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Amyotrophic lateral sclerosis (ALS) is a devastating neurode-
generative disease affecting the motor neurons. The majority of
familial forms of ALS are caused by mutations in the Cu,Zn-
superoxide dismutase (SOD1). In mutant SOD1 spinal cord
motor neurons, mitochondria develop abnormal morphol-
ogy, bioenergetic defects, and degeneration. However, the
mechanisms of mitochondrial toxicity are still unclear. One
possibility is that mutant SOD1 establishes aberrant interac-
tions with nuclear-encoded mitochondrial proteins, which
can interfere with their normal trafficking from the cytosol to
mitochondria. Lysyl-tRNA synthetase (KARS), an enzyme
required for protein translation that was shown to interact
with mutant SOD1 in yeast, is a good candidate as a target for
interaction with mutant SOD1 at the mitochondrion inmam-
mals because of its dual cytosolic and mitochondrial localiza-
tion. Here, we show that in mammalian cells mutant SOD1
interacts preferentially with the mitochondrial form of KARS
(mitoKARS). KARS-SOD1 interactions occur also in the
mitochondria of the nervous system in transgenicmice. In the
presence of mutant SOD1, mitoKARS displays a high propen-
sity to misfold and aggregate prior to its import into mito-
chondria, becoming a target for proteasome degradation.
Impaired mitoKARS import correlates with decreased mito-
chondrial protein synthesis. Ultimately, the abnormal inter-
actions between mutant SOD1 and mitoKARS result in mito-
chondrial morphological abnormalities and cell toxicity.
mitoKARS is the first described member of a group of mito-
chondrial proteins whose interaction withmutant SOD1 con-
tributes to mitochondrial dysfunction in ALS.

Amyotrophic lateral sclerosis (ALS)2 is a progressive neuro-
degenerative disorder ofmotor neurons that results in paralysis

and death within five years of diagnosis. Approximately 10% of
ALS cases are inherited, ofwhich 20% are associatedwithmuta-
tions in the Cu,Zn-superoxide dismutase, SOD1.
SOD1 is a free radical scavenging enzyme, but because many

SOD1 mutations do not affect the enzymatic activity and the
disease has an autosomal dominant transmission, a toxic gain of
function of the mutant protein has been postulated. SOD1 is
abundantly expressed in the cytosol, but a proportion ofmutant
SOD1 is also associated with mitochondria, where its aggrega-
tion could have pathological consequences (1–7). Transgenic
mice expressing mutant human SOD1 (hSOD1) develop mito-
chondrial degeneration in motor neurons (8, 9), whose appear-
ance coincides with the onset of symptoms (10). Furthermore,
mutant hSOD1 transgenic mice develop dysfunction of mito-
chondrial respiration andATP synthesis (4, 11, 12). In addition,
we have demonstrated that this bioenergetic failure results in
impaired mitochondrial calcium uptake in the spinal cord and
brain of mutant hSOD1 mice (13). Despite the evidence that
mutant SOD1 causes mitochondrial dysfunction (14), the
molecular mechanisms underlying the mitochondrial damage
remain to be identified.
The largemajority of mitochondrial protein components are

nuclear-encoded, synthesized in the cytosol, and imported into
mitochondria through specialized import machineries. Thus,
one hypothesis for mutant SOD1 toxicity involves aberrant
interactions of mutant SOD1 with mitochondrial proteins (7),
resulting in disruption of their normal folding and import (3).
Interactions involving mutant SOD1 have been reported with
proteins that may affect directly or indirectly mitochondria,
including heat shock proteins and Bcl-2 (15, 16). In a yeast
two-hybrid screen, lysyl-tRNA synthetase (KARS), an enzyme
required for protein synthesis, was found to interact with
mutant but not with wild type (WT) SOD1 (17). KARS is a
potential candidate for abnormal interactions with SOD1
affecting mitochondria, because it exists both as a cytosolic
(cytoKARS) and as a mitochondrially imported (mitoKARS)
enzyme.
Here, we investigate the interactions between mutant

hSOD1 and KARS in mammalian cells and their consequences
on mitochondrial integrity and cell viability. We find that as a
consequence of aberrant interactions with mutant hSOD1,
mitoKARS misfolds prior to or during its import into mito-
chondria and becomes targeted for proteasomal degradation.
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Mutant hSOD1-mitoKARS interactions result in the formation
of highmolecular weight protein aggregates that correlate with
impaired mtDNA-encoded protein synthesis, mitochondrial
morphological abnormalities, and decreased cell survival.

EXPERIMENTAL PROCEDURES

Expression Plasmids—Human mitoKARS cDNA was cloned
in pEF/Myc/cyto (Invitrogen) as described previously (18).
Human cytoKARS with a C-terminal FLAG epitope tag and
hSOD1 cDNAs (wild type and G93A and G85R mutants) were
cloned into pCIneo (Promega, Madison, WI) and pcDNA3.0
(Invitrogen), respectively.Mitochondrial GFP (mitoGFP) was a
gift of Dr. Rosario Rizzuto (19) (University of Ferrara, Ferrara,
Italy).
Cell Culture, Transfection, and Proteasome Inhibition—

COS-7 cells (ATCC,Manassas, VA) were cultured in advanced
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mentedwith 2% fetal bovine serum (Cellgro, Herndon, VA) and
Gluta-max (Invitrogen), in 5% CO2 at 37 °C.

