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The DA strain of Theiler’s murine encephalomyelitis virus (TMEV), a picornavirus, causes a persistent,
restricted infection and demyelinating disease in mice. In contrast, the GDVII strain causes an acute, fatal,
neuronal disease and is highly neurovirulent. To investigate the role of the TMEYV 5’ untranslated region (UTR)
in translational efficiency and the TMEV subgroup differences, we tested the translational efficiency of
transcripts in vitro derived from plasmids containing DA, GDVII, or DA/GDVII chimeric 5’ UTRs preceding
a reporter gene or the rest of the TMEV genome. We demonstrated that GDVII RNA translates more efficiently
in rabbit reticulocyte lysate than DA RNA and that this enhanced translation is mediated by multiple domains
in the GDVII 5’ UTR as well as a region of the genome outside of the 5" UTR. We also identified a region within
DA nucleotides 14 to 395 which inhibits translation of DA RNA and could contribute to the persistent, restricted
DA central nervous system infection; the predicted secondary structure of the 5 UTR demonstrates a
remarkable stem-loop structure within this region that is relatively unique among picornaviruses. Data from
experiments involving DA/GDVII chimeric 5’ UTR full-length infectious cDNA clones suggested that sequences
in the 5" UTR can affect the neurovirulence phenotype but that translational efficiency is necessary but not
sufficient for neurovirulence. These studies emphasize the multigenic nature of neurovirulence and the

importance of translation in the regulation of picornaviral gene expression.

Theiler’s murine encephalomyelitis virus (TMEV) desig-
nates a group of mouse picornavirus strains which are most
closely related to the cardioviruses (25, 26, 31). TMEV
strains can be divided into two subgroups on the basis of
their distinct biological activities. Members of the TO sub-
group, which includes DA strain, cause a persistent, pro-
gressive demyelinating infection in weanling mice; DA
strain-induced disease serves as an experimental model for
the human demyelinating disease multiple sclerosis. Mem-
bers of the highly neurovirulent GDVII subgroup, which
includes the GDVII strain, cause acute, fatal polioenceph-
alomyelitis, but do not demyelinate or persist. Strains from
the two TMEV subgroups share about 90% sequence iden-
tity at the nucleotide level and about 95% identity at the
amino acid level.

One of our main goals is to identify determinants for
demyelination, neurovirulence, and persistence, which we
believe are localized to particular sites on the viral genome.
We presume that these biological activities are multigenic in
nature and that a single determinant may influence more than
one phenotypic characteristic. To begin to identify these
determinants and to clarify the molecular basis for the very
different biological properties exhibited by the two sub-
groups, we generated infectious cDNA clones from repre-
sentatives of both TMEYV subgroups (13, 35). This approach
allowed us to identify an important neurovirulence determi-
nant within the GDVII 1B-2C region; however, a recombi-
nant virus containing this region did not achieve the full
GDVII neurovirulence phenotype. A more neurovirulent
recombinant virus was seen when the GDVII genome 5’ to
this region, in addition to the GDVII 1B-2C segment, was
substituted in the DA genome. These findings indicated the
multigenic nature of neurovirulence. Additional studies have
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indicated that multiple regions of the TMEV genome affect
demyelination as well. These investigations have involved
studies of escape viruses resistant to neutralizing monoclo-
nal antibodies and site-directed mutagenesis of infectious
DA cDNA clones. The studies have identified three regions
which are important in determining the late demyelinating
disease: two areas of VP1, as well as an alternative transla-
tion product initiated in the leader coding region which is out
of frame with the full-length polypeptide (12, 21, 36, 40).

The 5’ untranslated region (5’ UTR) has a critical role in
determining the phenotype of picornaviruses. In the case of
poliovirus type 3, a single nucleotide change from U to C at
nucleotide 472 in the 5’ UTR accounts for reversion of the
vaccine strain to a neurovirulent phenotype (11). This nucle-
otide change may affect neurovirulence by modifying the
translational efficiency of the RNA (39, 42). Sequences in the
5" UTR are critical for internal ribosome binding at a
structure known as the internal ribosome entry site (IRES)
(16, 41) and for cap-independent translation of the viral RNA
(3, 17, 28, 30) and are also believed to be important for viral
genome replication (23). A number of cellular factors bind to
specific regions of the 5 UTR and may play a role in
cell-specific virus expression (1, 7, 24).

In this report, we examine the role of the TMEV 5’ UTR
in translational efficiency and neurovirulence. We demon-
strate that GDVII RNA translates more efficiently in rabbit
reticulocyte lysate (RRL) than DA RNA, at least partly
because of the action of the GDVII 5’ UTR, as well as a
region outside the 5" UTR. The studies suggest that multiple
regions of the GDVII 5" UTR contribute to this heightened
translational efficiency and that an element exists within DA
nucleotides 14 to 395 which inhibits translation. We also
investigate the relationship between the increased transla-
tional efficiency of GDVII RNA and neurovirulence using
full-length, infectious cDNA clones with chimeric GDVII/
DA 5" UTRs.
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MATERIALS AND METHODS

