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The downstream 5’ nontranslated regions of seven echoviruses with different neurovirulent phenotypes were
amplified and sequenced. Neurovirulent echovirus serotypes 4, 6, 9, 11, and 30 were identical to the putative
poliovirus in 18S rRNA binding sequence and the flanking conserved sequences. Less neurovirulent echovi-
ruses, serotypes 2 and 12, exhibited variations within these regions.

The enteroviruses (EVs) comprise a genus within the family
Picornaviridae and include the polioviruses (PVs), group A
coxsackieviruses, group B coxsackieviruses (CBVs), echovi-
ruses (ECVs), and the more recently numbered EVs. ECVs
comprise the largest number of serotypes and are the most
frequently isolated from clinical specimens (37). They are re-
sponsible for clinical syndromes involving almost every organ
and vary in their propensity to cause meningitis and encepha-
litis, i.e., neurovirulence (4).

Comparison of the 5’ nontranslated regions (5'NTRs) of the
sequenced EVs has disclosed multiple areas of conservation
(18, 29, 32, 36). The 5'NTR of PV contains genomic elements
necessary for replication (1) and translation (23, 26-28) and
determinants of virulence (14, 22, 25, 42).

Picornaviruses initiate translation without the presence of a
5" cap structure (7mGpppG). In PV, a 5'NTR cis-acting ele-
ment is required for efficient translation of the genome (2, 5,
23, 26, 41). This element, the internal ribosome entry site
(IRES), spans 450 nucleotides and contains specific sequences
and/or secondary structures that may directly influence the
ability of the viral genome to efficiently initiate translation (6,
8, 23, 26, 28, 30). The existence of and possible role in ECV
pathogenesis of similar translation elements in the 5’'NTR re-
main unstudied.

ECV serotype 4 (ECV4; Pesascek), ECV6 (D’Amori),
ECV9 (Hill), ECV11 (Gregory), and ECV30 (Bastianni) were
selected for study because of their strong association with
aseptic meningitis (7, 24, 43). ECV2 (Cornelis) and ECV12
(Travis) were chosen because of their relatively avirulent phe-
notype as demonstrated in surveys of ECV prevalence from
clinical samples and human challenge studies (24, 42, 35). All
serotypes were obtained from the American Type Culture Col-
lection (Rockville, Md.) and, except for ECV30, were grown
on LLCMK?2 cells and stored at —70°C. ECV30 was stored at
—70°C and used directly from the American Type Culture
Collection stock.

Primer JRpATG (5'-ACTTGAGCTCCCATT-3") was de-
signed as a consensus primer to positions —2 to +14 from the
true translation initiation codon of the nine sequenced non-
ECV EV serotypes (3, 9, 11, 13, 15, 16, 20, 31, 34, 39, 40) and
partial sequences obtained from ECV9 (Barty) (unpublished
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data). The consensus sense primer JRp64 (5'-ACGGTACCT
TTGTGCGCCTGTTTT-3") was designed on the basis of the
published EV sequences corresponding to nucleotides 64 to 88
of PV type 1 (Mahoney) (PVIM). Primers MD90 (5'-ATTGT
CACCATAAGCAGCCA-3") and MD91 (5'-CCTCCGGCCC
CTGAATGCGGCTAAT-3"), corresponding to nucleotides
577 to 596 and 444 to 468, respectively, of PV1M, have been
described previously (33). Primer JRp616 (5'-AGCTATTG
GATTGGC-3') was designed on the basis of sequences ob-
tained from the JRpATG-MDO91 amplification products of the
seven ECVs studied and used for sequencing. Primers were
synthesized by Research Genetics (Huntsville, Ala.).

Approximately 50 pl of virus preparation was extracted by
using guanidine thiocyanate (IsoQuick; MicroProbe Corp.,
Garden Grove, Calif.) as instructed by the manufacturer. The
nucleic acid was resuspended in 40 to 50 pl of reverse tran-
scription mixture (33) containing primer JRpATG, divided
into 10-pl aliquots, and incubated at 42°C for 90 min and then
at 90°C for 10 min.

