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Theiler’s virus is a neurotropic murine picornavirus which, depending on the strain, causes either acute
encephalitis or persistent demyelinating disease. Persistent strains of Theiler’s virus (such as DA) produce an
18-kDa protein called L* from an open reading frame overlapping that encoding the viral polyprotein.
Neurovirulent strains (such as GDVII) are thought not to produce the L* protein, as the alternative open
reading frame of these strains starts with an ACG codon instead of an AUG codon. However, we observed that
both persistent and neurovirulent strain derivatives can produce two forms of the L* protein through unusual
type II internal ribosome entry site-mediated translation. A full-length 18-kDa protein can be expressed from
an ACG or an AUG initiation codon, whereas an N-terminally truncated 15-kDa product can be translated
from a downstream AUG initiation codon. The expression of the 18-kDa form is required for efficient
persistence of DA virus derivatives in the central nervous system.

Theiler’s murine encephalomyelitis virus (TMEV or Theiler’s
virus) belongs to the Cardiovirus genus of the Picornaviridae
family. Strains of this virus are divided into two subgroups on
the basis of the diseases that they induce in the central nervous
system (CNS) of the mouse. Neurovirulent strains, such as
GDVII, replicate permissively in the neurons of the brain and
cause acute fatal encephalitis. Persistent strains, such as DA or
BeAn, induce a biphasic disease (4, 11, 18). During the early
phase, the virus replicates in the gray matter of the brain,
causing subclinical encephalitis. At 2 to 3 weeks postinfection,
the virus migrates from the brain to the spinal cord, where it
persists in the white matter during the entire life of the mouse.
At this stage, the virus is predominantly found in macrophages
(or microglial cells), oligodendrocytes, and possibly astrocytes
(1, 2, 12, 33). Viral persistence in the CNS is associated with
inflammation and with demyelinating lesions. In this regard,
TMEYV is considered an experimental model for studying mul-
tiple sclerosis (23).

The Theiler’s virus genome is a single-stranded positive-
sense RNA molecule containing a 7-kb-long open reading
frame (ORF) encoding a polyprotein which is cleaved to pro-
duce 12 mature viral proteins. Persistent strains of TMEV
contain an additional ORF which overlaps the main ORF and
codes for a 156-amino-acid-long protein called L* (with a cal-
culated molecular mass of 18 kDa). This overlapping ORF,
first identified by Kong and Roos (8), is unique among picor-
naviruses.

The ORF coding for the L* protein starts with two AUG
codons in the same frame, separated by 9 nucleotides (nt). The
first codon has been suggested to initiate translation of the L*
protein because it has a strong Kozak context (A in —3 and G
in +4). The translation of both the main ORF and the L* ORF
is driven by an internal ribosome entry site (IRES) found in the
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5’ noncoding region of the genome. Cardioviruses (such as
TMEV) contain type II IRESs that are thought to allow exact
positioning of the ribosome on the AUG used for initiation of
translation of the polyprotein (6, 7, 22). Translation initiation
of the alternative ORF encoding the L* protein has been
proposed to occur through leaky scanning (32). In this hypoth-
esis, the ribosome which initiates translation at the L* protein
AUG would first land at the polyprotein AUG and then scan
through the stem-loop present between these AUGS.

Neurovirulent strains of TMEYV are believed not to produce
the L* protein, as the AUG initiating the L* ORF and the
second AUG located 5 codons downstream in the same read-
ing frame have been specifically mutated to ACG during the
course of evolution of these strains (17, 24).

The role of the L* protein is still poorly understood. This
protein has been shown to increase the infection of macro-
phage cell lines (20, 28). Macrophage infection enhancement is
due to the L* protein and not merely to competition for trans-
lation of the two overlapping ORFs of the virus (30).

Enhancement of macrophage infection could be linked to an
antiapoptotic role reported for the L* protein (5). Recently, L*
was shown to associate with microtubules within infected cells
(19). The relationship between these phenotypes is still un-
clear.

In vivo, the role of the L* protein is controversial. Using a
mutant DAFL3 virus in which an ACG codon was substituted
for the L* AUG initiation codon, Ghadge et al. showed that L*
was essential for persistence of the virus in the CNS (5). How-
ever, a similar AUG-to-ACG L* mutant virus obtained in our
laboratory from another molecular clone (DA1) of the DA
virus persisted almost as well as the wild-type virus (30). More-
over, recombinant virus R2, formed from the DA and GDVII
viruses, persisted in the CNS of the mouse in spite of the fact
that this virus had the GDVII 5’ noncoding region and the
ACG initiation codon for L* (13).

To gain insight into the influence of the L* protein on
macrophage infection and viral persistence, we analyzed the
phenotypes of a series of L* mutant viruses. We observed that
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two forms of the L* protein, of 15 and 18 kDa, can be ex-
pressed by TMEV, even by neurovirulent virus derivatives
which were thought not to produce this protein. The expres-
sion of these L* products involves unusual translation initia-
tion mechanisms for a type II IRES, including initiation at a
non-AUG codon. The expression of the 18-kDa form is re-
quired for efficient persistence of DA virus derivatives in the
CNS.

MATERIALS AND METHODS

Construction of mutant viruses. Viruses mutated in the L* region were ob-
tained by site-directed mutagenesis. Mutations were generated by the method of
Kunkel (9) by using subclones carrying the appropriate region. Restriction frag-
ments carrying the mutations were sequenced on one strand to ensure that no
unwanted mutation had occurred and were subsequently cloned back into plas-
mids containing the full-length viral cDNA.

