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Université Catholique de Louvain, de Duve Institute, MIPA-VIRO 74-49, 74 Avenue Hippocrate, B-1200 Brussels, Belgium,1 and
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The L* protein encoded by Theiler’s murine encephalomyelitis virus (TMEV) is a unique example of a
picornaviral protein encoded by an alternative open reading frame. This protein is an important determinant
of TMEV persistence in the mouse central nervous system. We showed that in infected cells, L* is partitioned
between the cytosol and the mitochondria. In mitochondria, L* is anchored in the outer membrane and exposed
to the cytosol. The targeting of L* to mitochondria is independent of other viral components and likely depends
on a conformational signal. L* targeting to mitochondria might involve chaperones of the Hsp70 family, as
these proteins are shown to interact.

The use of overlapping open reading frames (ORFs) enables
viruses to limit their genome sizes, not only by expressing
multiple proteins from a unique nucleotide sequence but also
by sparing the need for additional regulatory elements. Thei-
ler’s murine encephalomyelitis virus (TMEV), or Theiler’s vi-
rus, is a neurotropic picornavirus responsible for either acute
or persistent and demyelinating infections of the mouse central
nervous system (CNS) (3). The L* protein encoded by this
virus is the sole protein encoded by an alternative ORF within
the picornavirus family (19). L* was found to play an important
role in the establishment of persistent CNS infections by
TMEV (4, 7, 25). In vitro, L* facilitates viral infection of mac-
rophages (17, 23, 24), possibly through antiapoptotic activity
(7, 9). A role for L* in the infection of macrophages fits the
observations that macrophages bear the major viral load dur-
ing persistent infection of the CNS and that L* is expressed in
these cells in vivo (2, 13). The exact mechanism by which L*
facilitates viral persistence and infection of macrophages is still
unclear. Subcellular localization of the protein in infected cells
might give a hint regarding protein function. Our work aimed
at extending previous data that suggested an association be-
tween L* and microtubules (16).

Subcellular localization of the TMEV-encoded L* protein
was analyzed in HeLa cells infected for 24 h with 5 PFU per
cell of the wild-type TMEV DA1 strain or with the OV90
mutant virus, in which AUG codons 1, 5, and 41 of L* are
mutated to ACG and which therefore expresses minimal
amounts of L* (25). Cells were processed for indirect immu-
nofluorescence as described previously (18). Two primary an-
ti-L* rabbit polyclonal antibodies were used for immunodetec-
tion, one kindly provided by Y. Ohara (16) and the other
produced in our laboratory by immunization of a rabbit with
peptides CNPRETPLHLTRVTPSPQVT and CALFAQ-
PLTLLPDLNI coupled to N-ethylmaleimide-activated key-

hole limpet hemocyanin or to ovalbumin (Pierce). The antise-
rum (UC172) was adsorbed by serial passage on fixed,
permeabilized HeLa, BALB/3T3, and BHK-21 cells. The sec-
ondary antibodies were anti-rabbit antibodies conjugated to
Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen). As expected,
no L* protein was detected in cells infected with the OV90
mutant or in mock-infected cells. Surprisingly, when either
primary antibody was used, the fluorescence pattern observed
in DA1-infected cells was a punctated and reticulated cytoplas-
mic pattern that did not match the previously reported asso-
ciation of L* to microtubules (Fig. 1A).

Confocal microscopy was used to identify the structures with
which L* associated in infected cells. L* did not colocalize with
viral protein VP1, with the endoplasmic reticulum (ER), or
with glycosylated proteins of the secretory pathway (including
the Golgi network) (Fig. 1B) but clearly colocalized with mi-
tochondria detected using Mito Tracker (Fig. 1C). The target-
ing of L* to mitochondria was confirmed by colocalization of
L* with the F1� subunit of the F1F0 ATP-synthase (data not
shown).

L* also colocalized with mitochondria in infected BHK-21,
BALB/3T3, and L929 cells, as well as in the macrophage cell
lines RAW264.7 and J774.1. L* was detected in mitochondria
from 4 and 6 h postinfection in BHK-21 and HeLa cells, re-
spectively (Fig. 1D and data not shown).

