The Journal of Neuroscience, April 19,2006 + 26(16):4147— 4154 - 4147

Neurobiology of Disease

Overloading of Stable and Exclusion of Unstable Human
Superoxide Dismutase-1 Variants in Mitochondria of Murine
Amyotrophic Lateral Sclerosis Models
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Mutants of human superoxide dismutase-1 (hSOD1) cause amyotrophic lateral sclerosis (ALS), and mitochondria are thought to be
primary targets of the cytotoxic action. The high expression rates of hSOD1s in transgenic ALS models give high levels of the stable
mutants G93A and D90A as well as the wild-type human enzyme, significant proportions of which lack Cu and the intrasubunit disulfide
bond. The endogenous murine SOD1 (mSOD1) also lacks Cu and is disulfide reduced but is active and oxidized in mice expressing the
low-level unstable mutants G85R and G127insTGGG. The possibility that the molecular alterations may cause artificial loading of the
stable hSOD1s into mitochondria was explored. Approximately 10% of these hSOD1s were localized to mitochondria, reaching levels
100-fold higher than those of mSOD1 in control mice. There was no difference between brain and spinal cord and between stable mutants
and the wild-type hSOD1. mSOD1 was increased fourfold in mitochondria from high-level hSOD1 mice but was normal in those with low
levels, suggesting that the Cu deficiency and disulfide reduction cause mitochondrial overloading. The levels of G85R and G127insTGGG
mutant hSOD1s in mitochondria were 100- and 1000-fold lower than those of stable mutants. Spinal cords from symptomatic mice
contained hSOD1 aggregates covering the entire density gradient, which could contaminate isolated organelle fractions. Thus, high
hSOD1 expression rates can cause artificial loading of mitochondria. Unstable low-level hSOD1s are excluded from mitochondria,

indicating other primary locations of injury. Such models may be preferable for studies of ALS pathogenesis.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a disease characterized by
motor neuron degeneration, resulting in progressive paralysis
and death. Approximately 10% of ALS cases are familial
(Haverkamp et al., 1995), and, in some of these, the disease is
linked to mutations in the CuZn-superoxide dismutase (SOD1)
gene (Rosen etal., 1993). Overall, ~5% of all cases with ALS show
SOD1 mutations, and >100 such mutations have been identified
(Andersen et al., 2003). SOD1 is a ubiquitously expressed antiox-
idant enzyme located in the cytosol, in the mitochondrial inter-
membrane space (IMS) (Weisiger and Fridovich, 1973), and pos-
sibly also in the nucleus and peroxisomes (Crapo et al., 1992).
The mutations confer a cytotoxic gain of function to the enzyme
(Gurney et al., 1994; Andersen et al., 1995). The nature of the
cytotoxicity and also the primary subcellular location of targets
remain to be established.
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Based on studies in both transgenic mice (Bowling et al., 1993;
Higgins et al., 2002, 2003; Mattiazzi et al., 2002, 2004; Liu et al.,
2004; Kirkinezos et al., 2005; Vijayvergiya et al., 2005) and cul-
tured cells (Rizzardini et al., 2005; Cozzolino et al., 2006), mito-
chondria have been suggested to be the primary targets. There
are, however, complicating circumstances in the murine ALS
models. To cause disease within the short lifespan of the mouse,
ALS-linked human SOD1s (hSOD1s) have to be expressed at
rates that are at least 20-fold higher than that of the endogenous
murine SOD1 (mSOD1) (Jonsson et al., 2006). This results in
steady-state levels of wild-type hSOD1 and stable mutants such as
G93A and D90A that are 17- to 24-fold higher than those of the
mSOD1. Most of this hSOD1 lacks SOD activity because of in-
sufficient Cu charging. Large proportions also carry a reduced
C57-C146 intrasubunit disulfide bond. The endogenous mSOD1
in these mice is disulfide reduced to a similar extent and probably
also incompletely Cu charged. In contrast, the levels of the unsta-
ble mutants G85R and G127insTGGG (G127X) in transgenic
models are equal to or lower than that of the endogenous mSOD1
(Jonsson et al., 2004, 2006). They also lack both SOD activity and
disulfide bond. Conversely, the mSOD1 is fully active and disul-
fide oxidized (Jonsson et al., 2006).

