JOURNAL OF VIROLOGY, Apr. 2001, p. 3111-3120
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.7.3111-3120.2001

Vol. 75, No. 7

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Phenotypic Characterization of Three Phylogenetically
Conserved Stem-Loop Motifs in the Mengovirus 3’
Untranslated Region

HERNANDO DUQUE anp ANN C. PALMENBERG*

Institute for Molecular Virology and Department of Biochemistry, University of Wisconsin-Madison,
Madison, Wisconsin 53706

Received 28 June 1999/Accepted 4 January 2001

An alignment of cardiovirus sequences led to the prediction of three conserved stem-loops in the 3’
untranslated region (UTR) of mengovirus. Deletions of each stem were engineered in mengovirus cDNAs and
also in mengovirus replicons, in which part of the viral capsid sequences were replaced with the firefly
luciferase gene. The effect of deletion on RNA infectivity and plaque phenotype was evaluated after transfection
of viral transcripts into HeLa cells or by luciferase assays of cellular extracts after transfection with RNA
replicons. Stem I (mengovirus bases 7666 to 7687) was found to be dispensable for viral growth or exponential
luciferase expression. Deletion of stem III (bases 7711 to 7721) was lethal to the virus, and the replicons were
incapable of RNA synthesis. Deletion of stem II (AII; bases 7692 to 7705) produced an intermediate phenotype,
in that replicons had marginal RNA synthesis activity but transfection with genomic RNA usually failed to
produce plaques after normal incubation times (31 h, 37°C). In a few of the AII transfections, however, plaques
were observed after long incubation, especially if the cells received large amounts of RNA (3 pg per 3 X 10°
cells). Viruses from two All-derived plaques were isolated and amplified. Their RNAs were converted into
c¢DNA, sequenced, and mapped for genotype. Each maintained the AII deletion and, in addition, had one or two
reversion mutations, which were characterized by reverse genetics as responsible for the phenotypes. One
reversion caused an amino acid change in the polymerase (3DP°'), and the other was localized to the 3' UTR,

upstream of stem 1.

Picornavirus polymerase enzymes (3DP°') are capable of
copying almost any RNA template in vitro if provided with a
suitable RNA or DNA primer (6). An apparent lack of tem-
plate selectivity during elongation contrasts with the enzymes’
apparent specificity during natural viral RNA synthesis, in that
viral, but not cellular, RNAs are copied in infected cells. Al-
though the precise biological functions of the untranslated
regions (UTRs) of picornaviruses are only poorly understood,
the proximity of the 3" UTR to the genetically encoded
poly(A) tail, the normal site of RNA synthesis initiation, has
led to proposals that these segments may work in cis with other
portions of the RNA, the polymerase, other viral proteins (2B,
2C, 3A, 3B, 3C, etc), and perhaps unidentified cellular factors,
to bring about template selection or a timely regulation of
RNA replication processes (1, 22, 27, 28, 38, 39, 41).

The 3" UTR segments of picornaviruses are generally quite
short, ranging from 40 bases (rhinoviruses) to 126 bases (car-
dioviruses), are located between the polyprotein termination
codon(s) and 3'-terminal poly(A), and consist of purine-rich
heteropolymeric sequences (37, 42, 43). Computer-aided pre-
dictions, combined with enzymatic and chemical probing, have
led to partial models for the 3" UTRs of several enteroviruses
(19, 27, 29, 41). Within members of this genus, the bases
encoding two short stems, designated X and Y (bases 7376 to
7417 and 7423 to 7445 in poliovirus 1M, respectively), are
reasonably well conserved. The terminal loops of X and Y

* Corresponding author. Mailing address: Department of Biochem-
istry, 433 Babcock Dr., Madison, WI 53706. Phone: (608) 262-7519.
Fax: (608) 262-6690. E-mail: acpalmen@facstaff.wisc.edu.

3111

typically contain additional short complementary sequences
capable of generating higher-order tertiary structures by base
pairing between the terminal loops (29). When the putative
X-Y interactions were tested via site-directed mutagenesis in
coxsackievirus A9 and coxsackievirus B3 cDNAs, the resultant
genomic RNAs were noninfectious, consistent with the idea
that loop-loop interactions may be involved in the mechanism
of viral RNA synthesis (27, 29, 41).

Protein recognition of these or related motifs could conceiv-
ably play roles in viral template recognition or the initiation of
minus-strand RNA synthesis. Poliovirus RNA probes contain-
ing the 3’-terminal 108 bases and the poly(A) tail undergo
demonstrably specific reactions in vitro with recombinant po-
liovirus protein 3AB or with complexes of recombinant pro-
teins 3AB and 3CD (14). Such interactions are consistent with
a predicted early step in the 3DP°-dependent initiation of
minus-strand RNA synthesis or with the addition of VPg (pro-
tein 3B) to the 5’ end of the minus strand (30). Although RNA
structure mapping experiments on genome RNAs have been
reasonably successful (39, 40), they are technically quite diffi-
cult, and the binding segments that are specifically responsible
for 3AB and 3CD interactions have yet to be more narrowly
mapped within the enteroviral 3’ UTR or to be correlated
more directly with the putative loop-loop tertiary structure
(14). Moreover, these binding complexes have not yet been
rigorously tested for in vivo biological activity by mutagenesis
mapping within the context of viral genomes or within the
context of replication-competent recombinant RNAs (repli-
cons) in assays that use reporter gene expression as a quanti-
tative indicator of viral RNA synthesis. Indeed, recent deletion
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and substitution experiments with poliovirus and rhinovirus
cDNAs suggest that specific 3’ UTR segments or structures
may not even be uniquely required for negative-strand RNA
synthesis, because they can be replaced with fragments from
heterologous picornaviruses (33) or removed entirely from cer-
tain replication-competent RNAs (39, 40).

