show here that echovirus 22
has a distinctive genome when compared with the presently
known picornaviruses, suggesting that it should be classified
in an independent group among these viruses. |l

MATERIALS AND METHODS

Echovirus 22 (EV22; Harris strain) was obtained from the
American Type Culture Collection (ATCC). It was plaque-
purified three times and shown to be neutralized by a
EV22-specific antiserum (ATCC). The propagated virus was
purified in successive sucrose and CsCl gradients, as de-
scribed (2). Standard methods, including negative staining by
2% potassium phosphotungstate or 1% aqueous uranyl ace-
tate, were used in electron microscopy. Virus RNA was
purified and cloned as described (2), and two cDNA clones,
together representing almost the entire genome, were se-
quenced by the dideoxynucleotide chain-termination
method. Three strategies were used: double-stranded se-
quencing after subclone generation by the Exolll deletion
method (11, 12), direct sequencing with oligonucleotide prim-
ers (13), and sequencing of templates generated by cloning
restriction fragments into M13mp18/19 vectors (Pharmacia).
Approximately 98% of the sequence, including the entire
capsid region, was determined on both strands, and all the
nucleotides were sequenced at least twice. Sequencing of 75
nucleotides (nt) at the S’ terminus was done by primer
extension with virus RNA as a template (14). For direct
amino-terminal sequence analysis, the capsid polypeptides
from purified virus were separated in a SDS/12.5% poly-
acrylamide gel, electroblotted on a poly(vinylidene difluo-
ride) membrane (15), and subjected to sequence analysis in a
gas/pulsed liquid sequencer equipped with an on-line phen-
ylthiohydantoin—-amino acid analyzer (16). Sequences were
assembled by using Genetics Computer Group (17) and
Staden-Plus (Amersham) software; the analysis was carried
out by programs GAP, PRETTY, and WORDSEARCH from the
Genetics Computer Group package. Picornavirus sequences
used in the computer comparisons have been presented in a
recent review article (8). Dendrograms were derived by using
the KITSCH package of the PHYLIP suite of programs (18).

RESULTS

Structure and Organization of the Genome. Electron mi-
croscopy of purified EV22 revealed spherical particles 28 +

Abbreviations: HAV, hepatitis A virus; UTR, untranslated region;

nt, nucleotide(s); FMDV, foot-and-mouth disease virus.
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1 nm (n = 58) in diameter with the appearance of a picorna-
virus (Fig. 1). Complete nucleotide-sequence analysis
showed that the length of the EV22 genome (Fig. 2), exclud-
ing the poly(A)-tract, is 7339 nt, which is in the range found
for rhinoviruses and enteroviruses. The base composition
(adenine = 32%, cytosine = 19%, guanine = 20%, and uracil
= 29%) is relatively similar to rhinoviruses (in HRV14, G+C
= 41%) and HAV (G+C = 38%) rather than to enteroviruses
(G+C = =46%). As seen in most other picornaviruses, the
occurrence of the dinucleotide CG is very low. The predicted
5’ untranslated region (UTR) extends to nt 709 and is fol-
lowed by an open reading frame coding for a 2180-amino
acid-long polyprotein. Codon usage analysis shows a pre-
ponderance of XXU and XXA (65%), similar to that of
rhinoviruses and HAV. The length of the 3' UTR is 90 nt.

The codon that initiates the open reading frame was
identified by two main criteria: the occurrence of a 9-nucle-
otide stretch of pyrimidine residues located 19 nt upstream
and the methionine codon being in an optimal Kozak context
(AXXAUGG). A polypyrimidine motif is found in all studied
picornaviruses, and that seen in EV22 is very similar in
sequence, and also in spacing from the AUG, to that of
cardioviruses, aphthoviruses, and HAV. Picornavirus VP4
polypeptides, studied so far, have an amino-terminal glycine,
and they are myristoylated (8). The first glycine in the EV22
polyprotein is located 13 residues from the predicted amino
terminus and appears within a myristoylation consensus
motif. It is, therefore, possible a short leader is present in
EV22. The putative leader sequence is more reminiscent of
the predicted one in HAV, where apparently the true amino
terminus of VP4 is seven amino acids downstream, than of
the long leader polypeptides found in aphthoviruses and
cardioviruses (19).