To each reverse transcription reaction tube, 39.5 ul of PCR
mixture [final concentrations, 10 mM KCl, 10 mM (NH,),SO,,
0.1% Triton X-100, and 200 uM each deoxynucleoside triphos-
phate] and 0.5 pmol each of two primers were added. The
mixture was heated to 90°C for 5 min, 1 U of Vent polymerase
(New England Biolabs, Beverly, Mass.) was added, and PCR
was performed as follows: denaturation at 95°C for 5 min; 35
cycles of denaturation at 95°C for 2 min, annealing at 58°C for
2 min, and extension at 72°C for 2 min; and a final extension at
72°C for 9 min. Upon completion, the amplified reaction mix-
tures for each serotype were pooled and electrophoresed
through a 3.5% agarose gel (3.0% NuSieve GTG; FMC, Rock-
land, Maine) and 0.5% Agarose (GIBCO BRL, Grand Island,
N.Y.) containing 0.5 pg of ethidium bromide (AMRESCO,
Solon, Ohio) per ml. Appropriately sized bands were identified
and purified by using GeneClean II (Bio 101, La Jolla, Calif.).
When multiple bands fell within the anticipated size range, the
band closest in size to that predicted for PVIM was selected.

Primer annealing for direct **S sequencing was performed
with 20 pmol of primer and approximately 0.5 pmol of DNA in
10 pl of buffer (U.S. Biochemical, Cleveland, Ohio). The mix-
ture was heated to 100°C for 5 min, frozen on dry ice for 2 to
3 min, and transferred to 2 to 4°C. While the mixture was at 2
to 4°C, 3.5 pl of cold labeling mixture, 1 pl of cold 100 mM
MgCl, (U.S. Biochemical), and 3.25 U of Sequenase enzyme
were added, and the mixture was incubated at 4°C for 3 to 5
min. Extension/termination reactions were performed as rec-
ommended except that the reaction temperature was increased
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FIG. 1. Amplification products generated by the JRpATG-MD91 primer
pair. Ethidium bromide-stained 3.5% agarose gel. Lanes: 1, ECV2; 2, ECV4; 3,
ECV6; m, HincllI digest of bacteriophage $X174 DNA; 4, ECV9; 5, ECV11; 6,
ECV12.

to 45°C. Samples were electrophoresed through 5 to 6% Hy-
drolink gels (J. T. Baker, Phillipsburg, N.J.) and processed
according to standard protocols. Sequence alignment was per-
formed by using MacVector version 4.1.1 (Kodak/IBI, Roch-
ester, N.Y.).

Figure 1 shows the products of ECV reversion transcription-
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based PCR using primers JRpATG and MD91 (except for
ECV30). The JRpATG-MD91 product encompasses the 3’
end of the IRES (stem-loop structures VI and VII and the
intervening oligopyrimidine tract (OPT)), the 5'"NTR variable
region, and the true initiation codon of translation. The cor-
responding region in PV1M spans nucleotides 444 to 756. All
serotypes produced at least one band within the expected size
range (284 to 319 bp). For ECV12, three bands migrating near
or within the expected size range are seen.

The sequence of the entire fragment was unambiguously
determined for all serotypes except ECV30, for which the
number of thymidines comprising a tract within the OPT could
not be determined (Fig. 2). The sequence of the MD91 target
site was determined by sequencing the extreme 3’ end of the
product generated by the MD90-JRp64 primer pair (not
shown). The 3’-terminal 15 nucleotides of each sequence rep-
resent those of the JRpATG primer.

Alignment of the ECV sequences demonstrates multiple
areas of absolute or nearly absolute identity (Fig. 2). These
regions correspond to similar sequences described for the se-
quenced human picornaviruses (23, 29, 32, 36). Comparisons
between ECV sequences and previously determined EV se-
quences suggest that the ECVs are more closely related to the
CBVs in the sequenced region (data available on request).