Transfections with plasmids encoding KARS and hSOD1,
either individually or in combination, were performed using
FuGENE 6 transfection reagent (Roche Applied Science)
according to the manufacturer’s instructions. For proteasome
inhibition experiments, the cells were treated for 16 h with 20
�M (complete inhibition) or 75 nM (partial inhibition) of
MG132 (Sigma).
hSOD1 Transgenic Mice—Transgenic mice expressing WT

(N1029) or G93A (20) hSOD1 were obtained from the Jackson
Laboratory (Bar Harbor, ME) and bred at the Weill Medical
College of Cornell University animal facility. All of the animal
procedures were approved by the Animal Care and Use Com-
mittee of the Weill Medical College of Cornell University.
Cell Imaging by Immunocytochemistry—Forty-eight hours

post-transfection, the cells grown on glass coverslips were
washed in phosphate-buffered saline (PBS) and fixed in 4%
paraformaldehyde. After three washes in PBS, the cells were
permeabilizedwith 0.1%TritonX-100, and blocked in PBS con-
taining 1% bovine serum albumin and 10% normal goat serum.
The cells were incubated with primary antibodies diluted in
blocking buffer for 2 h with gentle agitation. Fluorescently
labeled secondary antibodies were diluted in blocking buffer
and applied to cells for 1 h. The cells were washed in PBS three
times after primary and secondary antibody incubations. All of
the steps were performed at room temperature.
The following antibodies were used: monoclonal hSOD1

(Santa Cruz Biotechnology, Santa Cruz, CA), polyclonal SOD1
(Stressgen, Victoria, Canada), FLAG-M2 (Sigma), monoclonal
Myc (Upstate, Lake Placid, NY or Abcam, Cambridge, MA),
polyclonal Myc (Sigma), Hsp70 (Stressgen), and MnSOD
(Stressgen).
Immunostained cells were imagedwith aZeiss LSM510 laser

scanning confocalmicroscopewith a 63� PlanApochromat oil
immersion lens with aperture 1.4 using a photomultiplier (Carl
Zeiss MicroImaging, Inc.). A series of z sections were taken
spanning the thickness of the cell with intervals between sec-
tions set at 0.5 �m. z stack images were projected onto a single
plane using the LSM Image Browser software (Carl Zeiss

MicroImaging, Inc.), and digital magnification was 2� (total
magnification was 126�).
Cell Viability Assay—COS cells grown in 48-well plates were

transfected with hSOD1 (WT, G93A, G85R, or empty vector)
with or without mitoKARS. Twenty-four hours later, the cells
were washed once in PBS and incubated with 2.5 �M calcein
AM (Invitrogen) for 10min at room temperature. Fluorescence
wasmeasured at 485-nm excitation and 535-nm emission in an
HTS 7000 plus plate reader (Packard Instrument Company,
Downers Grove, IL) with background subtraction.
Cell and Tissue Fractionation—COS cells transfected with

hSOD1 and KARS were fractionated into cytosolic and
enrichedmitochondrial fractions according to established pro-
tocols (21). Mouse brain and spinal cord mitochondria were
isolated and purified in a Ficoll gradient as described previously
(6) with minor modifications. The tissue homogenization
buffer contained 20 mM Hepes instead of Tris-HCl to allow for
chemical cross-linking.
Immunoprecipitation and Western Blot Analyses—Cells or

tissue fractions were cross-linked with 2 mM dithiobis(succin-
imidyl propionate) (Pierce) dissolved in Me2SO for 30 min at
room temperature, followed by the addition of 20 mM Tris (pH
7.6) and incubation for 15min to stop the reaction. For cells, the
samples were washed three times in PBS, lysed in RIPA buffer
containing 20mMTris, pH 7.4, 150mMNaCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and a
protease inhibitor mixture (Roche), and cleared by centrifuga-
tion at 10,000 � g for 5 min at 4 °C. The supernatants were
incubated overnight at 4 °C with protein G-Sepharose beads
(Zymed Laboratories Inc., S. San Francisco, CA), which had
been preadsorbed with appropriate antibodies for 2 h at room
temperature and collected by brief centrifugation. The follow-
ing day, the beads were washed three times in RIPA buffer and
boiled for 10 min in Laemmli buffer containing 50 mM dithio-
threitol prior to electrophoresis. For mouse tissue, the samples
were solubilized with 1%Triton X-100 for 15min at room tem-
perature. Immunoprecipitation was performed as above,
except that the buffer contained 10 mM Tris, pH 7.4, 320 mM
sucrose, 150 mM NaCl, 5 mM MgCl2, and 1% Triton X-100.