To examine whether the mitochondrial localization of L*
depended on viral replication or on virus-encoded proteins,
HeLa cells were transfected with plasmids expressing either L*
alone (pTM667-8) or N- and C-terminal fusion proteins made
with L* and the enhanced green fluorescent protein (EGFP).
The untagged L* protein expressed from pTM667-8 displayed
mitochondrial localization irrespective of its expression level.
When EGFP-L* or L*-EGFP was expressed from the pFS2 or
pFS5 plasmid, respectively, two different patterns appeared. In
cells displaying high expression levels, EGFP fluorescence was
detected either as perinuclear aggregates or throughout the
cell (data not shown). These aberrant patterns were inter-
preted as resulting from L* overexpression. In cells with inter-
mediate or low levels of expression, EGFP colocalized with
Mito Tracker for both N-terminal and C-terminal fusions (Fig.
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1E and data not shown). L* is among the most divergent
proteins of the Theiler’s virus strains with neurovirulent and
persistent phenotypes (14). Furthermore, a polymorphism in
L* (L93S) occurring between 2 molecular clones of the persis-
tent strain DA was found to affect the phosphorylation and

activity of L* (21). Nevertheless, fusion proteins formed be-
tween EGFP and either L* from the neurovirulent TMEV
strain GDVII (EGFP-L*GDVII) or L* from the L93S mutant of
strain DA1 (EGFP-L*DAI-L93S) also colocalized with mito-
chondria when they were expressed from transfected plasmids
(Fig. 1E and data not shown). Thus, ectopically expressed L*
proteins of persistent and neurovirulent TMEV strains are
targeted to mitochondria in the absence of other viral compo-
nents.

Mitochondrial targeting of L* was confirmed by fraction-
ation experiments. L929 cells infected with FS97, expressing a
hemagglutinin epitope-tagged L* (HA-L*), were fractionated
using digitonin (8). After centrifugation for 10 min at 12,000 �
g, the pellet containing mitochondria and the soluble fraction
were suspended in Laemmli buffer, and SDS-PAGE was per-
formed. Detection of �-actin and F1� confirmed the separation
of cytoplasmic and mitochondrial fractions. L* was partitioned
into both cytoplasmic and mitochondrial fractions. L* first
appeared in the cytoplasmic fraction and increased over time
in the mitochondrial fraction (Fig. 2A).

To map L* at the mitochondrial level, we generated HeLa
cells stably expressing L*, using retroviral vectors. Mitochon-
dria were prepared from these cells according to the procedure
described by Seth et al. (20) and were subjected to a mild
proteinase K treatment to digest surface-exposed proteins.
Treated and untreated mitochondria were analyzed by immu-
noblotting to assess the degradation of L* and specific mito-
chondrial proteins. Cytochrome c and F1� were resistant to the
treatment (Fig. 2B, lane 2), confirming that proteinase K did
not access the intermembrane space or the mitochondrial ma-
trix. Cytochrome c and F1� were not, however, intrinsically
resistant to proteinase K, as these proteins were degraded
when mitochondria were solubilized with SDS prior to the
proteinase K treatment (Fig. 2B, lane 3). L* and Bcl-xL, a
tail-anchored protein of the mitochondrial outer membrane,
were degraded by proteinase K, suggesting that L*, like Bcl-xL,
is exposed at the cytosolic face of the mitochondrial outer
membrane.

Next, we investigated the mode of association of L* with the
mitochondrial membrane, using alkaline extraction. This
method allows discrimination between loosely associated peri-
membrane proteins and transmembrane proteins (6). Mito-
chondrial fractions isolated from HeLa cells stably expressing
L* were incubated for 1 h on ice with either phosphate-buff-
ered saline (PBS; negative control), 0.1 M Na2CO3 (pH 11.5),
or 1% Triton X-100 (positive control) and were subjected to
ultracentrifugation to separate membrane fractions from pro-
teins released in the supernatant.

After treatment with PBS, L*, F1�, and Bcl-xL proteins
sedimented in the pellet (Fig. 2 C). After treatment with
Na2CO3 (pH 11.5), F1� was detected in the supernatant, show-
ing the efficacy of the alkaline extraction. In contrast, L* and
Bcl-xL were detected predominantly in the pellet, suggesting
that L* is membrane anchored, as is Bcl-xL (12). As expected,
after solubilization of membranes with 1% Triton X-100, these
proteins were released and detected in the supernatant. Taken
together, these findings provide evidence that L* protein is
anchored in the mitochondrial outer membrane, where it is
exposed to the cytosol.