Furthermore, as compelling as it is, the enterovirus X-Y
model for the binding of viral protein is neither common nor
consistent with the 3'-terminal sequences for other picornavi-
rus genera. In rhinovirus 14 (HRV-14) for example, a different,
albeit specific, interaction with a 34- to 36-kDa cellular protein
has been documented in UV cross-linking reactions with a
rhinovirus-specific 3" UTR stem (38). Recombinant HRV-14
deletions in the 3" UTR resulting in reduced ability to bind the
cellular protein produced defective-replication phenotypes
when engineered into genomic sequences. Also, in contrast to
the poliovirus experiments, parallel attempts to demonstrate
stable rhinovirus protein interactions (e.g., 3DP*' or 3CD) with
the 3" UTR have yet to be successful (38). With encephalo-
myocarditis virus (EMCV), a cardiovirus, only the poly(A) tail
and a contiguous, short U-rich sequence located 38 to 49 bases
upstream are reportedly required for interactions with homol-
ogous recombinant 3DP°!, as determined by RNA mobility
shift assays (4, 5). Again, this result is different from that for
poliovirus. Therefore, if particular 3’ structural elements are
indeed involved in picornaviral RNA synthesis, it is conceiv-
able that they might participate through broader, more-general
template recognition or membrane binding mechanisms (40)
or perhaps share only subtle commonalities with those of other
members of this extended virus family.

To address these questions in more depth for the cardiovi-
ruses, we have begun a more detailed sequence and structural
mapping of the mengovirus 3’ UTR. Phylogenetic analyses and
computer modeling now suggest a genus-specific secondary
structure consisting of three conserved stem-loop motifs in this
region. We report here the development of a cDNA replicon
assay for cardioviruses, using firefly luciferase as a reporter
gene, in a system analogous to those described for enterovi-
ruses (1) and the use of this assay to test the specific steps in
the mengovirus life cycle that might be disrupted by deletional
modification of the 3’ UTR. Parallel experiments with ge-
nome-length recombinant RNAs have also been carried out;
these confirm the replicon results and implicate two of the
three newly described 3’ stem regions as being required for
minus-strand RNA synthesis in cardioviruses.

MATERIALS AND METHODS

Virus and cells. HI HeLa cell (ATCC-CRL1958) growth in suspension cul-
tures and cardiovirus plaque development on plated cells under agar were per-
formed as described previously (35). Virus was clonally propagated by picking an
isolated plaque and inoculating a fresh cell monolayer (60-mm-diameter plates).
After the development of cytopathic effect (24 h at 37°C), infected cells were
lysed by three cycles of freezing and thawing, the cell debris was removed by
centrifugation for 10 min at 2,000 X g, and the supernatant was used to infect
another monolayer (100-mm-diameter plates) for virus amplification. Subse-
quent cell lysis (after 24 h at 37°C) and virus purification by sedimentation
through sucrose cushions have been described (10).

Prior to infection for single-step growth assays, the HeLa cells from suspension
cultures were collected, washed once in phosphate-buffered saline (PBS), gently
pelleted, and then resuspended at a concentration of 4 X 107 cells/ml. Mengo-
virus samples were added at a multiplicity of infection of 10 PFU per cell, and
attachment was carried out for 30 min at room temperature under constant
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rotation. After another gentle pelleting, unattached virus was removed from the
cells by washing with PBS (10 ml). The infected cultures were resuspended to a
concentration of 4 X 10 cells/ml in medium A (35) and incubated at 37°C in a
shaking water bath. Aliquots (0.5 ml) were removed at the required times (0 to
12 h), buffered with 15 pl of 1.25 M HEPES, pH 7.4, and then frozen in an
ethanol-dry ice bath before storage at —80°C. After two subsequent freeze-thaw
cycles, virus titers (PFU per cell) were determined by standard plaque assays at
37°C for 30 h.

Recombination procedures. Standard cDNA procedures were used (2, 36).
Restriction endonucleases, T7 polymerase, and Moloney murine leukemia virus
reverse transcriptase were obtained from commercial sources (New England
Biolabs, Boehringer Mannheim Biochemicals, Gibco BRL, and Takara). DNA
sequencing was performed by the alkaline denaturation method for double-
stranded DNA, using Sequenase (version 2.0; U.S. Biochemicals). PCR ampli-
fications used cloned Pfu polymerase (Stratagene), reaction conditions recom-
mended by the manufacturer, and the primers (Integrated DNA Technologies,
Inc.) listed in Table 1. Denaturation cycles were performed at 92°C for 45 s,
annealing cycles were for 45 s at temperatures 5°C below the melting tempera-
ture of the least-stable primer, and elongation cycles were at 72°C for 2 min per
kb of expected product.

Engineered genomes. Mengovirus cDNA contained in plasmid pMwt has been
described (8). The viral sequence encoded by this plasmid may be accessed from
GenBank (accession no. L.22089). Amplicons containing precise deletion of stem
I, II, or III were generated by four sequential PCR steps. First, fragments
upstream of each stem’s sequence were amplified from pMwt templates. The
primer pairs were P88 and P165 (for deletion of stem I [AI]), P88 and P166 (for
AII), and P88 and P167 (for AIII). Next, downstream fragments from pMwt were
synthesized using P162 and P168 (for AI), P163 and P168 (for AIT), and P164 and
P168 (for AIII). For each segment, the primers were designed to give upstream
and downstream products that overlapped by 16 nucleotides and contained the
desired deletion. The appropriate unfractionated amplicons were combined and
assembled into linked fragments by an additional 10 cycles of PCR. Each sample
was then supplemented with primers P88 and P168 before a final amplification.
After gel purification, the sized fragments were introduced into the EcoRV site
of pBluescript SK +/— (Stratagene) and transformed into Escherichia coli (strain
MV1190; Bio-Rad). Resultant Agel-HindIII cDNA segments containing the se-
quenced deletions were substituted into pMwt, and, after sequence confirmation,
the new plasmids were designated pMAI, pMAII, and pMAIIIL

Similar procedures engineered two putative reversion mutations in a site-
specific manner. The A-to-G substitution at base 6721 (A6721G) was created by
PCR using primer combinations P265-P168 and P212-P268, followed by ampli-
con linkage with primers P212-P208. The product was ligated into pMAII using
BspDI and Agel sites to generate pMAII-A6721G. The parallel A7660C mutation
used primer sets P263-P168 and P251-P267, with product amplification by prim-
ers P251-P168. This fragment was ligated into pMAII using Agel and HindIII
sites to generate pMAII-A7660C. These mutations were combined into pMAII-
double by substituting the BspDI-Agel fragment from pMAII-A6721G for the
analogous fragment of pMAII-A7660C.