The genome organization of EV22 is analogous to that of
other picornaviruses because amino acid identities can be
observed throughout the polyprotein, and this makes it
possible to suggest most of the cleavage sites in the polypro-
tein. For direct detection of some of the cleavage sites, the
capsid proteins in the purified virus were separated by
SDS/PAGE, and the proteins were electroblotted on a poly-
(vinylidene difluoride) membrane. Protein bands correspond-
ing to apparent molecular masses of 30 kDa, 30.5 kDa, and 38
kDa were subjected to amino-terminal sequence analysis.
The 30-kDa and 30.5-kDa proteins gave the results APNGK-
KKN and NSWGSQMDL, respectively, unambiquously lo-
calizing these structures on the deduced sequence (VP3 and

FiG. 1. Electron micrograph of purified echovirus 22.
(X%300,000.)
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VP1). The largest polypeptide repeatedly gave no result in
Edman degradation, and no signal representing the predicted
amino terminus of VP2 was seen in any bands analyzed.
Tryptic peptide analysis of the 38-kDa band generated se-
quences localized in the predicted VP4 region (VESVG-
NEIGGNLLTK), in the VP2 region (NVVQATTTVNT-
TNL), and spanning the predicted VP2/VP4 cleavage site
(VADDASNILGPNXFATTA). Together with the inability
to find any trace of VP2 sequences in the other capsid
polypeptide bands, this result strongly suggests that no
VP4/VP2 cleavage occurs, and VPO is the predominant
species in mature virions.

In the polypeptide region, homologous to the VP2 protein
in other picornaviruses, there is an apparent deletion in the
“‘puff”’ region (20) when compared with entero-, rhino-, and
cardioviruses, making the EV22 polypeptide structurally
more similar to those of aphthoviruses and HAV. VP3 is
larger than in other picornaviruses, mainly from a hydrophilic
extension of =20 amino acids at its amino terminus. An
interesting finding in the VP1 polypeptide is an RGD se-
quence close to its carboxyl terminus. Such a motif is known
to be involved in cell attachment in various systems (21).

Of the nonstructural proteins, some (e.g., 2C, 3D) can
easily be aligned with the corresponding polypeptides of
other picornaviruses, whereas others (2A, 3A) exhibit only
minimal identity (Table 1). 2A is an important protein to
consider because the strategy of its action divides picorna-
viruses into two categories: in enteroviruses and rhinoviruses
it is responsible for an autocatalytic cleavage activity directed
to its amino terminus, whereas in aphthoviruses and cardio-
viruses, 2A cleaves at its carboxyl terminus (8). However,
deducing the mode of action of EV22 2A from the predicted
sequence is not possible. The function of polypeptides 2B and
3A in virus replication is still poorly understood, and they
have a relatively low degree of conservation. Although the
function of polypeptide 2C has not yet been completely
elucidated, it is one of the most conserved proteins among
picornaviruses. As this protein aligned well with other picor-
naviruses, polypeptide 2C was used in detailed comparative
analyses. The localization of polypeptide 3B (VPg) was
predicted by the genomic position, presence of the conserved
tyrosine (Y) as the third amino acid, and comparisons with
other picornavirus VPgs. The 3C protease contains the
conserved sequence GXCGG, proposed to form part of the
active site. Previously observed, highly conserved motifs
(KDELR, YGDD, FLKR) are found in the 3D polymerase.