Construction of plasmids. pDAFL3 and pGDVIIFL2 are
full-length, infectious cDNA clones generated from DA and
GDVII, respectively, that have been described previously
(13, 35).

pT7CAT was generated by ligating a HindIII-digested
restriction fragment that contained the chloramphenicol ace-
tyltransferase (CAT) gene (Pharmacia) into a HindIII-di-
gested Bluescript SKII(—) vector (Stratagene).

pDANCAT was assembled by first ligating a complemen-
tary pair of synthetic oligonucleotides (DA nucleotides 1001
to 1065) which have one-half of a Dral restriction endonu-
clease site at the 5’ end and one-half of a HindIII site at the
3’ end with the following restriction fragments from
pDAFL3: the Clal site in the polylinker to the Dral site at
nucleotide 1001; the HindIII site at 6772 in the DA 3D coding
region through the 3’ terminus of the genome and the
Bluescript vector, to the Clal site in the polylinker. The
terminal 1.4 kb of DA sequence was included to increase
stability of the transcripts in future studies that are planned
to investigate translational efficiency in various cells. This
plasmid was designated pDANC. To complete the prepara-
tion of pPDANCAT, a HindIIl fragment containing the CAT
gene was then ligated into HindIII-digested pDANC. To
generate plasmid pPGDNCAT, we first performed a polymer-
ase chain reaction using pGDVIIFL2 as template with a
23-mer oligonucleotide primer complementary to GDVII
nucleotides 895 to 918 and a 30-mer oligonucleotide primer
corresponding to GDVII nucleotides 1050 to 1020 for 25
cycles under the following conditions: 94°C for 1 min, 55°C
for 1 min, 72°C for 1 min, and extension at 72°C for 10 min.
The 30-mer introduced a new HindIII restriction endonucle-
ase site at GDVII nucleotide 1070, which is the polyprotein
initiation site for GDVII. The polymerase chain reaction-
generated fragment was digested with Asp718I and HindIII
(nucleotides 933 to 1070) and ligated to a HindIII-4sp718I-
digested fragment from pGDVIIFL2/DA2C-3’ (13) which
includes DA sequences from nucleotide 6772 in the 3D
coding region through the 3’ terminus of the genome, the
Bluescript vector, and then GDVII sequence from nucleo-
tides 1 to 932. The CAT gene was then ligated into the
HindIII site.

Deletions were introduced into pDANCAT by digestion
with appropriate restriction enzymes and, when necessary,
treating with Klenow DNA polymerase and finally ligation.
The following deletions were made in pPDANCAT: pDAN
CATA14-395 (Apal-Bgill), pDANCATA396-930 (BgIII-
Asp718I), and pPDANCATA14-930 (Apal-Asp718I).

Chimeric constructs were prepared by substituting pieces
of GDVII into pDANCAT as follows: pDANCATgd1-394
contains GDVII nucleotides 1 to 394 (Clal-Bgill), pDAN
CATgd1-932 contains GDVII nucleotides 1 to 932 (Clal-
Asp7181), and pDANCATgd395-932 contains GDVII nucle-
otides 395 to 932 (Bglll-Asp718I).

The above GDVII substitutions into the DA 5’ UTR were
also placed into pDAFL3 or pGD1B-2A/DAFL3 (which
contains GDVII 1B-2A coding regions from the Ncol site at
nucleotide 1964 to the AatII site at nucleotide 3918) to make
full-length chimeric cDNAs. Two additional chimeric con-
structs (pGD1-1355/GD1B-2A/DAFL3 and pGD933-1335/
GD1B-2A/DAFL3) involved substitution of GDVII nucleo-
tides 1 to 1335 (Clal-Aocl) or GDVII nucleotides 933 to 1335
for the corresponding DA sequences, respectively. These
chimeras are named by first listing the TMEV strain that
makes up the minority of the chimeric genome, then the 5’
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and 3’ boundaries of this segment, then a slash, and finally
the other strain that contributed the remainder of the ge-
nome. The pDAFL3 single recombinants are shown in Fig.
SA, and the pGD1B-2A/DAFL3 double recombinants are
shown in Fig. 5B.

In vitro transcription. All plasmids were linearized with
Xbal or EcoRV, which cuts 3’ to the end of the TMEV
genome or 3' to the end of the CAT gene, respectively. The
linearized cDNAs were phenol extracted or treated with
RNAID (Bio 101) and then ethanol precipitated with ammo-
nium acetate prior to transcription. Transcription with T7
RNA polymerase was done according to the manufacturer’s
recommendation (Stratagene) except the reaction was per-
formed in the presence of RNasin (Promega), the final
concentration of each of the ribonucleoside triphosphates
was 5 or 10 mM in order to increase the amount of the
transcript product, and 0.25 mCi of **S-UTP (Amersham)
per ml was added to the reaction. In some experiments,
transcripts were capped by inclusion of 0.3 mM m’GpppG
(Stratagene) in a transcription reaction with 0.06 mM GTP
and 0.2 mM each ATP, CTP, and UTP. RNA was quanti-
tated by calculating the incorporation of 3°S-UTP. The
integrity of the RNA was assessed by agarose gel analysis.