Plasmids pOV23, pOV41, and pOV42 were described previously (30). pOV46
was obtained by cloning the BsiWI-Sphl fragment (nt 1265 to 2162 of DAT) of
pOV42 into pOV23. The recombinant plasmid obtained, pOV46, thus carries the
genome of a virus (OV46) combining the AUG-to-ACG mutation of OV23 and
the stop codon mutation of OV42.

To confirm the surprising persistence of AUG-to-ACG mutant OV23, we
constructed an identical recombinant from nonpersistent virus OV46. The
BsiWI-Mscl fragment (nt 1265 to 1705 of DAT) of pTM410 was used to replace
the corresponding fragment of pOV46. pTM410 is a pTZ19R (Pharmacia) de-
rivative containing the 5’ end (nt 1 to 1729) of the DAl genome. The new
AUG-to-ACG mutant was called OV48. Plasmid pOV48 is identical to plasmid
pOV23.

The AUG-to-ACG mutation at codon 41 of the L* ORF was introduced by
site-directed mutagenesis with oligonucleotide TM338 (GCC AGA AGA CGT
CGT CGT CCA GGT CCA). The mutation was introduced into the pTM410
and pOV20 subclones, carrying nt 1 to 1730 of the DA1 and OV23 genomes,
respectively. The BbrPI-BsiWI fragments (nt 804 to 1265 of DA1) carrying the
mutation (nt 1199) were then used to replace the corresponding fragment of
pTM598 (31). The recombinant plasmids obtained, pOV82 and pOV90, contain
the full-length genomes of mutant viruses carrying the AUG,;-to-ACG mutation
alone (pOV82) or in combination with the AUG,-to-ACG and AUG;-to-ACG
mutations (pOV90).

A stop codon was introduced at codon 13 of the L* ORF of pTM410 with
oligonucleotide TM337 (CGG GAG TAA CGT CTA CGG CTG TGC AAAT).
The BbrPI-BsiW1 fragment of the mutated plasmid (nt 804 to 1265 of DA1) was
then cloned into pTMS598. The recombinant plasmid obtained, carrying the
Leu-to-stop codon mutation at codon 13 of the L* ORF, was called pOV84. The
virus produced from this construct was called OV84.

A stop codon at codon 13 was also introduced into the genome of a virus
carrying the AUG-to-ACG and AUGs-to-ACG mutations. As described above,
pOV20 was used as an intermediate subclone to perform mutagenesis. The
recombinant plasmid obtained, called pOV89, thus combines the stop codon 13
mutation with the AUG,-to-ACG and AUGs-to-ACG mutations of pOV23.

A premature stop codon was introduced into the L* ORF of GDVII. Mu-
tagenesis was performed with oligonucleotide TM244 (TAT GCG ATA CTG
TGA TGG AAC CCC AGG) by using pTM427, a pTZ18R derivative containing
the 5" end (nt 1 to 1733) of the GDVII genome. The BbrPI-Aocl fragment (nt 807
to 1334 of GDVII) was then ligated to the AocI-SgrAl and SgrAI-BbrPI frag-
ments of pPTMGDVII derivatives to form pOV47. This plasmid contains the
full-length genome of the GDVII virus with the Ser-to-stop codon mutation at
codon 68 of the L* ORF. The virus produced from this construct was called
OVv47.

The premature stop codon of pOV42 (stop codon 93) was introduced into the
L* ORF of recombinant virus R2 (13). The BsiWI-Van91 fragment of pOV42 (nt
1265 to 2983) was cloned back into pTMR2 (13). Recombinant virus R2 carrying
the Leu-to-stop codon mutation at codon 93 of the L* ORF was called OV57 (on
plasmid pOV57).

The characteristics of the L* mutants used in this study are presented in Fig.
1.

Cell cultures and virus production. BHK-21 and RAW264.7 cells were cul-
tured as described previously (30). Standard fetal calf serum was used in this
study for RAW264.7 cells to maintain macrophage susceptibility to TMEV in-
fection (27).

Viruses DA1, GDVII, and R2 and the various OV viruses were produced as
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FIG. 1. L* mutant viruses. The nucleotide and amino acid se-
quences of L* mutations are shown. The various mutations are indi-
cated under the corresponding sequence segments of the parental
strain. Mutated nucleotides are underlined. Nucleotides of the main
ORF upstream of the L* ORF are in lowercase. Numbering corre-
sponds to the codons of the L* protein. The nucleotide sequence of the
neurovirulent genome is indicated in bold. For each parental strain, a
table summarizes the mutations present in the corresponding mutant
viruses. (A) DA1 derivatives. (B) GDVII and OV47. (C) R2 and
OV57. Note that OV23 and OV48 are identical. OV48 was derived
from OV46 to confirm data obtained with OV23.

described previously (16) by transfection of BHK-21 cells with genomic RNAs
transcribed in vitro from plasmids carrying the corresponding cDNAs: pTMDA1
(14, 16); pTMGDVII (29); pTMR2 (13); pOV23, pOV41, and pOV42 (30); and
pOV46, pOV47, pOV48, pOV57, pOVSE2, pOV84, pOVE9, and pOVI0 (this
work).
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Culture supernatants were collected after completion of the cytopathic effect
(generally between 48 and 72 h after transfection). Supernatants were frozen,
thawed, and centrifuged at 4,000 X g for 10 min. Supernatants were then col-
lected and stored in aliquots at —70°C. Viruses were titrated by standard plaque
assays with BHK-21 cells.