Database searches failed to detect significant similarities

FIG. 1. L* protein is targeted to mitochondria. Localization of L*
was examined by confocal microscopy in infected (A to D) or trans-
fected (E) cells, using the adsorbed polyclonal rabbit antiserum
UC172. (A) L* was detected in a reticular and punctated pattern in
HeLa cells infected with DA1 but not in mock-infected cells or in cells
infected with the AUG-to-ACG mutant OV90. (B) Merged images
showing the lack of colocalization of L* with the VP1 capsid protein of
TMEV (monoclonal antibody F12B3), the endoplasmic reticulum de-
tected after transfection of the pDsRed2-ER vector (Clontech), or the
ER-plus-Golgi compartment detected using Alexa Fluor 594 wheat
germ agglutinin (WGA) (Invitrogen). (C to E) Mitochondria were
detected by the addition of Mito Tracker red CMXRos dye (Invitro-
gen) for 30 min before cells were fixed and L* was processed for
immunodetection. (C) Single and merged images showing L* and
mitochondria detected in infected HeLa cells. (D) Merged images
showing mitochondrial localization of L* in infected BHK-21, BALB/
3T3, and J774.1 cells. (E) Merged images showing colocalization of L*
or EGFP with Mito Tracker in cells transfected with plasmids express-
ing L* or EGFP-L* fusions under the control of the cytomegalovirus
promoter: pTM667-8, L* alone; pFS2, EGFP-L*; and pFS19,
EGFP-L*GDVII.
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between L* and other proteins. However, L* sequence analysis
revealed a C-terminal motif made of a previously identified
putative transmembrane domain (4) flanked by basic residues
and followed by a positively charged tail, typical of tail-an-
chored proteins such as Bcl-2 (15). To test whether this was the
signal targeting L* to the mitochondrial membrane, deletion
mutants were made from the EGFP-L* construct. As shown in
Fig. 3, no discrete internal targeting signal could be identified
using this approach. Deletion of the 22 N-terminal amino acids
or of residues 23 to 44 only partly suppressed mitochondrial
targeting. In contrast, internal deletions, including the deletion
of the hydrophobic domain, blocked mitochondrial targeting
(Fig. 3C and D). Also, point mutations or deletions introduced
in the viral backbone affected the mitochondrial targeting of
L* in infected cells (Fig. 3E). More surprisingly, deletion of the
positively charged C-terminal end of the protein did not affect
mitochondrial localization. This finding is in contrast to what is
known of well-characterized tail-anchored proteins, whose tail
ablation prevents mitochondrial targeting (10, 15, 22). Also,
substitution of the putative L* tail anchor domain for that of
Bcl-2 failed to target the Bcl-2 protein to mitochondria (Fig.
3C and D). Thus, our data suggest that L* targeting to mito-
chondria involves a noncanonical conformational signal.

We hypothesized that L* could be targeted to mitochondria
through interaction with a mitochondrial partner. Therefore,
L* was immunoprecipitated from HeLa cells constitutively ex-
pressing L* from a retroviral construct. SDS-PAGE of immu-
noprecipitated extracts showed a clear band for a 70-kDa pro-
tein that coimmunoprecipitated with L*. Mass spectrometric
(5) analysis revealed that this protein belongs to the Hsp70
family (Fig. 4). Hsp70 is known as a “sticky protein.” There-
fore, interaction was further confirmed by detection of L* in
Hsp70 immunoprecipitates and, in a more physiological set-
ting, by coimmunoprecipitation of L* and Hsp70 from L929
cells infected with an HA-tagged L* protein-expressing virus
(Fig. 4C and D).

Our data contrast with previous findings that show an asso-
ciation of L* with microtubules (16). Using imaging and frac-
tionation experiments, we observed that L* partitioned as a
cytoplasmic and mitochondrial protein. L* was first detected in
the cytoplasm and accumulated in the mitochondrial fraction
over time. Sensitivity to mild proteinase K treatment and re-
sistance to stripping by alkaline treatment suggest that L* is
anchored in the outer membrane of the mitochondria, facing
the cell cytosol. This localization fits with the antiapoptotic role
previously reported for L* (7, 9), since it would bring L* in
close vicinity to the pro- and antiapoptotic factors of the Bcl-
2/Bax family. L* mitochondrial targeting appears to involve a