In vitro translation. In vitro-derived transcripts were
translated as previously described (34) at various concentra-
tions of RNA in a 10-pl reaction mixture (7 pl of RRL
[Promega Biotech], 0.4 mM GTP, 2 mM ATP, 0.4 mg of
creatine kinase [Boehringer Mannheim Biochemicals] per
ml, 10 mM potassium isothiocyanate, 0.02 mM amino acid
mixture [minus methionine], 0.5 mCi of [**S]methionine
[Amersham] per ml). The mixture was incubated for 3 h at
30°C. [**S]methionine incorporation was calculated on the
basis of a trichloroacetic acid (TCA) precipitation assay, as
recommended (Promega). Samples were subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) on 12.5% polyacrylamide gels. Gels were dried
and exposed to XAR film for autoradiography. Densitometry
was performed with a Visage 110 scanner to confirm TCA
precipitation analysis. In some cases, CAT assays were
performed on the translation samples by published methods
(14).

Translational efficiency was defined as the ratio of TCA-
precipitable counts of translation products of the sample
RNA relative to the translation products of an equivalent
amount of RNA from pDAFL3 (for the full-length con-
structs) or pDANCAT (for the 5 UTR-CAT constructs).
Thus, the translational efficiency of DAFL3 and DANCAT
RNA was defined as 1. In some cases, to confirm the
accuracy of the TCA analysis, translational efficiencies were
also calculated based on density of the CAT band on
autoradiograms of samples run on SDS-PAGE. Translations
were repeated a minimum of three times in separate exper-
iments. The means of experiments at the 10- to 15-pg/ml
RNA concentrations were used to calculate the translation
efficiencies shown in Fig. 2 and 5.

Transfection. In some experiments, 1.929 (mouse fibro-
blast) cells were transfected with in vitro-derived transcripts
as previously described (35) or with Lipofectin (Bethesda
Research Laboratories) as recommended by the manufac-
turer.

Cells. 1.929 cells were used for plaque assays and trans-
fections, and BHK-21 cells (hamster kidney cells) were used
for the growth of stock virus.

Animal inoculations. Five weanling SJL/J mice (Jackson
Laboratory) were inoculated intracerebrally with 30 ul of
undiluted virus or 10-fold dilutions of virus. Neurovirulence
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was defined as the ability of virus to kill a mouse within 4
weeks after intracerebral inoculation. Mice were observed
for 4 weeks, at which time a 50% lethal dose (LDs,) was
calculated by the method of Karber (19).

RESULTS

As we have previously described (34), both TMEYV strains
translate in vitro in RRL with remarkable efficiency in the
absence of postmitochondrial extract of infected cells.

GDVII RNA translates more efficiently than DA RNA.
Full-length RNAs were transcribed from the infectious
cDNA clones pGDVIIFL2 and pDAFL3 (12, 35). At RNA
concentrations of 10 to 15 pg/ml, transcripts derived from
GDVIIFL2 translated 2.4-fold more efficiently in RRL than
the transcripts derived from pDAFL3. Translation of tran-
scripts of pGDVIIFL2 was more efficient than that of
pDAFL3 transcripts at all concentrations of RNA tested, as
shown in the example of a translation presented in Fig. 1A.
For both strains, maximal levels of translation were seen
with a 10- to 15-pg/ml concentration of RNA (Fig. 1B).
Translation was inhibited at RNA concentrations higher than
30 pg/ml.

Transcripts with the GDVII 5’ UTR translate more effi-
ciently than those with the DA 5' UTR. To investigate
whether the differences in translational efficiency observed
between the two TMEV subgroups was a result of their
different 5 UTRs, we compared the translational efficiencies
of transcripts from pDANCAT and pGDNCAT, plasmids
which have a CAT reporter gene following the 5' UTR of DA
and GDVII, respectively. At an RNA concentration of 10 to
15 wg/ml, GDNCAT transcripts translated 1.7-fold greater
than transcripts derived from pDANCAT (Fig. 2). As shown
in the example of a translation depicted in Fig. 3, GDNCAT
transcripts translated more efficiently than DANCAT tran-
scripts at concentrations of RNA ranging from 5 to 15 pg/ml.
Translation was markedly inhibited at RNA concentrations
of 30 pg/ml and higher (Fig. 3). Similar results were also
obtained when CAT activities were measured (data not
shown). These findings demonstrate the influence of the
TMEYV 5’ UTR on translation in RRL. Other studies sug-
gested that additional areas of the TMEV genome besides
the 5' UTR can also influence translational efficiency (see
below).

Of interest was the fact that transcripts derived from
pDANCAT and from pGDNCAT synthesized additional
products besides CAT, although in relatively small amounts
(see very faint bands above major product in lanes 5 and 6 of
Fig. 3A and in lane 4 of Fig. 4B). Several lines of evidence
suggest that these products were generated from open read-
ing frames in the DA 3D coding region downstream from the
CAT gene in pPDANCAT and pGDNCAT (see Materials and
Methods); these same products are synthesized (data not
shown) from pDANC, the plasmid which contains the DA
3D coding sequence but no CAT gene (see Materials and
Methods). There are three AUGs in the 3D coding area of
pDANCAT which could be used to synthesize products
similar in size to those observed, and one of the AUGs is in
a favorable consensus context for translation initiation (22).
Alternative initiation products have been described with
translation of other picornaviruses (6, 8, 18), including
TMEYV (20).