Analysis of mixed infections. The proportions of the two viruses in a mixture
were estimated by restriction analysis of reverse transcription (RT)-PCR prod-
ucts. To this end, RNA was extracted from infected cells or tissues, and a 1.1-kb
fragment of the viral genome spanning the leader region was amplified by
RT-PCR with primers TM4 and TM132 (26). A diagnostic restriction enzyme
was then used to digest the PCR product. Upon gel electrophoresis, the propor-
tions of the two viruses were estimated from the relative intensities of bands
specific for the viruses. This approach is very sensitive for detecting small dif-
ferences between two viruses, since it is independent of sample-to-sample vari-
ations and of any technical bias related to virus quantification, RNA extraction,
c¢DNA synthesis, or PCR amplification.

Endonuclease Trul was used to discriminate between AUG-to-ACG (OV23)
and stop codon 93 (OV42) mutant genomes and for R2-OV57 mixtures. Endo-
nuclease Hsp92II was used to discriminate between GDVII and OV47 genomes.

Infection of mice. Three-week-old female SJL mice (Iffa-Credo) were inocu-
lated intracranially in the right hemisphere with 40 pl of a viral suspension
containing the indicated virus dose.

For dot blot or RT-PCR analysis, RNA was prepared from the brains and the
spinal cords by the technique of Chomczynski and Sacchi (3). Dot blot and
RT-PCR analyses to detect viral RNA were performed as described previously
(26).

Real-time PCR. Real-time PCR was performed by using a GeneAmp 5700
system (Applied Biosystems) with a Platinum quantitative PCR kit (Invitrogen
Life Technologies) and Sybr green detection. Primers used for the detection of
viral RNA were TM346 (GCC GCT CTT CAC ACC CAT) and TM347 (AGC
AGG GCA GAA AGC ATC ACQC). After an initial cycle of 10 min at 95°C and
1 min at 60°C, cycling was performed for 40 cycles of 95°C for 15 s and 60°C for
1 min.

Luciferase assay. Equivalent amounts of DNA from different bicistronic con-
structs were transfected into BHK-21 cells with FuGene6 reagent (Roche) ac-
cording to the manufacturer’s recommendations. At 24 h posttransfection, lucif-
erase activity was measured by using a dual luciferase assay (Promega).

Detection of the L* protein in infected cells. BHK-21 cells infected in a
serum-free medium with different mutant viruses were collected after completion
of the cytopathic effect. Cells were harvested and lysed directly in sample buffer
(62.5 mM Tris [pH 6.8], 2% B-mercaptoethanol, 3% sodium dodecyl sulfate,
10% glycerol, 0.1% bromophenol blue). Samples were then run on Tris— Tricine—
sodium dodecyl sulfate— 11% polyacrylamide gels and transferred to polyvinyli-
dene difluoride membranes (Amersham-Pharmacia Biotech). Western blotting
was performed with polyclonal rabbit antiserum raised against a peptide corre-
sponding to amino acids 70 to 88 of L* from strain DA (21), kindly provided by
Y. Ohara (Kanazawa Medical University, Kanazawa, Japan). Detection was
performed with a horseradish peroxidase-conjugated anti-rabbit antibody
(Dako) and chemoluminescence (ECL+ kit; Amersham Pharmacia Biotech).

RESULTS

Influence of the L* protein on viral persistence. We com-
pared infection of mice by a series of L* mutant viruses car-
rying either a stop codon mutation in the L* ORF or an
AUG-to-ACG replacement of the L* OREF initiation codon
(Fig. 1). Viruses OV41 and OV42 carry a stop codon in the L*
OREF at codons 39 and 93, respectively. Viruses OV23 and
OV48 are identical constructs generated independently by sub-
stituting two ACG codons for the two AUG codons (codons 1
and 5 of L*) potentially used for L* protein translation initi-
ation. Virus OV46 was obtained by combining the AUG-to-
ACG mutations of OV23 and the stop codon of OV42. None
of the mutations introduced into the L* ORF affected the
amino acid sequences of the L and VP4 proteins encoded by
the overlapping ORF.

Groups of four SJL mice were inoculated with 10° PFU of
viruses DA1, OV48, OV41, OV42, and OV46. Four control
mice were inoculated with virus-free culture medium. At 45
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FIG. 2. Detection of viral RNA in the brains and spinal cords of
infected SJL mice 45 days postinoculation. Viral RNA was detected by
dot blot hybridization of total RNA extracted from the brains and
spinal cords of four mice inoculated with 10° PFU of the indicated
viruses. Control mice (T—) were mock infected. Viruses and corre-
sponding L* ORF mutations are shown to the left and right, respec-
tively.

days after inoculation, the amounts of viral RNA present in the
brains and spinal cords of these mice were compared by RNA
dot blot hybridization (Fig. 2). As observed previously for
OV23, the AUG-to-ACG mutant virus (OV48) persisted al-
most as well as the wild-type virus. In contrast, viruses carrying
a stop codon mutation in L*, either without (OV41 or OV42)
or in combination with (OV46) AUG-to-ACG mutations, were
strongly affected in their ability to persist in the CNS. Phos-
phorimager analysis of the dot blots showed RNA levels of
stop codon mutant viruses to be about 30-fold lower than RNA
levels of the wild-type virus.