Relationship of Echovirus 22 to Other Picornaviruses. The
nucleotide identities of the 5’ and 3' UTRs and the amino acid
identity of the predicted polypeptides were compared with
representatives of picornavirus groups (Table 1). In parts of
the 5’ UTR, EV22 RNA exhibits a high degree of sequence
conservation relative to aphtho- and cardioviruses; for in-
stance, there are several blocks of, at least, an identical 10 nt.
These viruses, together with HAV, share a similar predicted
5’ UTR secondary structure, which is distinct from that of
entero- and rhinoviruses (8). The identity of the EV22 poly-
peptides with corresponding proteins of other picornaviruses
varied between 14 and 35%; this value is of the same order as
that seen when HAV is compared with other picornavirus
groups (9).

Because the most pronounced identity was seen in poly-
peptide 2C, this protein was analyzed in more detail. When
its amino acid sequence was compared with the National
Biomedical Research Foundation data base, this EV22 poly-
peptide was found to be more similar to the 2C protein of 22
other sequenced picornaviruses than to any other proteins in
the data base (data not shown). In a dendrogram, illustrating
the relationships between picornaviruses, EV22 and HAV
join to the other major groups at an amino acid-difference
level exceeding 70% when polypeptide 2C is used for com-
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VP1

Fi1G. 2. Nucleotide sequence of cDNA representing echovirus 22 genomic RNA. The predicted amino acid sequence of the polyprotein and
suggested cleavage sites, determined by alignment with known picornavirus polypeptides, are indicated. The amino-terminal sequences of VP3
and VP1 were verified by directly sequencing the polypeptides.
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Table 1.
representatives of other picornavirus groups

Proc. Natl. Acad. Sci. USA 89 (1992)

Comparison of nucleotide and amino acid (coding region) identities of echovirus 22 with

Identity with echovirus 22, %

Vius S'UTR VP4 VP2 VP3 VPl

2A 2B 2C 3A 3B 3C 3D

3'UTR

Polio 1 38 24 22 19 22
HRV1B 35 20 22 17 15
FMDV 46 20 23 20 23
EMCV 43 20 24 22 20
HAV 36 19 18 23 21

14 21 30 15 35 24 27 36
15 19 29 19 30 23 26 48
— 15 29 14 25 18 25 29
18 23 29 20 30 18 25 34
17 27 25 29 35 19 27 44

These identities were calculated by using the GAP program of the Genetics Computer Group package.
Polio 1, pohovnrus 1; HRV1B, human rhinovirus 1B; FMDV, FMDV strain OlK EMCYV, encephalo-
myocarditis virus. In the 5' UTR optimal ahgnments were used for comparison.

parison (Fig. 3). This is clearly a lower degree of relatedness
than, for example, between the major enterovirus/rhinovirus
group (51%), and this value also slightly exceeds the value
seen between these two groups, and aphtho- and cardiovi-
ruses (68%). Very similar results are obtained when the
region, corresponding to the VP2 polypeptide in other picor-
naviruses, is used for comparison (data not shown).

DISCUSSION

Classification of viruses is mainly based on virion morphol-
ogy, the nature of the nucleic acid, and replication strategy.
Other biochemical and antigenic properties are also used, and
they are lmportant in identification and grouping of individual
virus types and strains. Optimal classification should com-
bine the essentgal biological properties of the group and, in
addition, give an adequate tool for diagnosis and treatment of
clinical diseases. Introduction of diagnostic procedures
based on nucleic acid sequences has recently increased the
need for precise classification of viruses according to their
molecular characteristics.