Substitution of GDVII nucleotides 1 to 394, 1 to 932, or 933
to 1070 for the corresponding DA sequence increases transla-
tional efficiency. To identify the regions of the GDVII 5' UTR
which might confer enhanced translational efficiency, we
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FIG. 1. In vitro translation of DAFL3 (@) and GDFL2 (&)
transcripts. Various concentrations of transcripts derived from
pDAFL3 and pGDFL2 were translated in vitro, and the products
were analyzed by 12.5% SDS-PAGE (A) or the incorporation of
[**S]methionine TCA-precipitable counts (B). The marker (M) lane
in panel A displays [>*S]methionine-labeled proteins from an extract
of DA virus-infected BHK-21 cells harvested 14 h after infection.
The location of DA viral proteins is indicated on the right. GDVII
translates more efficiently than DA RNA.

constructed pDANCAT/pGDNCAT chimeric plasmids in
which various segments of the DA 5’ UTR were replaced
with the corresponding GDVII sequence (Fig. 2). The effi-
ciencies of translation of the chimeric TMEV plasmids were
compared with that of pPDANCAT. An example of a trans-
lation is shown in Fig. 4A. As shown in Fig. 2, substitution
of GDVII nucleotides 1 to 394, 1 to 932, or 933 to 1070 for
the corresponding DA sequence resulted in increased trans-
lational efficiency of RNA transcripts derived from the
chimeric plasmid compared with those derived from
pDANCAT. DANCATgd395-932 transcripts exhibited trans-
lational efficiencies which were similar to that of DANCAT.
This result suggests that the GDVII 395 to 932 segment does
not contain any strain-specific element that increases trans-
lational efficiency. Interestingly, despite an overall total of
41 nucleotide differences between the DA and GDVII se-
quences from nucleotides 395 to 932, there are no nucleotide
differences between DA and GDVII from 737 to 855, a region
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FIG. 2. Translational efficiency of wild-type and mutated TMEV
5" UTR-CAT constructs. The CAT reporter gene was placed under
the control of the full-length DA or GDVII 5’ UTR, of partially
deleted DA 5' UTRs, or of DA/GDVII chimeric 5 UTRs as
described in Materials and Methods.

which folds into a stem-loop structure resembling a structur-
ally conserved part of the picornavirus IRES element (see
Discussion). An example of a translation is shown in Fig.
4A.

DA nucleotides 14 to 395 contain a region which inhibits
translation. We constructed a series of deletions in pDAN
CAT to test the importance of various regions of the DA 5’
UTR with respect to translational efficiency. RNA was
transcribed from these constructs, and translation was com-
pared with that seen with pDANCAT transcripts (Fig. 2).
Deletion of nucleotides 14 to 930 (which deletes most of the
predicted IRES [17] sequence to produce pDANCATA14-
930) reduced translation 2.5-fold below pDANCAT levels.
Interestingly, a smaller deletion involving nucleotides 396 to
93D (PDANCATA396-930) produced an even greater (five-
fold) reduction in translation, to about the level exhibited by
uncapped transcripts derived from the T7CAT control plas-
mid. This additional decrease in translational efficiency
suggestéd that nucleotides 14 to 395 contained a translational
inhibitory element. The suggestion gained support from
ekperiments involving pPDANCATA14-395, which contained
a deletion of DA nucleotides 14 to 395. Translation of
DANCATA14-395 showed an increased translational effi-
giency, when compared with pPDANCAT, to levels interme-
diate between those seen with pPDANCAT and pGDNCAT
(see below). An example of translations involving the
pDANCAT deletion constructs is shown in Fig. 4B.

To test whether some of the constructs with deletions
might demonstrate cap-dependent translation (because of
deletion of the IRES), we also tested the translational
efficiencies of DANCATA14-930 and DANCATA396-930
transcripts after capping. As expected, capping of the former
transcript which contained the larger deletion enhanced
translation more than fivefold; however, capping of the latter
transcript did not lead to a significant increase in the trans-
lational efficiency (data not shown). It may be that the
sequences that remain in the DANCATA396-930 transcript
have a secondary structure that interferes with efficient
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FIG. 3. In vitro translation of DANCAT (@) and GDNCAT ([)
transcripts. Various concentrations of in vitro transcripts derived
from pDANCAT and pGDNCAT were translated in vitro, and the
products were analyzed by 12.5% SDS-PAGE (A) or the incorpo-
ration of [**S]methionine TCA-precipitable counts (B). The location
of the CAT protein is noted in panel A. See Results section
regarding the identity of several faint bands above the CAT protein
in lanes 5 and 6 (and in lane 4 of Fig. 4B).

ribosomal scanning (see Discussion). In vitro translation of
full-length TMEV capped compared with uncapped tran-
scripts showed a decrease in translational efficiency, similar
to that reported with in vivo translation of capped poliovirus
transcripts produced after transfection into HeLa cells (15;
data not shown).