In spite of the low level of persistence of stop codon mu-
tants, RT-PCR allowed us to amplify viral cDNA from spinal
cord RNA samples of mice infected for 45 days with OV41,
OV42, and OV46. Sequencing of the PCR products confirmed
the identities of these viruses.

The surprising difference between stop codon and AUG-to-
ACG mutant viruses was confirmed in an independent exper-
iment involving viruses OV23 and OV42. The occurrence of a
spontaneous point mutation in the genome of stop codon mu-
tants cannot account for the nonpersistence of these viruses.
Indeed, the OV48 (AUG-to-ACG) mutant persisted, although
it was derived from one of these nonpersistent constructs
(OV406).

To examine whether the L* protein plays a role in the early
phase of infection or whether this protein is required only for
persistence in the spinal cord white matter during the late
phase of disease, viral loads in the brains of infected SJL mice
5 days after inoculation were examined. At this time, the viral
loads of stop codon mutant viruses (OV41, OV42, and OV46)
were already three times lower than that of the DAL virus
(data not shown). This threefold reduction in viral RNA
amounts was unlikely to have resulted merely from altered
RNA replication of stop codon mutant viruses, since these
viruses formed wild-type-size plaques and replicated like wild-
type viruses in BHK-21 cells, as shown by dot blot experiments
and by mixed-infection assays (30) (data not shown). Thus, it
appears that the L* protein can play a role during the early
phase of disease.
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FIG. 3. Mixed infections of fibroblast and macrophage cell lines. A
mixture of two viruses (1:1) was prepared and used to infect BHK-21
and RAW264.7 (RAW) cells. RNA was extracted from infected cells
after one to five passages of the virus mixture. As a control, RNA was
extracted from the virus mixture before infection and from the paren-
tal virus stocks. The L* region was amplified by RT-PCR and digested
with a restriction enzyme, allowing discrimination between the two
viruses present in the mixture. (Left panels) Control analysis of the
parental viruses and of the mixture used. (Right panels) Analysis of the
virus mixture contained in the infected cells after one (P1) to five (P5)
passages. Arrowheads indicate the fragments that are diagnostic of a
given virus. (A) Competition between OV48, an AUG-to-ACG mu-
tant, and OV42, a stop codon 93 mutant of DA1. Trul was used to
digest the PCR fragments. The sizes of the fragments are indicated in
base pairs on the left. (B) Competition between GDVII and its stop
codon derivative, OV47. Hsp92II was used to digest the PCR frag-
ments.

Influence of the L* protein on infection of a macrophage cell
line. As L* protein expression is known to increase macro-
phage infection (20, 28), we examined whether the difference
between stop codon and AUG-to-ACG mutants was also de-
tectable during infection of a macrophage cell line. To do so,
we used a mixed-infection assay described previously (30).
Briefly, BHK-21 cells (fibroblasts) and RAW264.7 cells (mac-
rophages) were infected with a 1:1 mixture of OV48 and OV42
viruses. OV42 virus produces a truncated L* protein, whereas
OV48 virus has the AUG-to-ACG mutations. After serial pas-
sage of the virus mixture on either cell type, the proportion of
the two viruses was evaluated by RT-PCR and restriction en-
donuclease digestion analysis.

As shown in Fig. 3A, the proportion of the two viruses
remained 1:1 in BHK-21 cells, even after five passages. In
contrast, in macrophages, the infectivity of the stop codon
mutant (OV42) was lower than that of the AUG-to-ACG mu-
tant (OV48). After one passage on RAW264.7 cells, the OV42
virus almost disappeared from the mixture. Thus, as observed
in vivo, the mutant with the stop codon mutation was more
severely affected than the AUG-to-ACG mutant.

Several explanations can be put forward concerning the dif-
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ference in the behavior of stop codon and AUG-to-ACG mu-
tants.

First, the truncated form of the L* protein produced by
OV42 could have a dominant-negative effect on viral replica-
tion. This possibility is unlikely, as the OV46 mutant, which
harbors both the AUG-to-ACG and the stop codon mutations
(and which is thus not expected to produce the truncated form
of the L* protein), has the same phenotype as the stop codon
mutants OV41 and OV42.

Second, the introduction of a stop codon in the alternative
OREF encoding the L* protein, although not modifying the
amino acid sequence of the polyprotein, could influence the
translation of this overlapping OREF, either by modifying the
secondary structure of RNA or by perturbing codon usage.
However, we think that these two hypotheses are unlikely,
because stop codon mutant viruses OV41 and OV42 contain a
stop codon at different positions of the genome but display the
same phenotype.

A third possibility is that, in spite of the absence of the AUG
codons, the OV23 virus could initiate a low level of L* protein
translation by an alternative mechanism, involving either ini-
tiation at an ACG codon or leaky scanning to a downstream
AUG codon. This scenario could explain the surprising phe-
notype of AUG-to-ACG mutants OV23 and OV48. In this
hypothesis, neurovirulent strains could also produce small
amounts of the L* protein, as they carry the entire L* ORF,
but with ACG codons instead of AUG codons for translation
initiation.

Influence of the alternative ORF on neurovirulent strains.
To test whether neurovirulent strains can produce small
amounts of the L* protein from the ACG codon of the putative
L* OREF, we constructed a GDVII mutant carrying a prema-
ture stop codon at codon 68 of the L* ORF and called it OV47
(Fig. 1B). Again, this point mutation in L* did not modify the
amino acid sequence of the polyprotein encoded by the over-
lapping ORF.