Within the IRES, the OPT is a crucial element for efficient
cap-independent initiation of translation (23, 26-28). The OPT
of the sequenced non-ECV EV has demonstrated extremely
tight size constraints, measuring 19 to 20 nucleotides. It has
been proposed that efficient initiation of translation requires a
critical distance between an OPT 5’ pyrimidine motif (see

* * * ‘0 * * * 80
ECV2 TCTCCGGCCCCTGAATGCGGCTAATCCTAACTGCGGAGCAGGTACCCACGAGCCAGTGGGCAGCCTGTCGTAATGGGCAA
BECV4 TCTCCGGCCCCTGAATGCGGCTAATCCTAACTGCGGAGCACACGCTCACAAGCCAGTGAGTGGTGTGTCGTAATGGGTAA
ECV6 TCTCCGGCCCCTGAATGCGGATAATCTTAACTGCGGAGCAGGTGCTCACAATCCAGTGGGTGGCCTGTCGTAACGGGCAA
ECV9 TCTCCGGCCCCTGAATGCGGCTAATCCTAACTGTGGAGCACATGCCCCTAATCCAAGGGGTAGTGTGTCGTAACGGGCAA
ECV1l TCTCCGGCCCCTGAATGCGGTTAATCCTAACTGCGGAGCACATACCCCTAATCCAAGGGGCAGTGTGTCGTAACGGGCAA
ECV12 TCTCCGGCCCCTGAATGCGGCTAATCCTAACTGTGGAGCAAGTGCCCACAACCCAGTGGGTGGCTTGTCGTAATGGGCAA
ECV30 TCTCCGGCCCCTGAATGCGGCTAATCCTAACTGCGGAGCAGGTGCTCACAGACCAGTGAGTAGCCTGTCGTAACGGGCAA
Consensus TCTCCGGCCCCTGAATGCGG-TAATCCTAACTG-GGAGCA--t-C-C--aa-CCA--G-G--G--TGTCGTAA-GGGCAA
* * * 120 * * * 160
ECV2 CTCTGCAGCGGAACCGACTACTTTGGGTGTCCGTGTTTCCATTTACTCTTATACTGGCTGCTTATGGTGACAATCACGGA
ECV4 CTCCGCAGCGGAACCGACTACTTTGGGTGTCCGTGTTTCCTTTTAACTTCATTTTGGCTGCTTATGGTGACAATTAAGAA
BCV6 CTCTGCAGCGGAACCGACTACTTTGGGTGTCCGTGTTTCCTTTTATCTCTTTGTTGGCTGCTTATGGTGACAATTGAACG
ECV9 CTCCGCAGCGGAACCGACTACTTTGGGTGTCCGTGTTTCCTTTTATTCTTACATTGGCTGCTTATGGTGACAATTGAGAG
ECV11l CTCTGCAGCGGAACCGACTACTTTGGGTGTCCGTGTTTCCTTTTATTTTTATACTGGCTGCTTATGGTGACAATCTCAGA
ECV12 CTCTGCAGCGGAACCGACTACTTTGGGTGACCGTGTTTCTCTTTATTCTTATATTGGCTGCTTATGGTGACAATCTCAGA
BECV30 CTCTGCAGCGGAACCGACTACTTTGGGTGTCCGTGTTTCCT (Tn) CTCTTATATTGGCTGCTTATGGTGACAATTAAAGA
Consensus CTC-GCAGCGGAACCGACTACTTTGGGTGTCCGTGTTTCCc-TTTa---ttat--TGGCTGCTTATGGTGACAAT-----—
* * * 200 * * * 240
ECV2 ATTGTTACCATATAGCTATTGGATTGGCCATCCAGTGACTAACAGAGCGATTATATTCCTTTTTGTTGGTTTTGTACCAC
ECV4 ATTGTTACCATATAGCTATTGGATTGGCCATCCGGTGACTAGTAGAGCTATTATATACTTGTTTGTTGGCTTTGTACCAC
ECV6 ATTGTTGCCATATAGCTATTGGATTGGCCATCCGGTGAGCAGCAGATCCATTATTTACCAGTTTGTTGGATTTGTACCAC
ECV9 ATTGTTGCCATATAGCTATTGGATTGGCCATCCGGTGTCTAATAGAGCGATAATCTACCAGTTTGTTGGATTTGTACCAC
ECV11l GTTGTTACCATATAGCTATTGGATTGGCCATCCGGTGAGCAACAGAGCTGTCATTTATCAGTTTGTTGGCTTTATACCTC
ECV12 GTTGTTACCATATAGCTATTGGTTTGGCCAACCAGTGACTAACAGAGCAATTATATATCTTTTCATTGGATTTATACCTA
ECV30 ATTGTTACCATATAGCTATTGGATTGGCCATCCGGTGACGAGCAGAGCCATTGTTTACCTCTTTGTTGGATTTGTACCTT
Consensus -TTGTT-CCATATAGCTATTGGATTGGCCAtCCGGTGAC-A--AGAgC-aTaaT-Ta-c--TTtgTTGG-TTT-TACC--
* * * * 290
BECV2 TCACCGTCACGAGCTTTACAACGCTAAACTACATTTTGTCATTGAACACGGC. ... .. AAAATGGGAGCTCAAGT(309)
ECV4 TAAACTATAAAGTCCTTAGAACTCTTGATTTTATACTAATTTTGAATAAGGC. ... .. AAAANTOGGAGCTCAAGT(309)
ECV6 TTGATCACATAGTCTTTAGAACACTTGTCTTTATTCTAAATCTTAACAAGGC. ... .. AAAATOGGAGCTCAAGT(309)
ECV9 TCAACTTTTCAACACTCAAGACACTCAACTACATACTAGCACTCAACACAGT. ... .. AAAATGGGAGCTCAAGT(309)
ECV1l TAAATCACACGGTTTTTGGAACGCTTGTATTCATCTTAACCCTCAATAAGGC. .. ... AAAATGGGAGCTCAAGT (309)
ECV12 TAAACAACACCAGTTATACCACTTTGTGTTACATTATTGGCTTGAACTCGAA. . ... . AAGATGGGAGCTCAAGT (309)
ECV30 TGAACCACAAAGTCTTGAATACCATTCATCTCATTTTAAAGTTCAACTCAGCTAAAAGAAAATGGGAGCTCAAGT (315+)
Consensus T-aa----a------ t-a--AC--T----t=--AT--T-=-=-=--T-AA----@g------- AAaATGGG