Translational efficiency is not sufficient for neurovirulence.
To determine the effects of the 5' UTR on disease phenotype
and translational efficiency in full-length, infectious TMEV
clones, we constructed two series of recombinant, full-
length cDNAs. The cDNAs were transcribed in vitro and
tested as described below.

(i) TMEV 5’ UTR chimeric pDAFL3. In the first series,
various segments of the 5' UTR of pDAFL3 were replaced
with the corresponding GDVII sequence (Fig. 5A). The
results of translation of these constructs were generally
similar to that found with the 5’ UTR-CAT constructs:
substitution of GDVII nucleotides 1 to 394, 1 to 932, or 1 to
1335 for the corresponding DA sequence resulted in an
increased translational efficiency; substitution of GDVII
nucleotides 395 to 932 resulted in only a minimal change
from levels of translation seen with transcripts derived from
pDAFL3 and was substantially less than th, t of pGD1-932/
DAFL3, which had a GDVII nucleotide 1 fo 932 substitu-



4512 STEIN ET AL.

2
wn o
o
o
[ R
:Imff
. ok ML C
Wl e e |
O oo e O
BRSSO 2
I e S A
e~ i ~ L~ S -
- AREE - RSN RS - T -
o
N ©
80
@ 8 LT
o 2 v o
o 2 o
e -
b
B % © o
R - B R = R o AR -
AR S R T
R N R TR e
z 2z z 2z z z ¢
A < « <« <« o
- Y - T - R ) - (MR - YR - A L
I U~ U e - e L
o
—CAT
A B
i 2 3 4 5 6 7 1. @2 8 " 4 .8

FIG. 4. GDVII segments enhance translation of DANCAT
RNA. 12.5% SDS-PAGE of translated products programmed by
transcripts derived from chimeric DA/GDVII 5° UTR CAT con-
structs (A) or CAT constructs with partial deletions of the DA 5’
UTR (B).

tion; deletion of DA nucleotides 14 to 395 resulted in a
significant (3.4-fold) increase in translational efficiency. This
latter result confirmed our findings that suggested an inhib-
itory effect of DA nucleotides 14 to 395 on translation in
RRL (see above).

Tissue culture cells were transfected with RNAs derived
from the full-length constructs. All constructs were infec-
tious, except DAA14-395/DAFL3; the lack of infectivity of
the latter construct is presumed to result from the relatively
large deletion in the 5" UTR. All the viable recombinant
viruses exhibited a small-plaque phenotype similar to that of
DAFL3. The recombinant viruses were inoculated into
weanling mice. None of the mice died after 4 weeks (Fig.
5A), confirming our previous finding that the presence of the
GDVII 5’ UTR in the TMEV genome is not sufficient for a
DA/GDVII recombinant virus to demonstrate a neuroviru-
lent phenotype (12).

(i) TMEV 5’ UTR chimeric pGD1B-2A/DAFL3. In a sec-
ond series of chimeras, various segments of the 5’ UTR of
the chimeric pGD1B-2A/DAFL3 cDNA clone were replaced
with the corresponding GDVII sequence to generate double
recombinants (Fig. 5B). We conducted experiments to de-
termine whether the presence of the GDVII 5’ UTR might be
able to enhance the minimal neurovirulent phenotype (LDs,
= 10%7 PFU) of GD1B-2A/DAFL3 virus. Interestingly,
GD1B-2A/DAFL3 RNA translated with about the same
efficiency as GDVIIFL2 RNA, despite the fact that only DA
sequence is present in the 5’ UTR; this result suggests that
other segments of the TMEV genome besides the 5' UTR
influence translational efficiency. The mechanism(s) by
which TMEV genome segments besides the 5’ UTR affect
translation efficiency is unclear (see Discussion). All the
other constructs in this series except one, pGD933-1335/
GD1B-2A/DAFL3, translated with nearly the same effi-
ciency as GD1B-2A/DAFL3 RNA; GD933-1335/GD1B-2A/
DAFL3 RNA translated at an efficiency somewhat
intermediate between those of DAFL3 and GDVIIFL2.

Tissue culture cells were transfected with RNAs derived
from these full-length constructs. All the constructs were
infectious except for the plasmid with the relatively large 5’
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UTR deletion, pDAA14-395/GD1B-2A/DAFL3. The pheno-
type of the viable recombinant viruses was found to be
attenuated when the viruses were inoculated into mice.
Substitution of GDVII nucleotides 1 to 394 or 1 to 1335 into
DA1B-2A/DAFL3 yielded viruses with a phenotype similar
to that of GD1B-2A/DAFLS3, i.e., they caused some deaths
but were still very attenuated. GD933-1335/GD1B-2A/
DAFL3 was somewhat further attenuated with an LDs, of
> 107* PFU. GD1-932/GD1B-2A/DAFL3 and GD395-932/
GD1B-2A/DAFL3 viruses were significantly more attenu-
ated in mice than GD1B-2A/DAFL3, with LDs,s of >10%-2
and >10°° PFU, respectively. These latter viruses grew
extremely well in tissue culture and had a varied plaque
morphology (see below).