These viruses, GDVII and OV47, were compared for their
ability to infect BHK-21 and RAW264.7 cells in a mixed-
infection experiment (Fig. 3B). As observed for the persistent
strain derivatives, the stop codon mutant virus OV47 was im-
paired in its ability to infect macrophages. In contrast, both
viruses infected BHK-21 cells equally well. These results sug-
gest that although this L* OREF starts with an ACG codon,
neurovirulent viruses can translate small amounts of the L*
protein.

To analyze whether this L* mutation could affect the acute
encephalomyelitis induced by GDVII, we inoculated mice with
10° PFU of the GDVII-OV47 virus mixture. At 5 days posti-
noculation, we evaluated the proportions of the two viruses in
the brains and spinal cords of infected mice. However, we
failed to detect a difference in viral propagation between the
two viruses (data not shown).

Taken together, the results obtained with persistent and
neurovirulent strains suggest that small amounts of the L*
protein can be translated from the alternative ORF of OV23
and GDVII viruses, possibly via the use of ACG codons as
initiation codons. However, the influence of the L* protein in
the GDVII background was not detected in mice with acute
encephalitis.
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Bicistronic constructs for testing translation initiation from
ACG codons. To examine the possibility of translation initia-
tion from ACG codons, we constructed a bicistronic vector in
which the first seven codons of L* are fused in frame with the
firefly luciferase gene. The hybrid protein is translated from
the L* initiation codon by an IRES-mediated mechanism, as in
the viral context. Constructs were made with the 5" noncoding
regions of both DA1 and GDVII viruses. In these constructs,
L* codons 1 and 5 were replaced by combinations of AUG,
ACG, or UAG (stop) codons (Fig. 4A). The Renilla luciferase
gene was cloned as the first cistron to allow the control of
transfection efficiency. This gene is thus translated by the con-
ventional cap-dependent mechanism, while translation of the
firefly luciferase gene is IRES mediated. These constructs,
shown in Fig. 4A, were transfected into BHK-21 cells. Firefly
and Renilla luciferase activities were determined 24 h after
transfection by using the dual luciferase assay.

As shown in Fig. 4B, the level of expression of the firefly
luciferase gene from AUG initiation codons was very high
(about 1 X 10°-fold to 5 X 10*-fold the background) for con-
structs carrying the DA1 and GDVII 5’ noncoding regions,
suggesting that both IRESs can promote efficient translation of
the L* ORF. In our constructs, both codons 1 and 5 could serve
as initiation codons, since AUG-ACG as well as ACG-AUG or
stop codon-AUG combinations yielded high levels of lucif-
erase activity.

For both IRESs, translation from the ACG-ACG combina-
tion was about 50- to 100-fold higher than that of the negative
control (AUG-stop codon combination), suggesting that trans-
lation from ACG codons occurred. However, this translation
from ACG codons was about 100-fold lower than that of the
positive control (AUG-AUG combination).

To confirm that ACG-initiated firefly luciferase gene expres-
sion was indeed IRES mediated in these experiments, North-
ern blot experiments were performed with the /uc gene as a
probe to detect the bicistronic mRNA in cells transfected with
the ACG-ACG constructs. For the constructs containing the
DAL IRES, only one band of the expected size (4 kb) was
detected, confirming that the mRNA was indeed bicistronic.
For the constructs with the GDVII IRES, however, an addi-
tional band appeared, compatible with splicing or cryptic pro-
moter activity (data not shown). To determine whether this
smaller mRNA was a potential source of IRES-independent
luciferase gene translation, we constructed control bicistronic
constructs carrying either a 4-nt insertion (at coordinate 932 of
DA1) or a 130-nt deletion (coordinates 800 to 932 of DA1) in
the IRES region. Unexpectedly, these constructs still expressed
rather high levels of firefly luciferase. The mean reductions in
luciferase activity due to IRES alteration were only 1.7-fold for
constructs with the IRES of GDVII and 3.7-fold for constructs
with the IRES of DA1. These controls, together with the
Northern blot results, indicate that at least part of the firefly
luciferase activity shown in Fig. 4 represents IRES-mediated
translation, as expected. However, the values should be inter-
preted with some caution, as they may partly represent IRES-
independent translation, especially for the GDVII IRES.

L* protein expression in infected cells. We observed above
that in artificial constructs, the ACG codons of the alternative
OREF could serve as initiation codons in IRES-driven transla-
tion. We were thus interested in testing, in the viral context,
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FIG. 4. Bicistronic constructs and IRES-mediated expression of
luciferase from AUG or ACG initiation codons. (A) Bicistronic con-
structs in which translation of the firefly luciferase gene is under the
control of the TMEV IRES. Constructs were made in the pHMG
vector background (15). The 5’ end of the L* ORF, followed by a
BamHI restriction site, is fused in frame with the second codon of the
firefly luciferase gene. The polyprotein and L* AUG initiation codons
are shown in bold. The Kozak context sequence of the first L* AUG is
underlined. The sequence of the firefly luciferase gene is italicized. The
different codon combinations replacing AUG, and AUG; of L* are
shown under the sequence. NC, noncoding region. Nucleotides of the
L*-luciferase gene fusion are in uppercase. Nucleotides of the main
OREF upstream of the L* ORF are in lowercase. (B) Luciferase activity
expressed by the different constructs in BHK-21 cells. The bicistronic
constructs shown in panel A were transfected into BHK-21 cells. At
24 h posttransfection, the level of expression of both luciferase genes
was measured. The firefly/Renilla luciferase expression ratio (con-
struct:control) was calculated and normalized to the value obtained for
the AUG,-AUG; combination. The histograms show means and stan-
dard deviations for at least three transfection experiments.
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FIG. 5. Detection by Western blotting of L* protein expression in
infected BHK-21 cells. (A) Comparison of the amounts of L* protein
produced by viruses with AUG or ACG: wild type virus DA1 and
mutant viruses OV23, OV42, and OV46. (B) Comparison of the vi-
ruses in panel A and OV41, OV84, OV89, and OV90 mutant viruses.
Note that samples from DA1- and OV42-infected cells were diluted
100-fold to allow a better molecular mass comparison. (C) Comparison
of recombinant virus R2 and the corresponding stop codon mutant
virus, OV57. The arrowhead points to a nonspecific band detected in
both infected and mock-infected cell extracts. T—, mock-infected cell
extract.