FIG. 2. Sequence alignment of the ECV downstream 5'NTR. The consensus sequence for the ECVs is shown in boldface below each grouping of sequences.
Nucleotides conserved 100, 85, and <85% among the ECVs are designated by uppercase letters, lowercase letters, and -, respectively. Initiation codons (ATG) are

designated in boldface within each EV sequence.
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FIG. 3. Comparison of the folding pattern of stem-loop VI of the ECVs with PVIM nucleotides 448 to 556. Absolutely conserved EV nucleotides (Nt) are
designated in uppercase letters. Structures immutable with respect to sequence are designated in shaded areas. EV base pairings differing from PVIM are designated
in each serotype’s boxed area. Noncanonical base pairings are designated by dots. Base pairings not formed for a given ECV serotype are designated by a bold box

outline. The folding pattern is as published by Haller and Semler (8).

below) and a cryptic AUG located within the conserved down-
stream flanking sequences (30).

The upstream half of the OPT (5’-UUUCCUUUUA-3"),
particularly the extreme 5’ tetra- or pentapyrimidine sequence,
5’-UUUCC-3', is crucial for efficient initiation of translation.
This domain may base pair with complementary sequences
within the host 18S rRNA (10, 18, 26, 30). In PV constructs,
point mutations or deletions within the tetrapyrimidine se-
quence resulted in total or nearly total ablation of internal
initiation. Mutations downstream of the tetrapyrimidine se-
quence, but still within the 5" half of the OPT, led to variable
degrees of reduction in the translational efficiency (8, 23, 26,
30).

Nucleotides 85 to 154 contain the OPT (nucleotides 116 to
135) and bilateral EV conserved flanking sequences. For the
six ECV serotypes unambiguously sequenced, the OPT mea-
sured 20 nucleotides, supporting the premise of a critical dis-
tance required for efficient translation initiation. The 5’ tetra-
pyrimidine sequence was conserved among all seven ECVs,
attesting to its importance in translation (Fig. 2). The five
ECVs possessing neurovirulent phenotypes, i.e., frequently
causing infections of the central nervous system, possessed the
upstream OPT sequence 5'-TTTCCTTTT-3'. An identical mo-
tif is seen in the highly neurovirulent PV. The less neuroviru-
lent serotypes, ECV2 and -12, demonstrated changes at posi-
tion 121 and positions 120 and 121, T to A and CT to TC,

respectively. Identical upstream OPT deviations have not pre-
viously been described for any of the picornaviruses.

There was no variation among the ECVs in the downstream
sequences (nucleotides 135 to 154). Only ECV12 demon-
strated variation (T to A, position 110) within the 17-nucle-
otide region universally conserved among the sequenced pi-