Viruses generated from the different GD1B-2A/DAFL3
double recombinants exhibited plaque-size phenotypes that
varied depending on the individual recombinant. GD1-394/
GD1B-2A/DAFL3 had a large-plaque phenotype, similar to
GDVII and GD1B-2A/DAFL3, while GD1-1335/GD1B-2A/
DAFL3 and GD933-1335/GD1B-2A/DAFL3 had a small-
plaque phenotype, similar to DAFL3. GD1-932/GD1B-2A/
DAFL3 and GD395-932/GD1B-2A/DAFL3 generated inter-
mediate, variably sized plaques. These observations indicate
that the 5" UTR influences plaquesize and that plaque size
does not correlate with neurovirulence. Changes involving
the 5’ UTR of other picornaviruses have also been shown to
markedly influence plaque size (23).

DISCUSSION

Translation and polyprotein processing are important
mechanisms for the regulation of picornaviral gene expres-
sion. A single polyprotein is translated from the single-
stranded, positive-sense viral RNA which is then posttrans-
lationally cleaved to yield the mature viral structural and
nonstructural proteins. Variations in translational efficiency
and ppolyprotein processing will affect the relative synthesis
of viral proteins and thereby influence virus expression. In
addition, host cell proteins may influence the relative pro-
duction of viral proteins in one cell type as compared with
another.

The 5’ UTR of picornaviruses plays a key role in mediat-
ing and regulating translation, at least partly because of its
relatively unique structural features. The 5’ UTR of picor-
naviruses is extremely long compared with the 5’ UTR of
eukaryotic mRNAs; in the DA strain, the 5' UTR is 1,065
nucleotides long. In contrast to eukaryotic mRNAs, picor-
naviral RNA has no m’GpppX cap structure at the 5’
terminus. Ribosomes enter the picornaviral RNA at the
IRES, which is part of the complicated secondary structure
of the 5" UTR. This cap-independent mode of translation
initiation bypasses eight AUGs in the DA 5’ UTR before
reaching the authentic initiation codon. Cellular proteins
bind to areas of the 5’ UTR and are presumed to regulate
and/or mediate its effect on ribosomal entry and translation.
As expected, mutation of the 5' UTR, especially involving
the IRES, can lead to a decrease in translational efficiency
and a loss in virus viability.

The 5’ UTR has a strong effect on disease phenotype of
picornaviruses. In mengovirus, a cardiovirus closely related
to TMEYV, the length of the poly(C) tract in the viral 5’ UTR
causes marked changes in disease pathogenicity and LD,
(10). A single nucleotide change in the 5’ UTR of poliovirus
Sabin type 3 can function as the sole determinant of attenu-
ation (11). This effect of poliovirus type 3 on neurovirulence



VoL. 66, 1992 THEILER’S VIRUS TRANSLATION AND NEUROVIRULENCE 4513
| S'UTR_[1] Pi T P2 I 3 ¥
A ! [thAl 8 T i¢c T 1D J2AJ28] 2C__ [3A][ 3C | 3D !
: : 38 :
' ' PoTTTTossmesssessesssosssosooses -
! . ' Translational Mouse Neurovirulence
Plasmid Construct : H | Efficiency i
H H 1 Lethality LDso (log pfu)
pDAFL3 I . 1 1.0 0 >6
pGDVIIFL2 I 2.4 ++ 0
pGD1-394/DAFL3 mm 1 1.8 0 >7.3
pGD395-932/DAFL3 [N 1 1.2 0 >7.5
pGD1-932/DAFL3 IE— O 2.3 0 >6.7
pGD1-1335/DAFL3 mE— ] 2.6 0 >5.8
pDA A14-395/DAFL3 v 1 3.4 non-infectious
5’| 1 1 1 1 e 13
] ] 1 1 T 7/ 1
1000 2000 3000 4000 8093
L S'UTR [ P1 T P2 P3 ] 3|.
B ! [chA 18 [ ic iD__|2A 28] 2C |3K|| 3C_| 3D 1
: ; a8 :
H ' foToTmssssesssescsscssccscecoos- -
. ' ! i Translational ~ Mouse Neurovirulence
Plasmid Construct : : iEfficiency  Lethality LDso (log ptu)
pDAFL3 [ - 1 1.0 0 >6
pGDVIFL2 I 2. 4 ++ 0
PGD1B-2A/DAFL3 C————— " ) 2.5 + 6.7
pGD1-394/GD1B-2A/DAFL3 BN SESSaaamm—— ] 2.3 + 6.5
pGD395-932/GD1B-2A/DAFL3 [N IESSSSSSSSm———— ] 2.3 0 >9.0
pGD1-932/GD1B-2A/DAFL3 NN IESEEEESESS———— ) 2.3 0 >8.2
pGD933-1335/GD1B-2A/DAFL3 [N IS ) 1.6 0 >7.4
pGD1-1335/GD1B-2A/DAFL NN IIEEEEENSSS——— ] 2.8 + 6.3
pDA A14-395/GD1B-2A/DAFL3 \/:—: 2.5 non-infectious
5 1 1 l ! 13
1 1 T T T 7/ 1
1000 2000 3000 4000 8093

FIG. 5. Translational efficiency and neurovirulence of wild-type and chimeric TMEYV full-length cDNAs. Substitutions of GDVII 5" UTR
sequences for the corresponding DA sequences were introduced into pDAFL3 (A) or pGD1B-2A/DAFL3 (B) as detailed in Materials and
Methods. Translational efficiency and LDs s were calculated as described in Materials and Methods. For mouse lethality, 0 = completely
attenuated, i.e., does not kill mice even at virus concentrations of >10° PFU; + = somewhat neurovirulent, i.e., a high virus concentration
is required to kill mice; and ++ = fully neurovirulent, i.e., 1 PFU = 1 LDs,,.

has been attributed to an alteration of translational efficiency
within neuronal cells (39, 42).