whether such alternative initiation could yield detectable
amounts of the L* protein in cells infected with ACG mutant
viruses. We thus performed Western blotting with infected
BHK-21 cell extracts by using a very sensitive anti-L* protein
antibody kindly provided by Y. Ohara. This polyclonal anti-
body was raised against a synthetic peptide corresponding to
amino acids 70 to 88 of the DA L* protein. Due to sequence
polymorphism between DA and GDVII in that region, this
antibody cannot be used to detect L* protein production from
neurovirulent virus derivatives.

As shown in Fig. 5, the entire (18-kDa) and the truncated
(10-kDa) L* proteins were readily detected in extracts from
cells infected with DA1 and OV42 viruses, respectively. Inter-
estingly, cells infected with the OV23 mutant virus also pro-
duced proteins detected with the anti-L* protein antibody.
However, only a minor band could be detected at the expected
molecular mass (18 kDa). The major band detected in the
OV23-infected cell extracts had a molecular mass of 15 kDa
and corresponded to a minor band detected in the DA1-in-
fected cell extracts (Fig. 5A and B). The two bands detected in
the OV23-infected cell extracts were tentatively identified as
full-size L* protein initiated at the level of the ACG initiation
codon and a shorter protein initiated at the level of the AUG,,
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TABLE 1. Comparison, by real-time RT-PCR, of viral RNA
amounts present in the spinal cords of infected mice 6 weeks

postinfection
Virus ACT* Relative no. Qf viral
Mean SD RNA copies”

DAl 0 0.3 100

ov23 —0.1 0.55 107

Oov42 8.98 1.94 0.19
(0)%:7 1.93 1.15 26.24
OVo0 5.55 0.95 2.13
ovs4 8.24 1.64 0.33
OV89 9.8 1.69 0.11
None¢ 19.05 0.77 <0.01

“ CT, number of PCR cycles required to reach an arbitrary PCR product
amount threshold during the logarithmic phase of the amplification; A CT,
difference between a given CT and the CT obtained for DA1.

? Data were normalized to the value for positive control DA1, which was taken
as 100.

¢ Control mice that were mock infected.

codon in the L* sequence, possibly by a (leaky) scanning mech-
anism. OV46 virus produced small amounts of a truncated L*
protein with the same molecular mass (10 kDa) as that pro-
duced by OV42 virus (Fig. SA and B). This protein corre-
sponded to the expected C-terminally truncated protein initi-
ated at the level of the ACG codon.

This Western blotting experiment demonstrates that viruses
harboring the AUG-to-ACG mutation of the initiation codon
can still produce small amounts of the L* protein in infected
cells.

Alternative sites for L* protein translation initiation. To
examine whether the 18- and 15-kDa proteins expressed by
OV23indeed corresponded to proteins initiated at the levels of
the ACG, and AUG,, codons, respectively, we constructed
additional mutant viruses (Fig. 1). First, we introduced a pre-
mature stop codon at codon 13 of the L* ORF in the genome
of DA1 (wild-type) or OV23 (AUG-to-ACG mutant) viruses
to construct two mutant viruses, called OV84 or OV89, respec-
tively. Second, we replaced the AUG,, codon with an ACG
codon. The corresponding mutants, derived from the DA1 and
OV23 virus genomes, were called OV82 and OV90, respec-
tively.

Viruses OV82 (data not shown) and OV90, carrying the
AUG-t0o-ACG replacement at codon 41, produced no detect-
able 15-kDa product, confirming that this form of the L* pro-
tein indeed corresponded to a protein initiated at the level of
AUG,, (Fig. 5B). As also shown in Fig. 5B, viruses with a stop
codon at position 13 (OV84 and OV89) or at position 39
(OV41) failed to produce the 18-kDa form of the L* protein,
confirming that this protein could be initiated at the level of
ACG;,. These viruses produced the 15-kDa form of the L*
protein initiated downstream, at the level of AUGy,.