Before transfection of HeLa cells, viral genome-containing cDNAs were lin-
earized by digestion with BamHI, transcribed into RNA by T7 polymerase (8),
and incorporated into liposomes (34), as described previously (12).

Revertant cDNAs. Two well-isolated viral plaques, vMAIIL1 and vMAIL2, that
resulted after pMAII-derived RNA was transfected into HeLa cells were picked,
and the viruses were amplified by passage through HeLa cells and then purified
by sedimentation through sucrose cushions as described above. Genomic RNAs
were extracted by sodium dodecyl sulfate-phenol and collected by ethanol pre-
cipitation. Moloney murine leukemia virus reverse transcriptase (Gibco BRL)
was used for reverse transcription with primer P179, and then PCR using primers
P88-P179, P85-P90, and P74-P113 converted the viral sequences into overlapping
c¢DNA sets (covering ~7,700 viral bases), which were subsequently ligated to-
gether, inserted into plasmid vectors (pBluescript SK +/—), and used to trans-
form E. coli. Defined restriction fragments from these plasmids, pR1 and pR2,
were purified on agarose gels and then substituted for the analogous fragments
of pMAIL

Mengovirus replicons. A PCR fragment containing the complete firefly lucif-
erase cDNA was amplified from pGL2 (Promega) using primers P93-P94. En-
gineered restriction sites (BstXI in P93 and Spel in P94) facilitated the in-frame
substitution of this gene for the Spel-BstXI fragment in the capsid-coding region
of pMwt. The Sacll-Agel fragment from the resulting plasmid, pMluz, was then
transferred into the analogous sites of pMAI, pMAIL, and pMAIII, creating
pMLuzAI, pMluzAIl, and pMluzAIIl, respectively. To monitor the luciferase
induced by these sequences, 60-mm-diameter plates of confluent HeLa cell
monolayers were transfected with cDNA-derived T7 RNA transcripts (2.5 pg)
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TABLE 1. Mutagenesis primers

Primer
Location Viral base”
Name Sequence
5" UTR 209 (5") P74 TCACATTACTGGCCGAAG
1D/2A 3450 (5") P85 CTTATGCTTGAAAGCCCCAACCCT
3D 6563 (5') P88 GGACCCTATGGACAAGAACAC
3D 7416 (3') P90 AGGTCGATATAGAGGGCCCTC
Tuc® NA® 3") P93 CCCCACTAGTTTCCAAAGGGTTGGTCAATTTGGACTTTCCGCCC
luc NA (5') P94 CCCCACTAGTAATGGAAGACGCCAAAAAC
2B 4012 (3") P113 GTTGGCATCGAGCAAAGCCG
3" UTR 7690 (5") P162 CACGGTCGTCATACCGCAG
3" UTR 7706 (5") P163 CAGACAGGGTTCTTCTACTTTG
3" UTR 7723 (5") P164 CTTTGCAAGATAAACTAGAG
3" UTR 7650 (3") P165 CGGTATGACGACCGTGTAACGCGTTGTGCCAGTG
3" UTR 7676 (3") P166 GTAGAAGAACCCTGTCTGTGTACACCCGGTTGGC
3" UTR 7694 (3") P167 CTAGTTTATCTTGCAAAGTGTCTGCGGTATGACGAC
Vector 7987 (3") P168 CGGGCAGTGAGCGCAACG
3'poly(A) 7757 (3") P179 ITTTTTTTTTTTTTTAAAAC
3D 7143 (3") P208 TAACATTGAGGTCGCTGC
3C 5825 (5") P212 CCACACCCGCTCCTCAGT
3D 6664 (5") P251 TTGCAGCAGAGAGACTAG
3" UTR 7650 (5") P263 CACTGGCACACCGCGTTACCC
3D 6710 (5") P265 CATTGTCTATCGGACATTCCT
3" UTR 7650 (3") P267 GGGTAACGCGGTGTGCCAGTG
3D 6710 (3") P268 GAGGAATGTCCGATAGACAAT

“ Mengovirus genome base encoded by the 5'- or 3’ (reverse complement)-most nucleotide of the primer.

® NA, not applicable.
¢ luc, luciferase gene.

incorporated into liposomes (34). After 30 min at room temperature, 5 ml of P5
medium (35) was added to each plate, and the incubation was continued at 37°C.
At the required times (0 to 14 h later), plates were washed with 5 ml of PBS and
then reacted with luciferase lysis buffer (250 pl; Promega) for 10 min. The
materials were collected into small tubes and subjected to centrifugation for 1
min at 16,000 X g in a microcentrifuge. The supernatants were decanted and
stored at —80°C until the enzyme activities (relative light units) could be deter-
mined in standard luciferin assays (15) with a luminometer (Moonlight; model
2010).

Murine inoculations. ICR Swiss mice (4-week-old females; Charles River)
were randomly divided into seven groups of five animals. Members of five groups
were inoculated intracranially with sucrose-purified vMAI virus (30 pl of PBS
containing 102, 103, 10, 10°, or 10° PFU). A sixth group received vMwt virus (30
ul; containing 10? PFU in PBS), and the remaining group received PBS alone.
Mortality was recorded for 14 days postinoculation, and the 50% lethal dose for
vMAI (>10° PFU) was estimated from these data by standard methods (32).