Immunoprecipitated samples were separated by standard
SDS-polyacrylamide gel electrophoresis. The proteins were
transferred to polyvinylidene difluoride membranes (Bio-Rad).
The membranes were blocked in 5% milk (in Tris-buffered
saline with 0.1% Tween 20) for 1 h, followed by primary anti-
body incubation overnight at 4 °C. Horseradish peroxidase-
conjugated secondary antibodies were applied for 1 h at room
temperature, and immunoreactive bands were revealed with
the enhanced chemiluminescence reagent (Pierce). The follow-
ing antibodies were used for immunoprecipitation and detec-
tion of proteins: LysRS against human KARS (22), polyclonal
SOD1 (Calbiochem, La Jolla, CA), ubiquitin (Chemicon Milli-
pore, Billerica, MA), glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH, Abcam), Tim23 (BD Biosciences, La Jolla, CA),
Myc, and FLAG-M2.
Blue Native Gel Electrophoresis—COS cells were transfected

with mitoKARS with or without hSOD1 (WT, G93A, and
G85R). The mitochondria were solubilized, and native protein
complexes were separated by blue native gel electrophoresis
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and transferred to polyvinylidene difluoride membranes, as
described previously (23). The membranes were blocked in 5%
milk in Tris-buffered saline-Tween for 8 h and immunoprobed
with LysRS or complex III core II subunit (Invitrogen)
antibodies.
Filter Trap Assays—The filter trap assay was described pre-

viously (6). Briefly, cytosolic and mitochondrial fractions from
COS cells or tissues were incubated with 0.5% Triton X-100 for
15 min on ice. The samples were vacuum-filtered through
0.22-�m cellulose acetate membranes (GEOsmonics, Trevose,
PA) using a 96-well dot blot apparatus (Bio-Rad). The mem-
branes were washed and immunodetected with appropriate
primary and secondary antibodies as described above. In a set of
experiments, proteinase K treatment was performed on mito-
chondrial fractions from COS cells co-transfected with mutant
hSOD1 andmitoKARS prior to performing the filter trap assay.
Twenty �g of the samples were treated with 20 �g/ml protein-
ase K on ice for 30min. Proteinase Kwas inactivated with 2mM
phenylmethanesulfonyl fluoride for 15 min.
Mitochondrial Protein Synthesis Analysis—The rate of mito-

chondrial protein synthesis was measured by pulse-labeling
experiments with [35S]methionine according to the method of
Chomyn (24). COS cells were co-transfected withWT or G85R
hSOD1 and mitoKARS. 48 h post-transfection, the cells were
labeled with [35S]methionine (0.2 mCi of 1,175 Ci/mmol/plate)
for 30min in the presence of the cytoplasmic translation inhib-
itor emetine (50 �g/ml). The labeled cells were trypsinized,
washed, and treated with 1% SDS. Samples containing 50 �g of
protein were electrophoresed through a 15–20% exponential
SDS-polyacrylamide gradient gel. The gel was dried and
exposed to a phosphorimaging screen, and selected radioactive
bands corresponding to mtDNA-encoded peptides ND5, ND1,
and A6 were analyzed with a Cyclone phosphorimaging device
(Packard Instrument Company).
Cell lysates were also subjected toWestern blot to determine

the expression levels ofmitoKARS andhSOD1using antibodies
against Myc and SOD1, as well as loading controls for nuclear-
encoded mitochondrial protein, Tim23, and the cytosolic pro-
tein, GAPDH.

RESULTS

KARS Expression and Subcellular Localization in COS Cells—
Expression studies with the two isoforms of KARS were con-
ducted using plasmid vectors coding for human mitoKARS or
cytoKARS tagged at the C-termini with Myc and FLAG
epitopes, respectively (Fig. 1A). Upon transient transfection in
COS cells, mitoKARS is distributed to the mitochondria, as
shown by co-localization of Myc immunostaining with the
mitochondrial matrix protein MnSOD (Fig. 1B). In contrast,
the cytoKARS protein lacking a mitochondrial targeting signal
is expressed diffusely in the cell and co-localizes with the cyto-
plasmic chaperone protein, Hsp70 (Fig. 1C).
Subcellular localization of KARS was further analyzed by

immunoblot of cytosolic and mitochondrial fractions.
mitoKARS is detected as the 69-kDa unprocessed form (i.e.
still containing the N-terminal mitochondrial targeting signal)
in the cytosolic fraction and predominantly as the 64-kDa pro-
cessed form in the mitochondrial fraction (Fig. 1D). As

expected, cytoKARS is localized only in the cytosolic fraction (Fig.
1D). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
Tim23 were used as the cytosolic and mitochondrial markers,
respectively.
cytoKARS is thought to form a dimer, which is part of a large

protein complex containing multiple aminoacylating enzymes
(25, 26), but the functional structure of mitoKARS has not yet
been defined. Thus, to assess whether also mitoKARS exists in
multimeric complexes, we performed a blue native gel analysis,
which detected a single band of �150 kDa, presumably corre-
sponding to a mitoKARS dimer (Fig. 1E).
mitoKARS Co-immunoprecipitates with SOD1—Co-immu-

noprecipitation (co-IP) experiments were carried out to inves-
tigate the interaction between hSOD1 andmitoKARS. Because
KARS was shown to interact with mutant SOD1 in yeast (17),
we tested two different mutants of hSOD1, G93A and G85R,
and compared them with WT hSOD1. The two mutants differ
by their structural and biochemical properties, because the
G93A hSOD1 is folded into a stable and active protein, whereas