cornaviruses, immediately upstream of the OPT (18).
Although not as well studied as the OPT, this region may be
also be important for efficient initiation of translation. A T-
to-C mutation at the same relative location within CBV1
(CBV1 nucleotide 557) resulted in dramatically reduced in
vitro translation (12). In PV1, a G-to-A change at position 549,
corresponding to position 106 in this report, reduced the rel-
ative transcriptional efficiency of the primary transcript to ap-
proximately 10% of wild-type levels (8).

Numerous lines of evidence support the existence of second-
ary structures within the IRES (19, 29, 32, 34). The overall
proposed base-pairing patterns for stem-loop VI (nucleotides
5 to 113) are conserved in all seven ECVs studied (Fig. 3). The
predicted pairings comprising stem-loop VII (nucleotides 118
to 183) appear to be generally conserved among all ECVs
except ECV12 (Fig. 4). In ECV12, stem structure ¢ may be
substantially less stable, if it forms at all, than in any of the
ECVs or previously sequenced EVs. The noncanonical U - G
pairing between nucleotides 120 and 181 coupled with a U-
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FIG. 4. Comparison of the folding pattern of stem-loop VII of the ECVs with PVIM nucleotides 561 to 625. See the legend to Fig. 3 for explanation.
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* * * * * 60
ECV2 TCTCHGGCCOCTEAATGAGGT TCCTAACTGCGAAGCAGGTINCTCAQ |
ECV4 TCTCGGCC CTSAATGCGGCTAATCCTAPCTGCGGAGCACACGCTCAg CAGTGAG
ECV6 TCTCAGGCCACTHBAATGAGGATRATCTITAACTGCGGEAGCAGGTIJCTCA TCCAGTGGG
ECVY TCTCAGGCCACTIAATGHGGCTRATCCITAACTGTGHAGCACATIFCCCCHYRATCCHAGGGG
ECV1l TCTCOGGCCACTRAATGUGGTTRATCCIIAACTGCGRAGCACATINCCCCTIHATCCAAGGGG]
ECV12 TCTCHGGCCHCTRAATGACGCTRATCCIIAACTGTGHAGCAAGTIGCCCAQAACCCAGTGG]
ECV30 TCTCAGGCCACTRAATGAGGCTIATCCITAACTGCGAAGCAGGTIACTCA
A K1 A B c D E K2 E
* * * * * 120
ECV2 CARCCICICETRATG JTCTGCHGLGRAACCGACTACTT] TCCETGTTIICC
ECV4 TGRTGTGICITRATG QTCCGCAGLG CCGACTACTT] TCCETGTTTCC
ECV6 TGRCCTGTCITRACG JUTCTGCAGIG CCGACTACTT] TCCETGTTTCC
ECV9 TAGTGTGTICETRACG JQrCCGCAGIG CCGACTACTT! TCCETGTTTCC
ECV11l CAGTGTGIICIETRACG QrCTGCHGCG CCGACTACTT] TCCETGTTTCC
ECV12 TGRCTTGICITRATG AAJQTCTGCAGEG CCGACTACTT] ACCETGTTTCT
ECV30 TAGBCCTGICRTRACG AACITCTGC CCGACTACTTI IVeiNele eUNey i1 oo
D F F (o} B K2 K1l
* * * * 180
ECV2 ATTTACTCTTATAJ TGCYTATGGTCACAATCHCGGANTTGT TACCATATAGCTATT
ECV4 TTTTAACTTCATT TGCYTATGGTGACAATTAAGAANTTGTTACCATATAGCTATT
ECV6 TTTTATCTCTTTG TGCYTATGGTGACAATT! CGHTTGTTGCCATATAGCTATT
ECV9 TTTTATTCTTACA TGCYTATGGTGACAATTPAGAGHTTGTTGCCATATAGCTATT
ECV11l TTTTATTTTTATAC TGCYTATGGTGACAATATCAGAGTTGTTACCATATAGCTATT
ECV12 CTTTATTCTTATAT TGCYTATGGTGACAATATCAGAGITGT TACCATATAGCTATT
ECV30 T (Tp)CTCTTATATH TGCUNTATCGGTGACAATT GANTTGTTACCATATAGCTATT
H K3 H