RESULTS

Model of 3" UTR. The complete genomic sequence for men-
govirus M was analyzed for optimal and suboptimal minimum-
free-energy secondary structures by the program mFOLD (44).
This data set, as well as many others for various picornavirus
folds, sequences, and alignments, is available on the Internet
(www.bocklabs.wisc.edu/acp). The described findings (31) pre-
dict that most RNA virus sequences are in constant flux among
local energy minima and that many bases can adopt multiple,
energetically similar, configurations with diverse pairing part-
ners throughout the genome. The picornavirus 5’ and 3" UTR
segments are special, however, in that they tend to fold as
independent segments over a range of suboptimal energies
(—12 kcal/mol), without alternative contacts from the interior
portions of the genomes (31). For mengovirus, a plot of each
base’s pairing number (Pnum), as determined from the geno-
mic fold (Fig. 1A), highlighted a particular short segment of
the 3" UTR (bases 7664 to 7687) with exceptionally low Pnum

values, indicative of one or more well-determined stems with
high pairing fidelity (17, 45). Compared to the rest of this ge-
nome (average Pnum is 5.35% of maximum Pnum [Pnum,,,.]),
the segments flanking this trough are also composed of rela-
tively low-Pnum bases (defined as <3% of Pnum,,,,), and
indeed, among the (several) low-energy configurations for this
region (Fig. 1B), two short unbranched stems containing bases
7666 to 7687 (I) and 7692 to 7705 (II) were consistently ob-
served.

Within the remainder of the 3’ UTR (bases 7710 to 7761),
the pairing became more promiscuous as there were many
alternative optimal and suboptimal structures. To discriminate
among the elements with the highest probability of occurrence,
an alignment of 13 cardiovirus genomic sequences, including 4
Theiler’s murine encephalomyelitis viruses and 9 EMCV vari-
ants, was probed with the program mFOLD-Phylo, as previ-
ously reported (31), to give a new minimum-free-energy model
of the complete mengovirus genome, consistent with possible
folds for all other cardioviruses. This program reports base
pairs only if they can form in identical locations among every
member of the alignment (31; M. Zuker, personal communi-
cation). In addition to stems I and II, the phylogenetic model
predicted that a putative third stem, III, was common to all
cardioviruses. This new model could be formed with an ener-
getic stability at or very near the minimum free energy of each
individual genome when folded independently (Fig. 1C). No
other stems, motifs, or obvious tertiary elements were found to
be otherwise common to the 3" UTRs of these viruses. On the
basis of the collective folding data, and as a first approximation
for mapping experiments, the regions of stems I, II and III
were chosen for further genetic analysis.

RNA transcript infectivity. Individual deletions of stems I,
I1, and III were engineered by PCR and introduced into men-
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FIG. 1. Mengovirus 3" UTR models. (A) The observed pairing
number (Pnum,,) for each base in the family of suboptimal folds
within 12 kcal of the minimum free energy of the mengovirus M
genomic fold was determined. The values for the 3’ UTR were nor-
malized as percentages of Pnum,,, that might have been observed at
infinite energy (31). On this scale, the average Pnum,,, (Pnum,,,) for
all genomic bases was 5.348% +/— 3.57% (standard deviation). Values
<3% are considered low, and the inherent structures are considered
well determined (45). (B) The high-road minimum-free-energy struc-
ture for the mengovirus M 3’ UTR, as determined from the complete
genomic fold (31). The polyprotein termination codons, the poly(A)
tail, and stems I and II of the model are highlighted. (C) Thirteen
cardiovirus genomes, including Theiler’s murine encephalomyelitis vi-
rus (TMEV) strain BeAn, TMEV-GDVII, TMEV-GDVII variant,
TMEV-Da, EMCV-Rueckert, EMCV-B, EMCV-B variant, EMCV-D,
EMCV-D variant, EMCV-DV1, EMCV-PV1, EMCV-IP, and mengo-
virus M were aligned and analyzed for potentially conserved, mini-
mum-free-energy secondary structures (31). Within the 3" UTR, only
mengovirus stems I, II, and III meet these criteria. Uppercase letters
indicate conserved bases in all sequences of the alignment. Nucleotide
numbering corresponds to the mengovirus M genome sequence (Gen-
Bank accession no. L.22089).

govirus full-length cDNAs (pMAI, pMAIIL, and pMAIIIL, re-
spectively). As an initial test of engineering consistency, RNA
transcripts from these cDNAs were used to program cell-free
reactions in rabbit reticulocyte lysates. All samples translated
with equivalent efficiencies, and the resultant protein process-
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FIG. 2. Plaque phenotype after transfection and infection. (A)
HeLa monolayers were transfected with the indicated quantities of
transcript RNA and then incubated at 37°C for 31, 96, or 144 h before
crystal violet staining and an assay for plaque development. (B) Two
individual, well-separated plaques from panel A were picked, ampli-
fied, and then used to reinfect HeLLa monolayers. After 31 h at 37°C,
the plates were stained and assayed for plaque development. The
viruses derived from vMAL?2 and vMAIL2 plaques (not shown) gave
plaque phenotypes indistinguishable from those of their parallel coun-
terparts, VMAL1 and vMAIL1, respectively.

ing patterns could not be distinguished from wild-type patterns
(data not shown), indicating that the polyprotein open reading
frames were intact and that the function of the internal ribo-
some entry sites within the 5" UTRs was not affected. Similar
viral transcripts were then transfected into HeLa cell mono-
layers and assayed for the ability to produce infectious prog-
eny. The sequence from pMAI had a specific infectivity of
~500 PFU/pg of RNA, similar to that obtained from pMwt,
although this deletion always gave plaques (at 31 h) that were
somewhat smaller than those from pMwt sequences (Fig. 2A).
RNAs from pMAII and pMAIII were much less infectious.
After transfection, pMAII RNA gave only an occasional
plaque and these typically required at least 96 h to develop
visibly, even when the monolayers were transfected with large
amounts of transcript (3 pg per plate). RNA from pMAIII
failed at every attempt to produce plaque-forming virus. Even
consecutive blind passages (three times) of lysed transfected
cells (3 pg per plate) and long incubation times (96 h per
passage) were unsuccessful in yielding any evidence of plaques
(or revertants), and we subsequently considered AIII to be a
lethal mutation.