FIGURE 1. KARS expression and localization in COS cells. A, diagram of
KARS expression constructs. The mitoKARS construct contains a 49-amino
acid N-terminal cleavable mitochondrial targeting sequence (MTS). cytoKARS
and mitoKARS are epitope-tagged at the C-termini with FLAG and Myc,
respectively. B, COS cells transiently transfected with mitoKARS and analyzed
by immunocytochemistry. Immunostaining for mitoKARS with Myc (in red)
and with the mitochondrial matrix protein, MnSOD (in green) show mitochon-
drial co-localization (yellow in the merged image). C, cytoKARS detected with
FLAG antibody (in red) and the cytosolic protein Hsp70 (in green) show diffuse
intracellular expression and co-localization (yellow in the merged image). D, a
Western blot of subcellular fractions with Myc antibody (left panel) shows the
unprocessed (69-kDa band) and the processed (64-kDa band) mitoKARS in
the cytosol (lanes C) and the mitochondria (lanes M), respectively. cytoKARs
detected with FLAG (right panel) is exclusively localized in the cytosol. GAPDH
and Tim23 are markers of the cytosolic and mitochondrial contents, respec-
tively. E, blue native gel analysis with LysRS antibody shows a 150-kDa band in
mitoKARS-expressing cells, presumably corresponding to a protein dimer.
Complex III of the respiratory chain was used to confirm the native state of
mitochondrial protein complexes.
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the G85R hSOD1 is highly unstable and lacks detectable dis-
mutase activity. mitoKARs is pulled down by the SOD1 anti-
body only in cells expressing mutant hSOD1. Reverse co-IP
with the Myc antibody pulls down G93A and G85R mutant
hSOD1 efficiently, whereas only a small amount ofWT hSOD1
is detected (Fig. 2A, top left panels), despite the fact that similar
amounts of the three forms of hSOD1 are expressed in cell
lysates (Fig. 2A, bottom left panels). As expected, a negative
control co-IP in the absence of antibodies failed to pull down
KARS or SOD1 (Fig. 2A, top right panels). Under the same

experimental conditions, expression of mutant or WT hSOD1
togetherwith cytoKARSdid not result in detectable co-IP of the
two proteins (data not shown), suggesting that SOD1 interacts
selectively with mitoKARS and not with cytoKARS.
To assess whether SOD1-KARS interactions take place in

vivo in a disease-relevant tissue with endogenous expression of
KARS, we investigated mitochondrial and cytosolic fractions
from brain and spinal cord ofWT andG93A hSOD1 transgenic
mice. When SOD1 was pulled down, co-immunoprecipitated
KARSwas detected using the LysRS antibody, which recognizes
both forms of KARS. This antibody was raised against human
KARS (22), but it reacts also with mouse KARS. Both WT and
G93ASOD1pulled down endogenousKARSmore efficiently in
the mitochondrial fractions as compared with the cytosolic
ones, both in brain and spinal cord (Fig. 2B). Relative to the
amount of immunoprecipitated SOD1, KARS is pulled down
more efficiently inG93A than inWT spinal cordmitochondria,
suggesting that KARS may interact more strongly with mutant
than WT hSOD1.
SOD1 Induces the Formation of Aggregates Containing

mitoKARS—Mutant SOD1 forms aggregates in the cytosol and
mitochondria (6, 27). Therefore, we hypothesized that aberrant
protein-protein interaction with mutant SOD1 would lead to
recruitment of KARS into aggregates. COS cells were co-trans-
fectedwithWTormutant hSOD1and either cyto ormitoKARS
and cytosolic and mitochondrial fractions were subjected to
size exclusion filter trap assays. Using the LysRS antibody, we
find that cells expressingmitoKARS contain unfilterable aggre-
gates in the mitochondrial fraction. On the other hand, in both
the cytosolic and mitochondrial fractions of cells transfected
with cytoKARS, unfilterable aggregates are virtually undetect-
able (Fig. 2C). This is not due to lower expression of cytoKARS
than mitoKARS, as shown by Western blot of the lysates (Fig.
2D). We note that the expression of mitoKARS alone results in
aggregation (Fig. 2C), but co-expression with hSOD1 clearly
increases mitoKARS aggregation. In the same mitoKARS and
SOD1 transfected cell samples, we also confirm the presence of
mitoKARS aggregates associated with mitochondria using the
Myc antibody and show that mutant hSOD1 increases KARS
aggregation more than WT hSOD1 (Fig. 2E). Filter trap assays
of cytosolic and mitochondrial fractions from brain and spinal
cord of transgenic mice show unfilterable protein aggregates
containing KARS, which are more abundant in the mitochon-
drial fraction of G93A mice (Fig. 2F, top panel). These aggre-
gates correlate with the presence of unfilterable SOD1 aggre-
gates (Fig. 2F, bottom panel), indicating that also in vivo KARS
aggregates are preferentially associated with mitochondria
containing mutant hSOD1.
mitoKARs Aggregates Are Associated with the Outer Surface

ofMitochondria—The presence ofmitoKARS aggregates in the
cytoplasmic fractions (Fig. 2,C and E) suggests that a portion of
the protein aggregates prior to being imported. To determine
the site of formation of the mitoKARS aggregates, we treated
intact mitochondria with proteinase K prior to the filter trap
assay. The majority of mitoKARS aggregates are digested by
proteinase K, whereas MnSOD, a protein of the mitochondrial
matrix, is protected from digestion (Fig. 3A), suggesting that