We were especially interested in investigating the transla-
tional efficiency of TMEYV because we thought these studies
might clarify the TMEV subgroup differences. We ques-
tioned whether the increased neurovirulence of the GDVII
strain compared with the DA strain might be related to
translational efficiency. We found that GDVII transcripts
translate more efficiently than DA transcripts in RRL. We
produced GDVII/DA chimeric 5" UTR constructs to identify
domains of the GDVII 5’ UTR that mediate the heightened
translational efficiency. When GDVII sequences 1 to 394 and
933 to 1069 were substituted into the DA 5’ UTR, the level of
translation increased above that seen with DA. Although
substitution of GDVII nucleotides 395 to 932 into the DA 5’
UTR did not increase translation above levels seen with DA,
this region was presumed to enhance translation since sub-
stitution of GDVII nucleotides 1 to 932 increased transla-

tional efficiency over that seen after substitution of GDVII
nucleotides 1 to 394. These results suggest that multiple
areas of the GDVII 5’ UTR enhance translation above levels
seen with DA, i.e., there is a multidomain effect of the
GDVII 5’ UTR on translational efficiency.

A potential question regarding the above studies is
whether the chimeric 5 UTRs might contain an altered
secondary structure with little biological relevance. Our
observations that GDVII segment substitutions generally
enhanced translation of the DA constructs and that infec-
tious virus could be generated from the resultant RNAs (see
Results) lent validity to the chimeric approach. Another
question raised by these studies concerns the reliability and
significance of the differences in translational efficiencies we
observed, especially since the differences were relatively
small at times. We feel secure with our results for several
reasons. First, the results with both full-length TMEV and
CAT constructs were extremely similar. Second, an analysis
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of our data using CAT activity as well as densitometric
scanning of gels (data not shown) was quite similar to results
obtained from calculating the TCA-precipitable counts that
we reported. Third, the differences in translational efficiency
that we observed were similar in magnitude to differences
reported in previous studies comparing translation of RNAs
from different poliovirus strains (29, 39).

In other experiments, we found that transcripts derived
from pGD1B-2A/DAFL3 translate as well as GDVIIFL2
transcripts despite the fact that this chimera contains the DA
5" UTR,; this finding suggests that other regions of the TMEV
genome besides the 5 UTR influence translational effi-
ciency. In addition, the presence of GDVII 5' UTR se-
quences in combination with GD1B-2A in the double recom-
binants did not further enhance the translational efficiency of
the GD1B-2A clone. It is unclear how areas of the TMEV
genome besides the 5 UTR influence translational effi-
ciency. It may be that there are interactions between these
segments of the genome or their gene products and the 5’
UTR which affect the secondary structure of the 5' UTR and
subsequently influence translation. In poliovirus, a func-
tional ribonucleoprotein complex has been reported to form
between the 3CP™ and 3DP°! protein and the 5' UTR stem-
loop structure (1); lethal mutations in a stem-loop structure
in the poliovirus 5 UTR can be complemented by mutations
in the 3C coding region restoring biological activity. Of note
is a report that the coding region of the yellow fever virus
genome affects the efficiency with which the 5’ UTR directs
translation, presumably by altering the RNA secondary
structure (37). Our results emphasize the value of using the
whole viral genome when testing translational efficiency.

The addition of the DA 5’ UTR improved the translational
efficiency of uncapped T7-CAT transcripts in RRL (Fig. 2),
unlike poliovirus (29). In most cases, relatively large dele-
tions of the DA 5’ UTR led to a decrease in translational
efficiency. DANCATA396-930 transcripts demonstrated a
fivefold reduction in translational efficiency compared with
pDANCAT. This decrease in translational efficiency may be
a result of the deletion of nucleotides 396 to 930, which
contain most of the predicted IRES element. Addition of a
cap structure to the transcripts derived from this clone did
not dramatically improve translational efficiency, perhaps
because of the presence of 5' UTR secondary structure that
interfered with ribosomal scanning. A stem-loop structure at
the 5’ terminus of the poliovirus genome has been shown to
also have such an effect (38). Deletion of nucleotides 14 to
930 resulted in a 2.5-fold reduction of translational effi-
ciency, also perhaps due to deletion of the IRES element.
Capping of this transcript improved translational efficiency
more than fivefold, presumably because the large deletion
permitted ribosomal scanning and cap-dependent transla-
tion; similarly, large deletions of the 5 UTR of other
picornaviruses make translation cap dependent (18). These
data support the presence of a functional IRES element and
cap-independent translation in TMEV.