Viral infectivity. Isolated plaques (two each) from AI, All,
and wild-type transfections were picked and amplified in HeLa
cells. The maintenance of the relevant 3’ deletions was recon-
firmed in every case by reverse transcription-PCR and se-
quencing. When the viruses were replated, the plaque sizes
from both of the Al isolates were again somewhat smaller than
those from wild type and those from vMAII were even smaller,
with plaques having minute-plaque phenotypes (Fig. 2b).
These effects were better quantitated in single-step growth
experiments, where the cells were infected synchronously with
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FIG. 3. Single-step viral growth. Viruses from amplified plaques
(Fig. 2) were used to infect HeLa cell cultures (multiplicity of infection
of 10) as described in Materials and Methods. Each point represents
the viral titer determined by serial dilution for a sample removed at
that time.

the amplified isolates and progeny titers were determined at
defined intervals (Fig. 3). The two wild-type isolates gave typ-
ical mengovirus growth patterns, with eclipse periods of ~2.5 h
and progeny yields of 2 to 3 log,, PFU/cell. The viruses with Al
deletions (VMAI1 and vMAI.2) showed marginal delays in the
eclipse phase (2.5 to 3 h), and, by 12 h postinfection, neither
had produced quite as many progeny as the wild type. In
addition, their overall yields were two- to fourfold lower per
cell. The AII viruses (VMAII1 and vMAIIL.2) were much more
impaired than Al or wild-type viruses, with average eclipse
times (3.5 h) and progeny yields (76- to 170-fold lower) indic-
ative of strong replication delays or other impediments to
normal growth. Collectively, the infectivity data suggest that
each of the engineered 3’ UTR deletions had a measurably
negative impact on overall mengovirus growth, and moreover
that these impacts could be clearly weighted as AIIT > AIl >
Al > wild type.

Mengovirus replicons and RNA synthesis assays. Efficient
viral growth is a cumulative phenotype reliant on many steps in
the infectious cycle. To separate some of these events, men-
govirus-luciferase replicon pMluz, in which a portion of the
capsid-coding region (1,203 bases) was replaced with an in-
frame luciferase reporter gene (1,656 bases; Fig. 4A), was
constructed. Upon translation, the luciferase sequence was
expressed as a fusion protein linked to 109 amino-terminal
residues from viral protein 1C and 141 carboxyl-terminal res-
idues of viral protein 2A. The remainder of the mengovirus
polyprotein was left intact and yielded a leader protein, 1A, 1B,
and RNA synthesis functions (2B, 2C, 3A, 3B, 3C, and 3D).
Also intact were both viral UTRs, including the wild-type-
length 5" poly(C) tract (C,,UC,,) and the 3’ poly(A) tail (of
length A,5). During multiple experiments with these replicons,
transfection of HeLa cells with pMluz transcripts always pro-
duced luciferase activity in two distinct phases (Fig. 4B), as also
has been reported for analogous poliovirus replicons (1).
Translation of the input transcripts peaked after 2.5 to 3 h,
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FIG. 4. Mengovirus replicon pMluz. (A) Within this cDNA, the 3’
half of the viral 1C region, the complete 1D region, and the first two
codons of the viral 2A region were replaced in-frame by the firefly
luciferase gene. Additional cDNAs differed from pMluz in that they
contained separate deletions of 3" UTR stems I, II, or III. (B) Lucif-
erase activity in transfected HeLa cells was determined as described in
Materials and Methods. All samples (20 wl of lysate) were prepared
and assayed in parallel.

before synthesis resumed in a secondary, exponential burst (4
to 8 h). Since replication-defective replicon controls, linearized
within 3DP°! (pMluz-Agel), only showed the first phase of
input translation, the 200- to 500-fold activity difference rela-
tive to pMluz (8 to 10 h) could be attributed to new plus-strand
RNA synthesis by replication-competent sequences. At later
times (>10 h), detectable luciferase tended to diminish, even
in high-activity samples, as further RNA synthesis presumably
declined and the proteins degraded within the cells.

The three 3’ deletion sequences were transferred into
pMluz, and their transcripts were assayed in parallel with the
parental sequence (Fig. 4B). Initially, all samples showed
equivalent luciferase activities, confirming that all the RNAs
were translated equivalently and assuring that the deletions did
not impinge on viral translational efficiency. As expected from
the infectivity data, the pMluzAI samples proved replication
competent, as their curves resembled that for pMluz through-
out the secondary translation phase. Still, none of these sam-
ples ever quite achieved the wild-type level of enzyme activity,
even after 8 to 10 h, suggesting that overall RNA synthesis was
slightly less than optimal for this mutation. At the other ex-
treme, the pMIluzAIIl samples paralled the negative controls
and showed no evidence of new RNA synthesis. The pMluzAII
samples had intermediate phenotypes. They produced low,
albeit continuous, levels of luciferase after the initial transla-
tion phase, which marginally kept pace with protein turnover.
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FIG. 5. Revertant identification and cloning. (A) Putative revertant viruses vVMAIL1 and vMAIL2 were cloned into cDNAs pR1 and pR2,
respectively. RNA transcripts were transfected into HeLa cells and assayed for plaque development relative to that of parental pMAII RNA. (B)
Large restriction fragments (indicated) from pR1 and pR2 were substituted into pMAII until the plaquing phenotypes in panel A were

reconstructed. Locations of identified sequence changes are indicated. (C)

Point mutations A6721G and A7660C were engineered separately and

together into pMAII cDNA. RNA transcripts were transfected into HeLa cells, and the plates were assayed after 48 h for plaque development.