FIG. 5. Tertiary structural elements within the ECV 5'NTR. Proposed interactions are designated in boxed areas. A to H, base pairing resulting in secondary
structures; K1 to K3, tertiary-level base pairing resulting in the formation of pseudoknots. Alignments and nomenclature are those proposed by Le et al. (18).

to-U mismatch between nucleotides 118 and 183 may not per-
mit a structure of sufficient thermodynamic stability to exist.

A new model of proposed RNA tertiary interactions for the
EV 5'NTR has been reported (18). Alignment of the ECV
sequences according to that folding pattern would yield the
predicted pseudoknots K1 and K2 (Fig. 5). As in the case of
the CBVs (18), the ECV sequences contributing to the forma-
tion of K3 pseudoknot indicated that the formation of this
pseudoknot was variable among the ECVs sequenced. Our
sequences appear to be in accord with and further substantiate
the tertiary folding model.

The contribution of the downstream IRES to the clinical
phenotype of the PVs has been demonstrated. Lower viral
titers observed when a Leon-Lansing PV recombinant contain-
ing a C-to-U change at position 472 was grown on a neuro-
blastoma cell line may have been due to a reduction in protein
synthesis (17). Using the PV3 Sabin strain, the same mutation
decreased the efficiency of in vitro translation in Krebs-2 cell
extracts (38). Two reports have shown that the ability of the
PV2 and PV3 Sabin strains to grow at elevated temperatures
on BGM cells implies a correlation between attenuation and
predicted secondary structure (21, 22).

It is tempting to speculate that the variations observed in the
sequences of the downstream portion of the 5’'NTR (IRES) of
ECV2 and, in particular, ECV12 affect their ability to cause
central nervous system disease. The observed genomic differ-
ences in ECV2 and ECV12 may decrease the ability of these
serotypes to efficiently initiate translation, offering the host
immune system an advantage in limiting viral spread from the
portal of entry to the central nervous system.

The ECV sequences described in this report substantiate
models of potential higher-order structures within the down-
stream portion of the EV 5'NTR. These structures may play
critical roles in pathogenesis and clinical disease.
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