It is valuable to examine the predicted secondary structure
for DA strain of TMEV (Fig. 6) in light of our data. A
stem-loop hammerhead-like structure is present from ap-
proximately nucleotides 680 to 907. This structure is well-
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conserved among picornaviruses and is predicted to be part
of the IRES on the basis of studies with other picornaviruses
(17). The most prominent and remarkable feature of the
predicted secondary structure of the DA 5’ UTR is a long
stem-loop structure, which we call loop 333, that runs from
approximately nucleotides 186 to 523. The 5' UTR of GDVII
strain is predicted to have a structure similar to that of loop
333, but with an additional branch. Loop 333 appears to be
relatively unique to TMEV among the picornaviruses. No
structure similar to loop 333 is present in the 5’ UTR of the
enteroviruses. The loop corresponds in position to the region
of the poly(C) tract in the 5’ UTR of the cardioviruses.
Foot-and-mouth disease virus, a member of the aphthovirus
genus, has a structure somewhat analogous to that of loop
333 located between the two 5'-most terminal stem-loops
(that appear conserved among all picornaviruses) and the
beginning of a long poly(C) tract of approximately 350
nucleotides; however, the foot-and-mouth disease virus loop
is about 250 nucleotides long and far less prominent. This
relatively unique feature of the TMEV structure suggests
that it plays a role in the distinctive biological activity of
TMEYV, such as the persistent, restricted central nervous
system infection (see below).

Transcripts from constructs that had a deletion in DA
nucleotides 14 to 395 (pDANCATA14-395, pDAA14-395/
DAFL3, and pDAA14-395/GD1B-2A/DAFL3) showed an
increased translational efficiency in RRL, suggesting that
there is an inhibitory element in this region. A region in the
5" UTR of poliovirus (nucleotides 70 to 381) which includes
part of the poliovirus IRES has been reported to be inhibi-
tory to translation (29); however, this inhibition occurs
under conditions in which translation is restricted. Since the
deletion of DA nucleotides 14 to 395 will disrupt loop 333, it
may be that this loop affects translational efficiency. Our
preliminary experiments suggest that there is significant
binding of proteins to loop 333 (5). One could speculate
whether altered binding of protein to this element within
neural cells (e.g., oligodendroglial cells) may account for the
DA strain-specific and cell-specific restriction of viral
expression (2, 4). This inhibition in expression could foster
virus persistence and cause a disturbance in ““luxury func-
tion”” (27) of the oligodendrocyte (i.e., myelin production)
with subsequent demyelination; recent studies suggest that
there is a nonlytic down-regulation of myelin genes in
oligodendrocytes of TMEV-infected mice (33, 43, 45).

Our previous results from chimeric cDNA studies had
indicated that GDVII 1B-2C has a major role in determining
neurovirulence but that the addition of GDVII sequences 5’
to this also contribute to neurovirulence, i.e., the presence
of GDVII sequence from the 5' UTR-2C makes the recom-
binant virus fully neurovirulent (13). To examine the rela-
tionship between translational efficiency and neuroviru-
lence, we investigated the role of the 5' UTR in full-length
TMEYV cDNA constructs. We studied cDNAs with chimeric
5’ UTRs in both DAFL3 and a recombinant that contained a
substantial amount of the GDVII capsid coding region,
GD1B-2A/DAFL3. We chose the latter construct rather than
GD1B-2C/DAFL3 because we felt that the substantial base-
line neurovirulence of GD1B-2C/DAFL3 virus might have

FIG. 6. Predicted secondary structure of the DA 5’ UTR based on the folding algorithm of Zuker and Stiegler (44) and predicted structures
from previous publications (9, 32). The locations of certain nucleotide positions are shown and underlined. In the interest of space, loop 333
is shown in two segments separated by dotted lines. Loop 800 corresponds to that designated the I loop in the predicted secondary structure

of cardioviruses (9).
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made the effect of substituting the GDVII 5' UTR sequence
in chimeric studies difficult to evaluate.

We found that viruses derived from transcripts of a
number of chimeric TMEV 5’ UTR constructs were mini-
mally or not at all neurovirulent despite a translational
efficiency similar to that of GDVII strain RNA (Fig. 5B). Our
results suggest that translational efficiency is necessary but
not sufficient for neurovirulence. We suspect that DAFL3
and GD1B-2A/DAFL3 viruses lack a function (e.g., efficient
neuronal binding) that is important for neurovirulence and
cannot be corrected merely by substituting part or all of the
GDVII 5’ UTR and enhancing translational efficiency.

Although the substitution of part or all of the GDVII 5’
UTR did not make the chimeric viruses fully neurovirulent,
this region did alter the ability of some of the recombinant
viruses to kill mice. The finding that some of the GD1B-2A/
DAFL3 double recombinant viruses have altered neurovir-
ulence compared with GD1B-2A/DAFL3 virus underscores
the complicated and multigenic nature of neurovirulence and
the importance of the 5' UTR on disease phenotype. Future
studies involving the effect of the TMEV 5’ UTR on trans-
lation within specific neural cells may clarify some of these
issues.
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