Clearly, this mutant was significantly impaired in RNA synthe-
sis relative to the wild type or pMluzAlI, but viral translation
was nevertheless sustained for at least 14 h after transfection.

Revertant mapping. The low specific infectivity of pMAII
viral transcripts, the long time required for plaque develop-
ment (96 h), and the marginal fecundity of replicons carrying
this defect suggested that vMAII.1 and vMAIIL.2 might contain
pseudoreversions. Both viruses maintained the AII deletions,
but viral sequences, even those with minute-plaque pheno-
types, should have performed better in the replicon assays, and
we suspected that these genomes might have second-site
changes as well. The two viral RNAs were cloned into cDNAs
that spanned ~7,700 bases, from the 5" poly(C) tract through
the 3’ poly(A) tail. Since native cardiovirus poly(C) tracts are
notoriously refractory to cDNA conversion (24), each isolated
sequence was made full length by linkage to a pMwt cassette
containing the 5'-most mengovirus segment (336 bases), in-
cluding a wild-type poly(C). Transfection with RNAs (1 pg)
derived from the new constructs, pR1 and pR2, produced 104
and 34 medium plaques, respectively, after 72 h, a significant
improvement in number and size relative to parental pMAII
transcripts (Fig. 5A). Restriction fragments spanning these
revertant genomes were then swapped back into pMAII until
the enhanced growth phenotypes were reconstructed. In both

cases, the similar fragments containing the 3DP°' gene and
portions of the 3’ UTR restored viability in the presence of the
AII deletion (not shown). When sequenced in their entirety, all
of these fragments showed the same point mutation, A6721G,
in the 3DP°' coding region, which would cause a Gln-to-Arg
substitution at amino acid 155 in the 3D protein (Fig. 5B).
Additionally, the pR2 fragment contained a silent A-to-G sub-
stitution at base 6680. The pR1 fragment had a different, sec-
ondary substitution of A7660C in the 3" UTR sequence just
upstream of stem L.

Confirmation of pseudoreversion. The effects of the poly-
merase (A6721G) and 3’ UTR (A7660C) reversion mutations
were confirmed experimentally by recreating the sequences
synthetically and then engineering them separately or in com-
bination into pMAII ¢cDNA. Transcripts from each of these
constructs (pMAII-A6721G, pMAII-A7660C, and pMAII-dou-
ble) had improved infectivity compared to that of the parental
pMAII (Fig. 5C). Though all of these plaques still took longer
to develop than the wild type (48 versus 31 h) and were small
in size, both reversions, singly or preferably, in combination,
were clearly responsible for the enhanced viability of mengo-
virus genomes carrying the AIl deletion. The reversion activi-
ties were also evident when the engineered mutations were
transferred into pMluzAIl replicons. Again, either alone or,
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FIG. 6. Murine pathogenicity. Mice (groups of five) were infected
with the indicated doses of virus or buffer (PBS). Animals were mon-
itored for 3 weeks postinfection (PI) and scored for death (black
boxes), paralysis (grey boxes), or lack of symptoms (white boxes). The
dates PI of first detectable paralysis and death (black boxes only) are
indicated for all appropriate animals. i.c. intracranially.

preferably, in combination, the 3DP°! and 3’ UTR point mu-
tations increased the ability of the AIIl sequences to produce
new RNAs and boosted the consequent luciferase activity 6 h
after transfection (not shown).

Murine lethality. Engineered cardioviruses can be unexpect-
edly attenuated for murine pathogenicity even though their
growth potential in tissue culture may be comparable to that
for the wild type (7). The surprising dispensability of the 3’
UTR stem I for viral growth in HeLa cells or RNA synthesis
activity in replicons, despite its structural conservation among
viruses and low Pnum values, suggested a phenotype that
might be more apparent if tested in animals. Groups of out-
bred Swiss mice were inoculated intracranially with vMwt,
vMALI or buffer and then monitored for disease (Fig. 6). As
expected (24), most animals receiving vMwt (10> PFU) became
sick (5 to 7 days) and died quickly (6 to 8 days). Only one
animal from this group, paralyzed at day 9, survived the exper-
iment (30 days). The data are consistent with the previously
reported 50% lethal dose for vMwt of 10% to 10°> PFU (24).
When inoculated with vMAI, the mice seemed more resistant
to this virus, and, regardless of doses of up to 10° PFU, 15 of
25 never showed symptoms of disease. Only two in these
groups died, and, surprisingly, these had received low (10*
PFU) or medium doses (10* PFU). An eight additional survi-
vors were scattered among the groups, each eventually showing
the development of hind limb paralysis typical of cardiovirus
disease. Generally, detectable disease onset was delayed in the
low-dose groups (10 to 13 days) compared to that in the high-
dose groups (5 to 13 days), but none of these animals’ condi-
tions seemed to further degenerate after the first 2 or 3 days.
Based on these data, we assess VMAI as much less pathogenic
than vMwt.

DISCUSSION

The thermodynamics of base pairing predicts that large seg-
ments of most viral RNA genomes fluctuate through multiple
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topologies according to variation in environmental tempera-
tures and ionic conditions that are prevalent during viral in-
fections (16, 31, 46). Accordingly, it is not always reliable to
assign a single, unilateral minimum-free-energy model to these
genomes, because such a model does not always convey alter-
native or equivalent secondary or tertiary structures of the
RNA as a whole (46). Chemical and enzymatic mapping meth-
ods are very useful tools if the local structures are stable
enough or populous enough within the family of molecules to
allow reproducible targeting. Sometimes whole RNA genomes
may be stable enough to map (39), but isolating an RNA
fragment from its genome always has the potential to obscure
alternative pairing opportunities that could occur for these
bases and that indeed may occur within the context of a larger
sequence (16). Instead, as a first step in RNA model building,
we prefer to search for consistent viral RNA secondary struc-
tures by querying large families of related suboptimal genomic
folds for regions, motifs, or elements with low Pnum and then
to compare these regions for structural conservation in phylo-
genetically related viral sequences. This method was originally
developed and validated for the structures of procaryotic and
eucaryotic ribosomal RNAs and several RNA phage genomes
(18, 20, 21, 25, 45, 46). We have also applied it successfully to
multiple picornavirus genomes for the prediction of structur-
ally important 5" UTR internal ribosome entry site elements
(31) and cis-acting replication elements (23, 26). Model build-
ing is then followed by genetic and biochemical probing ac-
cording to the base pairing predictions.