To examine whether the 15-kDa form of the L* protein
could influence viral persistence in the CNS, we inoculated
mice with 10° PFU of new mutant viruses OV82, OV84, OV89,
and OV90. Mice were inoculated in parallel with viruses
0OV23,0V42, and DA1 or were mock infected. Real-time PCR
was used to compare the amounts of viral RNA present in the
spinal cords of the mice at 6 weeks postinfection (Table 1 and
Fig. 6). The data showed a good correlation between the ex-
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FIG. 6. L* protein expression and viral persistence. The expected
L* protein products for the various L* mutants are represented by
bars. The black and gray bars represent the L* protein products initi-
ated from AUG and ACG codons, respectively. An asterisk symbolizes
the Met,,-to-Thr mutation of the L* protein introduced to mutate the
AUGy, codon. For each L* product, the expected molecular mass (L*
prot. kDa) and the estimated amount of protein detected by Western
blotting in BHK-21 cells (L* expr. W-B) are shown. +++++, wild-
type expression level; +++, intermediate expression level; +, low
expression level; —, not detectable; n.d., not determined. The persis-
tence of the various mutants in the CNS, as deduced from dot blot
(Fig. 2) or real-time PCR (Table 1) measurements, is indicated (Per-
sist. CNS).

pression of the full-length form of the L* protein (from AUG
or ACG) and efficient viral persistence. The AUG,-to-ACG
and AUG;-to-ACG mutations of OV23 had no effect on viral
persistence, although Western blot experiments indicated that
the amount of the L* protein produced in vitro was small. The
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AUG,;-t0-ACG (Met,,-Thr) mutation of the L* protein found
in OV82 slightly affected viral persistence, suggesting that the
amino acid replacement due to this mutation partly affected
the function of the L* protein. In the context of the Met,,-Thr
mutation, the effect of the AUG,-to-ACG and AUG;-to-ACG
mutations became clear (OV90 versus OV82). We believe that
for the Met,,-Thr mutant, higher levels of L* protein expres-
sion are necessary for function, in view of the weak activity of
the protein.

L* protein expression by neurovirulent viruses. We next
wanted to examine whether the 18- and 15-kDa forms of the
L* protein could also be produced by viruses derived from
neurovirulent virus GDVII. As the anti-L* protein antibody
failed to detect the L* protein of viruses derived from GDVII,
we used virus R2, constructed by McAllister et al., in which the
capsid-coding region of virus DA replaces the capsid-coding
region of virus GDVII (13). This virus has the IRES and the 5’
end of the L* ORF (with the ACG, and ACG; codons) from
neurovirulent virus GDVII, but the region of the L* protein
recognized by the antibody is from virus DA. We constructed
a mutant of virus R2 by introducing a stop codon at position 93
of the L* OREF, as in OV42. This new virus was called OV57
(Fig. 1C).

When tested with R2 in mixed-infection experiments, OV57
had a decreased ability to infect macrophages in vitro or to
persist in the CNS of SJL mice (data not shown), suggesting
that L* protein translation could indeed be driven by the GD-
VII IRES and the ACG initiation codon. Accordingly, both the
18-kDa and the 15-kDa L* products could be detected by
Western blotting in extracts of R2-infected BHK-21 cells (Fig.
5C). As expected, the OV57 stop codon mutant produced a
10-kDa truncated form of the L* protein (Fig. 5C).

DISCUSSION

Role of the L* protein in viral persistence. The genome of
Theiler’s virus contains two overlapping ORFs. The main ORF
encodes a polyprotein processed to form the 12 mature pro-
teins necessary for the life cycle of the virus. A second OREF,
overlapping the main one, encodes an 18-kDa protein called
L*, first identified by Kong and Roos (8). Neurovirulent strains
of TMEV were thought not to produce this protein, as in these
strains, the L* ORF started with an ACG codon instead of an
AUG codon.

The involvement of the L* ORF in viral persistence has been
somewhat controversial. A role was suggested for the L* ORF
because this ORF was conserved in all the persistent se-
quenced strains of TMEV (17). Through the analysis of a
mutant DA virus in which an ACG codon was substituted for
the AUG start codon, Ghadge et al. showed that the L* ORF
was required for persistence of the virus (5). However, a sim-
ilar AUG-to-ACG mutant constructed in our laboratory from
another molecular clone of the DA strain (DA1) persisted to
almost wild-type levels (30). In addition, a recombinant virus
(R2) formed from viruses DA and GDVII was reported to
persist in the spinal cord in spite of the fact that the IRES of
the virus and the 5’ end of the L* ORF (including the ACG,
and ACGs codons) originated from neurovirulent virus GDVII
(13).

Our results obtained with L* stop codon mutants confirm
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FIG. 7. Dropping model for type II IRES-mediated multiple trans-
lation initiation. Yn, oligopyrimidine tract conserved in picornavirus
IRESs. The circled AUG is the start codon for translation of the
polyprotein. Boxed AUG codons are codons that would initiate trans-
lation of the 18- and 15-kDa L* products. Instead of positioning the
small ribosomal subunit at a fixed position corresponding to the initi-
ation codon, the IRES would be more “flexible” and drop the ribo-
some at various positions. From there, the ribosome could scan to find
the first available initiator codon.

the data of Ghadge et al. showing that the L* protein is re-
quired for persistence of the virus (5). Our data show that viral
persistence was influenced by the L* protein itself and not
merely by a competition mechanism for the translation of the
two overlapping ORFs of the viral genome.

Persistence of mutants carrying an L* protein ACG initia-
tion codon. We observed that some L* protein could be pro-
duced by mutant viruses in which the AUG initiation codon
was replaced by the ACG codon. Moreover, there was a per-
fect correlation between the expression of the 18-kDa L* pro-
tein in ACG mutants and viral persistence. This observation
explains the persistence of the previously analyzed OV23 and
R2 viruses, which both express some level of L* protein from
the ACG codon. Interestingly, persistence was correlated only
with expression of the full-length L* protein. Mutant viruses
carrying a stop codon at position 13 (OV84 and OV89) or at
position 39 (OV41) and thus lacking the 18-kDa form of the L*
protein but readily expressing the truncated 15-kDa form of
the protein from codon 41 were dramatically affected in their
ability to persist. Recently, Obuchi et al. reported the binding
of the L* protein to microtubules; N-terminally truncated L*
proteins lacked such binding activity (19). The fact that viruses
expressing the 15-kDa form of the L* protein showed impaired
persistence could be related to this inability to bind microtu-
bules, although the relationship between microtubule binding
and persistence remains to be established.