FIGURE 2. mitoKARS-hSOD1 interaction and aggregation. A, left panel,
COS cells were transiently transfected with hSOD1 (WT, G93A, or G85R) and
mitoKARS. IP on total cell lysates was performed using either polyclonal SOD1
or Myc antibodies. Proteins immunoprecipitated by SOD1 were detected
with antibodies against Myc and vice versa. Expression levels of hSOD1 and
mitoKARS are shown in the bottom left panel. Right panel, control for IP spec-
ificity performed with and without primary antibodies (Ab). B, top panel, Co-IP
of KARS with SOD1 antibody on cytosolic and enriched mitochondrial frac-
tions from 60 days old transgenic mouse brains and spinal cords was detected
with the LysRS antibody. Bottom panel, IP of SOD1 detected with the SOD1
antibody on the same blot as in the top panel. As expected, negative con-
trols without primary anti SOD1 antibody do not pull down either KARS or
SOD1. C, filter trap assay on 10 �g of cytosolic (row C) and mitochondrial
(row M) proteins from COS cells co-transfected with hSOD1 or empty vec-
tor (V) and either cytoKARS or mitoKARS. The membrane was probed with
LysRS antibody. D, KARS expression levels detected by LysRS in lysates
from cells used in C. E, filter trap assay on 50 �g of cytosolic (row C) and
mitochondrial (row M) fractions of COS cell co-transfected with hSOD1 or
empty vector plus mitoKARS, detected with Myc or SOD1 antibodies.
Mitochondria containing mutant hSOD1 aggregates also show higher lev-
els of mitoKARS aggregates. F, top panel, a filter trap on 10 �g of mito-
chondrial (row M) and cytosolic (row C) proteins from brain and spinal cord
of 60-day-old WT and G93A hSOD1 transgenic mice detected with the
LysRS antibody shows KARS aggregates in the mitochondrial fractions of
the G93A mice. Bottom panel, filter trap of the same samples as in the top
panel probed with the SOD1 antibody.
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aggregation ofmitoKARS occursmostly on the external surface
of the mitochondrial outer membrane.
To test whether mutant hSOD1 interferes with mitoKARS

import, we correlated the amount of mitoKARS associated with
mitochondriawith that of total cellularmitoKARS.Mitochondrial
mitoKARS was normalized by the content of Tim23, a marker of

the innermembrane. Total cellularmitoKARSwas normalized by
the content of the cytosolic protein GAPDH. We find less
mitoKARS associated with mitochondria in mutant hSOD1 cells,
as compared with cells expressingWT hSOD1 (Fig. 3, B andC).
To determine whether reduced mitoKARS import affects

normal mitochondrial protein synthesis, we performed a
[35S]methionine pulse labeling of mitochondrial DNA
(mtDNA) synthesized proteins in cells expressing KARS and
WT or G85R hSOD1. We find a generalized decrease in mito-
chondrial protein synthesis in cells expressing G85R hSOD1
(Fig. 3D). Quantification by phosphorimaging of selected
labeled mitochondrial peptides revealed approximately a 25%
reduction in the translation of ND1, ND5, and A6 (data not
shown). The same samples were also analyzed byWestern blot
to detect GAPDH and Tim23 as protein loading controls and
hSOD1 and mitoKARS to confirm transgene expression (Fig.
3E). These results suggest that mutant hSOD1 interaction
affects mitochondrial function through an impairment of pro-
tein synthesis. Blue native gel electrophoresis to detect assem-
bled mitochondrial respiratory chain complexes detected a
defect in complex III, which paralleled a reduction in the con-
tent of dimeric mitoKARS in cells expressing G85R mutant
hSOD1 (Fig. 3F). The reduction in complex III is likely the
result of decreased synthesis of cytochrome b, which is
mtDNA-encoded. We looked at the nuclear encoded mito-
chondrial proteins VDAC, Tim 23, and Hsp60 byWestern blot
in the samples used for blue native gels to control for protein
loading (Fig. 3G).
Nonimported mitoKARS Is Degraded through the Ubiquitin-

Proteasome System—The ubiquitin-proteasome system (UPS)
has been linked to ALS pathogenesis (reviewed in Ref. 28).
Among many other functions, UPS is involved in regulating
mitochondrial protein import (29), and mutations in compo-
nents of the UPS can affect mitochondrial morphology in yeast
(30, 31). In addition, proteins involved in tRNA import, includ-
ing the precursor of mitoKARS (pre-MSK1p), interact with
components of the UPS, and proteasome inhibition decreases
mitochondrial tRNA import (32). Because mitoKARS appears
to be poorly imported and aggregates in the presence ofmutant
SOD1,we testedwhether theUPS is involved in degrading non-
importedmitoKARS. Treatmentwith the proteasome inhibitor
MG132 increases the unprocessed, nonimported, form of
mitoKARS in cells co-expressing hSOD1 and mitoKARS (Fig.
4A, left panels), whereas cytoKARS content is unchanged (Fig.
4A, right panels). Because there is no evidence that mitochon-
dria contain a proteasome machinery to degrade mitoKARS
after import, this result indicates that the substrate for UPS
degradation is nonimported mitoKARS. As expected, the
amounts of total ubiquitinated proteins as well as hSOD1 are
also increased, confirming UPS inhibition, whereas Tim23, an
integral mitochondrial protein, is unaffected. UPS inhibition
results in increased interaction between mitoKARS and
hSOD1. This increase is markedly more prominent with
mutant than with WT SOD1 (Fig. 4B), further confirming that
misfolded mutant SOD1 interacts preferentially with nonim-
ported mitoKARS. To determine whether mutant SOD1, by
decreasing mitoKARS import, increases the levels of ubiquiti-
nated mitoKARS, the cells were subjected to a partial protea-