It has been reported that RNA fragments containing the 3’
UTR of EMCV, a cardiovirus serotypically indistinguishable
from mengovirus, bind to viral polymerase 3DP°' in reactions
that require only an intact 3’ poly(A) tail and a short U-rich
sequence nearby (4, 5). Because of these data, we began our
investigations with mengovirus with the expectation that car-
dioviruses, like the enteroviruses and rhinoviruses, might have
a few well-defined structure elements within the required por-
tions of their 3" UTRs to help guide the polymerase in the
initiation of minus-strand synthesis. Our computer analyses of
the intact genomic sequence were encouraging, as two nodes of
particularly low Pnum values were apparent in the 3’ region.
These nodes correlated well with small stems I and II, common
to 50 randomly selected minimum-free-energy structures of
mengovirus. These stems were also conserved and of low Pnum
in 12 independent folds with related sequences from different
cardiovirus strains. Neither stem, however, included the U-rich
segment (mengovirus bases 7715 to 7726), of which only a
portion (mengovirus bases 7715 to 7721) is actually common
among sequences from the other cardioviruses. Instead, the
higher Pnum values in the distal portion of the 3" UTR pre-
dicted a significant degree of structural disorder, with these
bases accepting many different local pairing partners and also
distant partners from the middle and 5" UTRs of the genome,
suggesting that bases 3’ to the stem I and stem II segments do
not routinely adopt a definable conformation. Yet when the
genomic sequence was analyzed phylogenetically, a third pu-
tative stem emerged (III) from the models that could form in
each individual cardiovirus sequence at slightly suboptimal en-
ergies. Moreover, the putative location of stem III exactly
coincided with the conserved portion of the U-rich sequence
implicated in polymerase binding experiments (4, 5). As a



3118 DUQUE AND PALMENBERG

place to start with our genetic experiments, we engineered
precise deletions of the stem I, II, and III sequences into
mengovirus cDNAs and tested the resulting mutants for phe-
notype within the context of full-length genomes and replica-
tion-competent RNA replicons.

Surprisingly, stem I, the motif of lowest Pnum and highest
sequence conservation, proved virtually dispensable for viral
growth in tissue culture. Deleted Al transcripts had infectivity
similar to that of pMwt RNAs, and the resultant viruses grew
with nearly the same single-cycle kinetics. The replicon assays
confirmed that this stem was not required for viral translation
or effective RNA synthesis activities. Except for resulting in
modest diminutions in plaque size and ultimate viral titer,
deletion of stem I actually seemed relatively innocuous. In
mice, however, we found an unusual phenotype. Both vMwt
and vMAI viruses contain the same 5’ poly(C) tract, C,,UC,,,
which should have made them extremely lethal to animals (7).
The wild-type virus killed or crippled all recipients at a dose of
only 100 PFU. But most animals receiving vVMAL even at doses
up to 10,000 times that amount, survived or were only partially
paralyzed. This course of disease is very unusual for mengovi-
ruses, as paralysis is usually the harbinger of serious neurolog-
ical damage and subsequent inevitable death. That so many
animals survived unscathed or survived (and recovered) after
virus-induced paralysis suggests that the stem I region of the 3’
UTR may play a previously unrecognized role in cardiovirus
neurovirulence, cell tropism, or host immune regulatory induc-
tion. The strong conservation of stem I in sequence and struc-
ture among all cardioviruses may mark this site as a potential
host protein recognition site. We now plan further investiga-
tions along these lines.

In contrast to stem I, stem III was modeled as part of an
indeterminant, shifting conformation within the 3" UTR. This
is the only stable stem that can commonly form within this
distal region of all cardioviruses, but, for any particular virus,
there are many other structural arrangements with nearly
equivalent energies. Yet deletion of this segment conferred
absolute lethality to the mengovirus genome. Transfection with
very high RNA doses, long incubation times, and multiple
forced passage of transfected-cell lysates gave no evidence of
infectivity or viable revertants. Nor was there overt evidence of
a deletion-dependent change in RNA stability (not shown).
When assayed within a replicon context, the input pMIuzAIII
sequences were translated with an efficiency similar to that for
the wild type replicons but were incapable of new mRNA
synthesis and the luciferase decay rate was the same as in
control samples (pMluz-Agel) with inactive 3DP°!. The ab-
sence of new mRNA synthesis and the complete lack of de-
tectable reversion point to the stemIII sequence as an absolute
requirement for cardiovirus RNA synthesis. We assume that
the requisite step probably involves the initiation of minus-
strand synthesis. The stem III segment contains the conserved
portion of the U-rich sequence identified in EMCV as a pu-
tative 3DP°' binding region for that virus (4). Our phylogenetic
folding data also suggest that this element probably is univer-
sally required as a replication component in all cardioviruses.

No amount of energy concession or forced pairings allowed
us to manipulate the 3’-most half of this UTR segment into
more-plausible, alternative secondary (or tertiary) models con-
sistent with a majority of the sequences. If cardioviruses share

J. VIROL.

a sequence or structural commenality (other than stem IIT) in
the region between stem II and the poly(A) tail which confers
polymerase recognition to these RNAs, we have yet to find it.
Rather, we now recognize that the conserved, low-Pnum, up-
stream stem II is probably another important part of the poly-
merase recognition motif. When our RNA genomes with the
AII deletion first developed minute plaques in HeLa cells, we
assumed that this sequence region, like stem I, might prove
peripheral to the RNA synthesis pathways. The progeny vi-
ruses were found to maintain the AII deletion, and although
they grew more slowly than Al or wild-type viruses, they were
still quite viable. However, the replicon assays suggested oth-
erwise. Transfection with pMIuzAIl RNA gave the expected
input translational signal, but thereafter luciferase synthesis
barely kept pace with turnover. This slow rate of viral RNA
synthesis from a replicon was inconsistent with a viable infec-
tious sequence, and we began to suspect that the AII virus
phenotypes might have acquired additional, second-site rever-
sions.