Echoviruses were discovered soon after the first tissue-
culture techniques were introduced into laboratories (22).
These viruses were isolated from human intestinal tract, as
are polioviruses and coxsackieviruses, but they did not share
the major pathogenic properties of these groups. Because the
association with human' disease was, at the time of their
discovery, unknown, they were given the name ECHO
(enteric, cytopathogenic, human, orphan) viruses. It was
originally postulated that whenever an echovirus was estab-
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FiG. 3. Dendrogram of the relationships between picornavirus
groups based on comparisons of amino acid differences of 2C
polypeptides. FMDVO, FMDYV strain O;K; FMDVA, FMDYV strain
A-10-61; TMEV, Theiler’s murine encephalomyocarditis virus;
EMCYV, encephalomyocarditis virus; HRV, human rhinovirus; Po-
lio, poliovirus; CAV, coxsackie A virus; CBV, coxsackie B virus;
SVDV, swine vesicular disease virus; EV, echovirus; eV, enterovi-
rus; BEV, bovine enterovirus.

lished as the etiologic agent of a clinically distinct disease, it
would be removed from the group (23). Later on, it became
evident that individual echovirus types cannot be directly
associated with individual illnesses but rather with a wide
spectrum of clinical manifestations. This is why they still are
classified together, forming the largest of the enterovirus
subgroups. However, from the original 33 echovirus sero-
types, types 1 and 8 were closely enough related to be
combined, type 10 was shown to be a reovirus, and type 28
appeared to be a rhinovirus.

Echovirus serotypes 22 (including the prototype 101 Harris
virus) and 23 were isolated during a study of summer diarrhea
in 1956 (3). Although these viruses shared the general prop-
erties found in the group, the cytopathic destruction of cell
cultures was incomplete when compared with previously
characterized echoviruses. It has been reported that cyto-
logic changes caused by echovirus types 22 and 23 involve
distinctive nuclear manifestations (4, 24) and that the repli-
cation of these viruses is not inhibited by 2-(a-hydroxyben-
zyl)benzimidazole, in contrast to other members of the
subgroup (25). There is also evidence of exceptional second-
ary structure of EV22 RNA (6). Recently EV22 infection has
been shown not to cause the host-cell protein synthesis
shut-off (7, 26) characteristic of enteroviruses.

In addition to the biological characteristics, the epidemi-
ology and pathogenesis of EV22 infections also differ when
compared with the other echoviruses. Perhaps the most
striking difference is that 60% of the EV22 isolations are from
children of <1 yr of age (17% in all the echoviruses), and
altogether 92% of the isolations are from children under S yr
of age (5). From the isolation-positive cases, 29% had gas-
trointestinal symptoms (11% in all the echoviruses), and only
11% had symptoms indicating involvement of the central
nervous system (56% in the entire echovirus subgroup).

Previous work has, thus, given evidence that EV22 differs
biologically from other echoviruses. Our data indicate the
molecular basis for these characteristics. Although clearly a
picornavirus in terms of electron microscopy and genome
organization, EV22 has a very divergent nucleotide and
amino acid sequence. These characteristics locate it well
outside the enterovirus group and, together with the other
blologlcal data, suggest that EV22 belongs to another picor-
navirus genus.

The diverse nature of the capsid proteins, when compared
with other picornaviruses, made prediction of some cleavage
sites relatively difficult, and, therefore, the VP2/VP3 and
VP3/VP1 cleavages were established by directly analyzing
the amino-terminal sequence of polypeptides VP3 and VP1.
The amino-terminal sequence of VP2 protein could not be
determined, and because VP4 can be myristoylated in picor-
naviruses, one explanation for lack of a signal is that no
cleavage occurs between VP4/VP2 during maturation of
EV22 virions. This alternative is strongly supported by the
results from direct amino acid analysis of the tryptic peptides
from the 38-kDa band, and these data suggest that capsid
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structure of EV22 differs from other picornaviruses in this
respect. Sequence comparison gives some evidence of con-
served amino acids in the capsid proteins of EV22 (data not
shown), indicating that they probably share the typical three-
dimensional structure found in picornaviruses, an eight-
stranded antiparallel B-barrel. The unique amino-terminal
extension of =20 residues in VP3, contains eight positively
charged amino acids and may have important functions in the
virus structure. The observation of an RGD motif near the
carboxyl terminus of EV22 VP1 may give some indication of
the type of the cell receptor used by the virus. In aphthovi-
ruses (FMDYV) the carboxyl terminus of VP1 is known to
project onto the virus surface and participate in receptor
binding in conjunction with an RGD motif located elsewhere
in the VP1 primary sequence but juxtaposed structurally (27).
An RGD at the carboxyl terminus of VP1 has recently been
implicated in receptor binding of coxsackievirus A9 (28, 29),
and a comparison with strains of this virus and FMDV shows
that the EV22 motif (RGDMANL) conforms well to a con-
sensus that can be derived (RGDM/LXXL; ref. 30).