FIGURE 3. Aggregation on the outer surface of mitochondria hinders
mitoKARS import and mitochondrial protein synthesis. A, top panels, filter
trap on 20 �g of mitochondrial proteins from cells co-transfected with hSOD1
and mitoKARS, with or without proteinase K (PK) treatment. The WT blot was
exposed longer than the mutants to detect low abundance aggregated
mitoKARS in the PK treated sample. The lower exposure is shown below.
Bottom panels, samples were probed for the matrix protein MnSOD to test
mitochondrial integrity. B, COS cells were co-transfected with hSOD1 and
mitoKARS. Top panels, total cellular contents of mitoKARS and GAPDH. Bot-
tom panels, mitochondrial content of mitoKARS and Tim23. C, mitochondrial
association of mitoKARS was quantified by densitometry of the Western blot
bands shown in B. The amounts of mitoKARS in total lysates and mitochon-
drial fractions were normalized by GAPDH and Tim23, respectively. Then the
amounts of mitochondrially associated mitoKARS were estimated as
mitoKARS in the mitochondrial fraction over the total cellular mitoKARS.
SOD1 mutant cells were compared with WT ones. The differences were deter-
mined by analysis of variance followed by Fisher’s post-hoc test. *, p � 0.05,
n � 3. The error bars indicate S.E. D, COS cells were transfected with mitoKARS
and hSOD1 (WT or G85R), and mitochondrial protein synthesis rates were
analyzed by metabolic labeling with [35S]methionine in the presence of eme-
tine. Equal amounts of proteins (50 �g) were separated on a SDS-15–20%
exponential polyacrylamide gradient gel. E, Western blot of COS cell lysates
from the mitochondrial protein translation experiment in D, probed with anti-
bodies against GAPDH and Tim23 as loading controls for nuclear-encoded
cytosolic and mitochondrial proteins, respectively. Expression of hSOD1 and
mitoKARS was confirmed using antibodies against human SOD1 and Myc,
respectively. F, blue native gel on hSOD1/mitoKARS co-expressing cells,
immunodetected for mitoKARS with the LysRS antibody and for complex III of
the respiratory chain. G, nuclear-encoded mitochondrial proteins, Hsp60
(matrix), VDAC (outer membrane), and Tim23 (inner membrane) were ana-
lyzed by Western blot to determine mitochondrial protein content in blue
native samples shown in F.
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some inhibition (by 75%, as estimated by a fluorogenic assay;
data not shown). mitoKARS ubiquitination increases in cells
expressing mutant hSOD1, as compared withWT hSOD1 (Fig.
4C). Taken together, these results suggest that mutant hSOD1
inhibits mitoKARS import, probably by promoting misfolding
and aggregation on the outer surface of mitochondria, and that
nonimportedmitoKARS becomes a target for UPS degradation
in the cytoplasm.
AlteredMitochondrialMorphology andCell Viability inCells

Expressing mitoKARS and Mutant SOD1—Accumulation of
misfolded proteins, such as mitoKARS and mutant SOD1, at
themitochondrial surfacemay result in pathological changes of
mitochondrial structure. We studied mitochondrial morphol-
ogy in cells co-transfected with mitoKARS and hSOD1 and
compared it with controls transfected with GFP targeted to
mitochondria (mitoGFP) and hSOD1. All cells expressing
hSOD1 in combination with either mitoGFP or mitoKARS
were scored as normal or abnormal, based on the morphology
of the mitochondrial network. Normal mitochondrial mor-
phology consists of elongated, tubular, and uniformly distrib-
uted mitochondria (Fig. 5A). Abnormal morphology includes

FIGURE 5. mitoKARS and mutant hSOD1 alter mitochondrial morphology
and decrease cell viability. A–D, COS cells expressing hSOD1 (immuno-
stained in red) together with mitoKARS (in green). Mitochondrial morpholog-
ical changes were analyzed in cells expressing both constructs; tubular and
uniformly distributed mitochondria were scored as normal (A, mitoKARS plus
WT hSOD1), whereas mitochondria with fragmentation, fusion and cluster-
ing, and perinuclear concentration (B–D, mitoKARS plus G85R hSOD1) were
scored as abnormal. E, the changes in number of cells containing abnormal
mitochondria are expressed relative to control cells transfected with mitoGFP
and empty vector (set at 100%). hSOD1 plus mitoGFP do not alter mitochon-
drial morphology as compared with controls (left), whereas cells transfected
with both mutant hSOD1 and mitoKARS (right) are significantly more prone
to have abnormal mitochondria than control cells. n.s., nonsignificant differ-
ences versus control; *, p � 0.01, n � 5 independent experiments. F, COS cells
were transfected with hSOD1 only (right panel) or with hSOD1 and mitoKARS
(left panel). Cells expressing mutant hSOD1 and mitoKARS show significantly
reduced cell viability, whereas hSOD1 expression alone does not cause cell
toxicity. The data are expressed as percentages of the values of calcein fluo-
rescence measured in vector controls. n.s., nonsignificant differences versus
control; *, p � 0.05, n � 10 independent experiments. In E and F, differences
were determined by analysis of variance followed by Fisher’s post-hoc test,
and the error bars indicate S.E.