When converted into cDNA, the pR1 and pR2 sequences
grew faster and gave larger plaques than the parental (AII)
sequences. These phenotypes were very similar to those of the
vMAII.1 and vMAIIL.2 viruses from which pR1 and pR2 had
been derived, and while not completely wild type in vigor, these
cloned progeny clearly had incorporated some genetic im-
provements that helped them synthesize more viral RNA de-
spite their AII deletions. In both cases, restriction fragment
replacement experiments localized the responsible genomic
segments to the 3’-terminal 1,100 bases. Sequencing then high-
lighted three nucleotide changes. Both revertants contained
the same A6721G mutation that caused a Q155R substitution
in the 3DP' protein. A second mutation in pR1 changed a
single base (A7660C) in the 3" UTR, just upstream of stem I.
An additional silent mutation in pR2 (A6680G) was not in-
vestigated further because it caused no protein changes and
because its context was in a very-high-Pnum region of the
genome. The two most likely candidate reversions were engi-
neered separately or as a pair into pMAIIL Restoration of the
original plaque phenotypes allowed definitive assignment of
the rescue mechanism to these particular mutations.

Mengovirus 3DP°!' amino acid Q155 is the sequence ho-
molog, and presumably structural analog, of poliovirus V155
(Fig. 7A). The reported atomic structure of poliovirus 3DP°! is
disordered in this “fingers domain” (13), but more highly re-
fined structures of human immunodeficiency virus reverse
transcriptase and RNA polymerase assign key template bind-
ing and positioning functions to the middle, or motif I, portion
of this region (3, 11). Logically, this assignment fits our rever-
sion too, if the Q-to-R substitution somehow improved the
mengovirus protein’s interaction with the defective (AII) 3’
UTR and thus enhanced minus-strand initiation. The second
reversion, A7660C, also fits this hypothesis by potentially cre-
ating two new base pairing opportunities in a predicted mini-
mum-free-energy stem just upstream of stem I (Fig. 7B). In
wild-type mengovirus, the bases of this stem are somewhat
promiscuous, with low but flexible Pnum values. The reversion
mutation would reduce the energy of this stem by 4.4 kcal/mol
and additionally could diminish the number of attractive alter-
native pairing partners elsewhere in the genome. While obvi-
ously not a perfect substitution for the deleted stem II, this
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FIG. 7. Pseudoreversion locations. (A) Structural model of polio-
virus 3DP®! protein from reference 13 is oriented to show the catalytic
YGDD motif and other landmarks. Mengovirus mutation A6721G
creates a Q155R substitution in 3DP°. The amino acid analog in
poliovirus, V155, is in the structurally disordered fingers region of the
model. (B) A minimum-free-energy structure of the mengovirus 3’
UTR (AIIl) shows that mutation A7660C could stabilize a putative
stem motif upstream of stem I by allowing two additional base pairs
relative to the wild-type sequence (Fig. 1B), perhaps compensating for
the physical loss of stem II.

newly stabilized 3’ motif, in synergy with the altered 3DP°'
contact loop, seems to restore sufficient vitality to the viral
RNA synthesis pathways to allow these genomes to plaque.
This hypothesis predicts that stem II in addition to stem III
makes direct contact with the mengovirus 3DP°), in a reaction
mediated at least in part, by the fingers domain of the protein.
The lethal AIIT genotype is obviously more catastrophic to this
putative interaction than the AIIl genotype, because reversion
fixation indicates at least a minimum level of successful RNA
synthesis and because no revertants could be isolated from the
AIII sequences. When the atomic structure of this or a related
viral polymerase is resolved more completely, we hope to iden-
tify the contacts that may contribute to the initiation of RNA
synthesis within this 3’ UTR and understand more clearly why
cardiovirus replication seems to differ in several respects from
that of the entero- and rhinoviruses.

Our mengovirus analyses, combined with the previous
EMCV 3DP°' binding studies, have already highlighted several

MENGOVIRUS 3" UTR MAPPING 3119

genus-specific distinctions. Relative to those of the poliovirus
and rhinoviruses, the 3’ UTRs of cardioviruses are dissimilar in
length, sequence, and apparent structure. Also in contrast to
that of poliovirus, where proteins 3AB and 3CD are both
required for stable 3’ complexes (14), the 3DP°' of EMCV
alone seems able to recognize its plus-strand template in a
sequence-specific manner (4, 5), a result consistent with our
Al revertant mapping to a probable RNA binding loop within
the enzyme. Moreover, we have recently discovered that, un-
like what was found in reported experiments with poliovirus
and rhinovirus sequences (39, 40), the 3’ UTR of mengovirus
cannot be deleted in its entirety from cDNAs without complete
loss of transcript infectivity or replicon RNA synthesis func-
tions. The required sequence elements center on stems II and
III (H. Duque, M. S. McBride, and A. C. Palmenberg, unpub-
lished data). Our future experiments now will aim at extending
our 3’ genome analyses to the bases farther downstream of
stem III and also at the introduction of less-obtrusive point
mutations into stems II and III. Like poliovirus replicon assays
(1), our mengovirus replicon assays seem able to distinguish
the input from subsequent RNA translation, and we should be
able to assign replication-specific phenotypes to individual mu-
tations. We have cloned and expressed the mengovirus 3DP°!
(9) and additionally intend to probe the binding properties of
this protein with our various sequences.
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