The 2A protein, known to be associated with a cis-acting
proteolytic activity in other picornaviruses, does not conform
in sequence to either of the two well-characterized types (31).
In entero- and rhinoviruses, the 2A protein acts autocatalyt-
ically at its amino terminus and is also involved in cleaving
the p220 component of the cap-binding complex, shutting off
host-cell protein synthesis. This protein is similar to the
picornaviral 3C proteases, as it is also a member of the
trypsin-like proteases in which the usual active-site serine has
been replaced by cysteine. Such proteases have a catalytic
triad made up of histidine, aspartate/glutamate, and serine/
cysteine residues, the latter being found in the context
GXCQG, which is well-conserved between these proteins from
a wide range of sources. EV22 2A is similar in size to that of
entero- and rhinoviruses, and there are a few short regions of
amino acid homology. However, the critical GXCG motif is
absent, and the protein is unlikely to function exactly in the
same manner. This protein is also dissimilar in sequence from
the 2A protein of aphthoviruses and cardioviruses. In these
viruses, 2A protein cleaves at its carboxyl terminus and does
not participate in host-cell shut-off, which, in aphthovirus-
infected cells, is accomplished by the proteolytic activity of
the leader. The cardiovirus leader protein has no known
proteolytic function, and this virus does not shut-off host-cell
synthesis by inactivating the cap-binding complex, which
also happens in EV22 infection (7, 26). Further insights into
the role of 2A protein in EV22 replication must await direct
analysis of its proteolytic capability.

In view of the highly divergent nature of the rest of the
genome, the similarity of the 5' UTR to cardio- and aphtho-
viruses is somewhat unexpected. The observation raises the
possibility that EV22 is a recombinant virus or, alternatively,
that the 5’ UTR evolves more slowly than other genome
regions. Predictions suggest that similarity of this region is
reflected in secondary-structural terms, and this may play a
role in the observed viral properties. For instance, because
the 5’ UTR is vital in translating the virus polyprotein, this
similarity may explain the efficient translation of EV22 RNA
in rabbit reticulocyte lysate (7) also seen in cardio- and
aphthoviruses, and contrasting with the poor translation of
entero- and rhinovirus RNA in this system. As suggested
previously by hybridization experiments (7), the EV22 5’
UTR lacks the poly(C) tract seen in aphthoviruses and
encaphalomyocarditis virus but absent from Theiler’s murine
encephalitis virus, another virus that shares the common 5’
UTR structure. The 3’ UTR has been shown (2) to have an
exceptional predicted secondary structure when compared
with enteroviruses.

Proc. Natl. Acad. Sci. USA 89 (1992) 8851

In conclusion, our data demonstrate that EV22 has a
structure and genome organization corresponding to other
picornaviruses. However, its similarity to other sequenced
members of this virus family is low. This similarity is ap-
proximately at the same level as that observed for HAV (9),
originally classified as an enterovirus but now assigned to the
hepatovirus genus of picornaviridae. The molecular data
presented here suggest that classification of EV22 should also
be reconsidered. Although this virus is already known to be
found in young children and is often associated with gastro-
enteritis, the role of EV22 virus in clinical disease needs
careful reevaluation against the background of its distinct
molecular properties. As soon as these data and the identity
and characteristics of possible relatives of EV22 are known,
it would be possible to give the putative additional genus a
nomenclature that corresponds to that of other picornavirus

groups.
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