FIGURE 4. Nonimported mitoKARS is degraded by the ubiquitin-protea-
some system. A, COS cells co-transfected with hSOD1 and either cytoKARS or
mitoKARS were treated with 20 �M of the proteasome inhibitor MG132 for
16 h. Proteasome inhibition increases the levels of unprocessed mitoKARS
(panel 1, left) but not cytoKARS (panel 1, right). As expected, hSOD1 (panels 3)
and total ubiquitinated protein (panels 4) levels are also increased, and the
mitochondrial inner membrane protein Tim23 is unchanged (panels 2). B, left
panels, proteasome inhibition increases the interactions between mutant
hSOD1 and mitoKARS, as detected by co-IP of hSOD1 with the Myc antibody
(panel 1). Panel 2 shows immunoprecipitated mitoKARS. Right panels, expres-
sion levels of hSOD1 and mitoKARS in lysates from untreated cells. Tim23 is
used as the loading control. C, under partial (75%) proteasome inhibition with
75 nM MG132, ubiquitinated mitoKARS (band denoted as Ub-mitoKARS) is
increased in mutant but not in WT hSOD1 expressing cells (top panel). Note
that the ubiquitin antibody recognizes the IgG heavy chain from the mouse
Myc antibody (band denoted as IgG). A negative control IP without Myc pri-
mary antibody (Ab) is shown in the first lane. The bottom panels show
mitoKARS and hSOD1 expression in cell lysates.
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fragmented and roundedmitochondria (Fig. 5B), clustered and
enlarged mitochondria (Fig. 5C), or perinuclear clustering of
mitochondria (Fig. 5D, co-transfected cell on the right side of
the micrograph). The proportion of cells containing abnormal
mitochondria is not increased significantly by the expression of
hSOD1 in conjunction with mitoGFP (Fig. 5E, left panels).
However, mitoKARS expression together with mutant, but not
WT hSOD1, results in an increase in the proportion of cells
containing abnormal mitochondria (Fig. 5E, right panels).
We investigated the effects of mitoKARS and hSOD1 co-

expression on cell viability. A calcein AM-based assay was used
to estimate cell survival 24 h after transfection. Note that the
assay measures calcein esterification in all live cells, regardless
of expression of the transgene. Therefore, the cell toxicity of
mutant hSOD1 plus mitoKARS is underestimated by this
approach, because only�20% of the cells expressed both trans-
genes, with similar transfection efficiency among all hSOD1
constructs. Nevertheless, co-expression of mitoKARS with
mutant hSOD1 results in decreased cell viability (Fig. 5F, left
panels), whereasmutant hSOD1withoutmitoKARShas no sta-
tistically significant effect (Fig. 5F, right panels).

DISCUSSION

Cellular and transgenic mouse models of familial ALS
expressing mutant SOD1 show mitochondrial degeneration
resulting in loss of membrane potential, ATP production, and
calcium handling (14). However, the mechanisms whereby
mutant SOD1 damages mitochondrial function remain to be
identified. One potential mechanism involves aberrant protein
interactions between mutant SOD1 and other proteins. Exam-
ples of this type of interactions have been previously reported,
such as the selective binding of mutant SOD1 to the anti-apo-
ptotic protein Bcl-2 (16), although another group did not con-
firm this interaction (33). Bcl-2 is probably only one of the
potentially many mitochondrial proteins that may be affected
by aberrant interactionwithmutant hSOD1,which has a strong
tendency to misfold and aggregate.
In this study we focused on KARS, because it was found to

interact predominantly with mutant SOD1 by a yeast interac-
tion trap system (17). KARS localizes in motor neurons with a
distribution pattern similar to SOD1, but the biological rele-
vance of the abnormal interactions between mutant SOD1 and
KARS have not yet been explored. tRNA synthetases are
involved in aminoacylation of specific tRNAs during protein
translation of nuclear DNA encoded proteins in the cytosol and
mtDNA-encoded proteins in the mitochondrial matrix. Fur-
thermore, the precursor of mitoKARS is thought to allow for
the mitochondrial import of cytosolic tRNAlys (32). The mito-
chondrial and cytosolic isoforms of KARS are derived from a
single gene; mitoKARSmRNA contains exon 2, which encodes
for the mitochondrial targeting signal, whereas cytoKARS
mRNA excludes exon 2 by an exon skippingmechanism (18). It
is remarkable that mutations in the glycyl-tRNA synthetase,
whose cytosolic and mitochondrial isoforms are also encoded
by a single gene, are responsible for dominantly inherited forms
of Charcot Marie Tooth neuropathy (34). This emerging evi-
dence suggests that KARS and other tRNA synthetases can play
an important role in disease pathogenesis (35).