It is worth noting that none of the L* protein mutants was
completely cleared from the CNS at 6 weeks after infection.
Although viral RNA levels were reduced more than 30-fold for
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the mutants (Tablel; Fig. 2), viral RNA could still be detected
in all the samples by the very sensitive RT-PCR procedure.

The exact mechanism by which the L* protein can influence
viral persistence in the CNS is still poorly understood. Lin et al.
suggested that the L* protein can inhibit the cytotoxic T-lym-
phocyte response (10). Ghadge et al. proposed that this protein
can have an antiapoptotic effect during viral infection of a
macrophage cell line (5). However, there is no evidence yet to
correlate these effects with the role of the L* protein in estab-
lishing viral persistence in the CNS.

Strain variations. The results presented in this report allow
a reconciliation of views concerning the requirement for L*
protein in viral persistence. However, we are still puzzled by
the phenotype discrepancy existing for the AUG-to-ACG mu-
tant viruses constructed from the DAl (OV23) and the
DAFL3 (DAL*-1) molecular clones of the DA virus (5, 30).
We believe that nucleotide differences between the two cloned
viruses are responsible for the difference in persistence ability.
One possibility is that a point mutation in the IRES of DAFL3
prevents the initiation of the L* protein from an ACG codon.
Another possibility is that the two viruses have different re-
quirements (threshold) of L* protein expression due to subtle
differences in replication levels.

Expression of the L* protein by neurovirulent viruses. We
postulated that the neurovirulent GDVII strain which contains
the entire L* ORF but which naturally possesses ACG, and
ACGg; codons could also produce the L* protein. Several lines
of evidence support this conclusion. (i) The IRES of GDVII
could promote the translation of luciferase from ACG codons
in a bicistronic construct. (ii) Mixed-infection experiments
showed that a GDVII mutant virus carrying a stop codon in the
L* ORF (OV47) infected macrophages less efficiently than the
wild-type GDVII virus. (iii) The 18-kDa form of the L* protein
was detected by Western blotting in BHK-21 cells infected with
virus R2, which contains the GDVII IRES as well as the 5" end
of the L* OREF, including the ACG, and ACGs codons.

We observed that L* mutant OV47 had a decreased ability
to infect macrophages in vitro compared to GDVII. Accord-
ingly, we showed previously that increasing the expression of
the L* protein from GDVII by creating an AUG initiation
codon also increased the ability of the virus to infect macro-
phages. However, no clear phenotype difference could be dem-
onstrated between GDVII and the mutants during acute neu-
ronal cell infection in vivo. We believe that the high level of
neurovirulence of these viruses may conceal the role of the L*
protein. On the other hand, during viral propagation in the
brain, GDVII mainly infects neurons. If the effect of the L*
protein is specific for macrophages, as reported, one could
envision that the L* protein of neurovirulent strains is not
critical for neurovirulence after intracerebral inoculation but
that this protein may participate in neuroinvasion or at any
stage of the fecal-oral transmission of the virus.

IRES-mediated translation of L* protein products. How
does translation initiation of the L* ORF occur? The L* ini-
tiation codon is located 13 nt downstream from the AUG 45
codon initiating the translation of the main ORF. The trans-
lation of both ORFs is dependent on the TMEV IRES, which
is classified as a type II IRES. Type II IRESs, found in car-
dioviruses and aphthoviruses, are believed to promote direct
ribosome recognition of the initiator codon. In TMEV, trans-
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lation initiation occurs at least at the level of three different
codons: AUG, s (polyprotein), AUG, or ACG, of L*, and
AUG,, of L*. Leaky scanning could be responsible for initia-
tion at codons 1 and 41 of L* but is unlikely because AUG 45
is in a good Kozak context (AxxAUGG). Furthermore, when a
mini-L* ORF is created by the insertion of a stop codon at L*
position 13 or 39, translation of the downstream 15-kDa form
of the L* protein from codon 41 is not inhibited, indicating
either that reinitiation occurred or that leaky scanning oc-
curred over two potential initiation codons. It is tempting to
speculate that the IRES “drops” the ribosome near nt 1065 but
that, on the basis of the RNA secondary or tertiary structure
and of cellular factors associated with the IRES, dropping
occurs either at 1065 or after that point. Scanning would then
occur from the place where the ribosome was dropped to the
next potential initiation codon (Fig. 7). We do not know at the
present time whether the relative amounts of initiation at the
various start codons are controlled. Yamasaki et al. (32) sug-
gested that L* protein translation could be regulated by cellu-
lar factors. It will be of interest to determine whether param-
eters such as the kinetics of infection or the cell type influence
the rates of translation initiation at the various start codons.

To our knowledge, non-AUG start codons are usually de-
coded as methionine codons. Only in picornavirus-like insect
viruses, such as Plautia stali intestine virus, has translation been
shown to be initiated with non-Met (glutamine) amino acids
(25). This very unusual initiation mechanism involves the for-
mation of a pseudoknot in the RNA structure. For TMEV, we
have no evidence that such a structure can be formed. We have
no reason to believe that ACG is not decoded as methionine,
although we have no proof for this belief.
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