FIG. 2. L* is anchored in the mitochondrial outer membrane and
exposed to the cytosol. (A) Western blot analysis of cytosolic (C) and
mitochondrial (M) extracts prepared at the indicated time points after
infection of L929 cells with virus FS97. This virus is a DA1 derivative
bearing capsid mutations from KJ6 that adapt the virus to grow on
L929 cells (11) and expressing an N-terminally HA-tagged L*. (B) Mi-
tochondria prepared from HeLa cells expressing L* from a retroviral
construct were treated with PBS (lane 1), proteinase K (2.5 �g per ml

for 1 h at 30°C) (lane 2), or 0.1% SDS and proteinase K (lane 3).
Degradation of L*, Bcl-xL, cytochrome c, and F1� was analyzed by
immunoblotting. (C) Western blot of pellet (P) and soluble (S) frac-
tions of mitochondria isolated as described above and treated with
PBS, Na2CO3, or Triton X-100. (D) Cartoon showing the localization
of the mitochondrial proteins used as markers and the localization of
L* as deduced from the results. Primary antibodies used for Western
blotting were anti-HA (MMS101P; Covance), anti-�-actin (A5441;
Sigma), anti-F1� (A-21351; Invitrogen), anti-cytochrome c (sc-13156;
Santa Cruz), and anti-Bcl-xL (sc-7195; Santa Cruz).
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FIG. 3. The mitochondrial targeting signal of L* is noncanonical
and conformational. (A) L* domains defined from sequence analysis
include a putative Bcl-2-like tail-anchoring domain, which is made of a
hydrophobic domain (TM) preceded by positively charged residues
and followed by a C-terminal positive tail (indicated by a plus sign
[�]). (B) Sequence alignment of the L* C-terminal domain and char-
acterized tail-anchoring domains from other proteins. Hydrophobic
residues are shown in dark green, basic residues are shown in blue, and
acidic residues are shown in red. (C) In-frame deletions (symbolized by
lines) were introduced in plasmid pFS2, which expresses the EGFP-L*
fusion protein. The extents of the deletions present in the constructs
are indicated beside the plasmid names (left column). pFS5 expresses
an L*-EGFP fusion. pFS93 expresses an EGFP-Bcl-2 fusion. In pFS98,
the tail-anchoring domain of Bcl-2 was replaced by the C-terminal end
of L* (Bcl-2 amino acids 1 to 203 joined to L* amino acids 113 to 156).
The right column indicates the subcellular localization defined by
confocal microscopy after transfection of the constructs in HeLa cells.
The expression and stability of the fusion proteins in transfected cells
were confirmed by Western blotting (not shown). (D) Representative
merged confocal images showing detection by EGFP and Mito Tracker
of the indicated EGFP-L* mutants. (E) L* protein expressed from the
6 DA1 virus derivatives carrying the indicated amino acid substitutions
or deletions (�) failed to show mitochondrial localization after infec-
tion of HeLa cells. The expression and stability of these proteins in
infected cells were checked by Western blotting (not shown).

FIG. 4. L* interacts with chaperones of the Hsp70 family. (A) Coo-
massie blue G-250-stained SDS-polyacrylamide gel of proteins immu-
noprecipitated from HeLa cells stably expressing L* or from HeLa
cells carrying an empty retroviral vector (NEO), using anti-L* poly-
clonal antiserum UC172 and protein A-Sepharose (P-3391; Sigma).
Bands corresponding to immunoglobulin heavy (IgH) and light (IgL)
chains are shown. (B) The band corresponding to Hsp70, visible on the
gel (arrow), was cut, digested in-gel with trypsin, and analyzed by
tandem mass spectrometry. Sequences of peptides of the Hsp70 family
and the Hsp70 isoforms that were identified are shown. (C) Coimmu-
noprecipitation of L* and Hsp70 from 293T cells transfected with
plasmid pTM667-8, expressing L*, or with plasmid pFS111, expressing
an N-terminally HA-tagged L*. Detection by Western blotting of
Hsp70 (upper panel) or HA-L* (lower panel) in the indicated immu-
noprecipitates (IP) (left panel) or in the corresponding total cell ly-
sates (right panel). (D) Detection of Hsp70 after immunoprecipitation
of HA-tagged L* from L929 cells infected for 16 h with virus FS97
(HA-L*) or with virus KJ6 (wt L*). Detection of Hsp70 by Western
blotting in HA-L*-immunoprecipitated extracts (left panel) and in
total cell lysates (right panel). WB, Western blot.
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noncanonical conformational signal. Interaction with Hsp70
might either promote mitochondrial targeting or protect hy-
drophobic domains of L* prior to membrane insertion or as-
sociation with another partner. It is noteworthy that Hsp70 was
reported to participate in the membrane targeting of some
tail-anchored proteins (1).
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