We find that in mammalian cells mitoKARS interacts with
mutant more abundantly than with WT SOD1, whereas
cytoKARS does not interact (Fig. 2). The physiological reasons
behind the interaction between mitoKARS and SOD1 are
unknown. Nevertheless, it could be speculated that mitoKARS
and SOD1 interaction is somehow involved in mitochondrial
protein import. Although such a novel function has never been
documented before for any of tRNA synthetases, novel nonca-
nonical functions have been recently described for several of
them (36). For example, KARS was shown to be involved in
regulation of transcription factors in mast cells (37), and
mitoKARS has been implicated in mitochondrial import of
cytosolic tRNAs (32).
Misfolded SOD1 at themitochondrial outer surface prevents

the mitoKARS precursor (i.e. the unprocessed protein) from
being readily imported through the translocator and results in
the accumulation of nonimported mitoKARS (Fig. 3). Our
results do not address directly whether mutant SOD1 interacts
with the monomeric or the dimeric form of mitoKARS. How-
ever, because most of the interaction appears to occur prior or
during import of mitoKARS intomitochondria, which requires
the protein to be unfolded and monomeric, it is highly likely
that the interaction with mutant SOD1 involves the monomer
of KARS. The nature of the molecular interactions between
mitoKARS and mutant SOD1 remains to be fully elucidated.
However, it is likely that the two proteins reside in close prox-
imity at the surface of mitochondria, where they may interact
through covalent disulfide or electrostatic bonds, forming het-
ero-oligomers or large, multi-protein, molecular aggregates.
Another potential mechanism whereby mutant SOD1 may
impair mitochondrial protein import is by decreasing the pool
of cytosolic chaperones. In fact, mutant SOD1 has been shown
to interact with cytosolic chaperones, such as Hsp70, which is
crucial formaintaining precursor proteins in the unfolded state
and delivering them to the translocator machinery of the outer
membrane (38).
The aberrant interaction between mutant SOD1 and

mitoKARS may result in multiple noxious effects that can
destabilize mitochondria. First, mutant SOD1 aggregates in
mitochondria both in vivo and in vitro (6, 7) (Fig. 2), probably
involving several other mitochondrial proteins, such as the
mitoKARS precursor. The accumulation of aberrant high
molecular weight protein structures on the surface of mito-
chondria may contribute to damage by sequestering proteins
necessary for maintaining mitochondrial integrity and dynam-
ics, such as, for example, components of the machineries
involved inmitochondrial protein translocation, fusion, fission,
and transport.
Second, abnormal interactions with mutant SOD1 may

reduce the amount of mature mitoKARS available for mito-
chondrial protein synthesis and the precursor for tRNAlys
import. We observed that a decrease in mitoKARS import in
mitochondria in the presence ofmutant SOD1 corresponded to
impaired synthesis of mtDNA-encoded peptides (Fig. 3).
In cells where only endogenous mitoKARS is present,

impaired mitochondrial protein synthesis associated with
mutant SOD1 may contribute to mitochondrial dysfunction.
Indeed, mitochondrial structural and functional defects have
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been observed in motor neuron-like NSC-34 cells stably
expressing mutant SOD1, in the absence of mitoKARS overex-
pression (39, 40). Furthermore, in mutant SOD1 transgenic
mice there is amitochondrial respiratory chain defect involving
mtDNA-encoded enzymes (4, 12, 41). Neurons are likely to be
highly sensitive to this type of mitochondrial damage, because
significant defects were not observed in vivo in non-neural tis-
sues of mutant SOD1 transgenic mice or in cultured COS cells
expressing mutant SOD1 without mitoKARS (Fig. 5).
Another potential mechanism, whereby the loss of

mitoKARS could result in destabilization of mtDNA-encoded
proteins, is suggested by the “stickymutation” in another tRNA
synthetase, alanyl-tRNA synthetase (42). Inmice, stickymutant
alanyl-tRNA synthetase, lacking the function of deacylating
mischarged tRNAala, results in amino acidmisincorporation in
nascent peptides and causes neuronal degeneration. Impaired
mitoKARS import could result in a similar loss of quality con-
trol inmitochondrial protein and theirmisfolding and aggrega-
tion, leading to mitochondrial dysfunction. Further studies will
be needed to test this hypothesis by assessing the editing func-
tions of mitoKARS in mutant SOD1 mitochondria.
In summary, our results indicate that aberrant interactions

withmutant SOD1 result inmisfoldedmitoKARS that accumu-
lates on the outside of mitochondria and is sent to the UPS for
degradation. mitoKARS interactions with mutant SOD1 are
associated with impaired mtDNA-encoded protein synthesis
and aberrant mitochondrial morphology, which ultimately
cause a loss of cell viability. We suggest that mitoKARS is rep-
resentative of a potentially large group of proteins, whose inter-
actionwithmutant SOD1altersmitochondrial import and con-
tributes to mitochondrial dysfunction in familial ALS.
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