Loss of the prosthetic metals and reduction of the disulfide
bond promotes the entry of SODI into the mitochondrial IMS
(Okado-Matsumoto and Fridovich, 2002; Field et al., 2003). The
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high expression rates of hSODI1 in the transgenic models thus
have effects on the molecular forms of SOD1s that should in-
crease the proportion of species amenable to mitochondrial en-
try. Thus, SOD1 might be loaded into mitochondria in a non-
physiological manner, causing effects that are potentially
misleading for our understanding of human ALS pathogenesis.
To explore this, we used somewhat divergent procedures to study
the presence of human and murine SOD1 in brain and spinal
cord mitochondria from transgenic mice expressing stable and
unstable forms of hSOD1. The occurrence and localization of
hSOD1 aggregates in symptomatic mice was also examined.

Materials and Methods

Transgenic mice. Transgenic mice expressing the G93A mutant
(G93AGur) and wild-type hSOD1 (Gurney et al., 1994) were obtained
from The Jackson Laboratory (Bar Harbor, ME). Mice expressing the
G85R mutant of hSOD1 were obtained from Dr. Don Cleveland (Ludwig
Institute for Cancer Research and Department of Neurosciences, Uni-
versity of California at San Diego, La Jolla, CA) (Bruijn et al., 1997), and
mice expressing the G127X (Jonsson et al., 2004) and D90A mutants
(P. A.Jonsson, K. S. Graffmo, T. Brannstrom, P. Nilsson, P. M. Andersen,
and S. L. Marklund, unpublished observations) of hSOD1 were gener-
ated in our laboratory. The mice were deemed terminally ill when, be-
cause of limb weakness, they could no longer reach the food in the cages.
This occurred for the D90A, G85R, G127X, and G93AGur mice at an
average age 0of 407, 345, 250, and 124 d, respectively. The presymptomatic
D90A, G85R, and G127X mice used in the study were ~100 d old,
whereas the G93AGur mice were ~50 d old.

Subcellular fractionation by density gradient ultracentrifugation. Mice
were killed by intraperitoneal injections of pentobarbital. The brains and
spinal cords were immediately cut out, weighed, and gently homoge-
nized in a Dounce glass-pestle homogenizer at 4°C in 25 vol of mitochon-
drial buffer (0.21 M mannitol, 0.11 M sucrose, 10 mm K HEPES, pH 7.2, 1
mM EGTA, and the Complete antiproteolytic cocktail without EDTA
(Roche Diagnostics, Basel, Switzerland). Brains were homogenized with
4 + 8 strokes and spinal cords with 12 + 2 strokes using loose-fit and
tight-fit pestles, respectively. This procedure was optimized for maximal
recovery of intact mitochondria. Liver and kidney were analyzed for
comparison and handled as for brain. The homogenates were then passed
through a 5 wm nylon mesh by centrifugation at 20 X gat 4°C for 10 min.
The filtrates were supplied with iodixanol (OptiPrep; Axis-Shield PoC,
Oslo, Norway) to a final concentration of 8%. The filtrates (0.5-1 ml)
were loaded on top of continuous 9 ml 12-38% iodixanol gradients in
mitochondrial buffer and centrifuged at 100,000 X gat 4°C for 90 min in
a swinging-bucket rotor (type 45 Ti; Beckman Coulter, Fullerton, CA).
The tubes were punctured with a cannula, tapped from the bottom in 500
wl portions into tubes containing the Complete antiproteolytic cocktail,
and, if not analyzed immediately, stored at —80°C.

Separation of mitochondria and peroxisomes. A filtrate of a brain ho-
mogenate from a 100-d-old D90A mouse was divided into two aliquots.
One aliquot was supplied with 6 mm CaCl,, 5 mM succinate, and 5 mm
K,HPO, and incubated at room temperature for 5 min to cause perme-
ability transition pore opening and swelling of the mitochondria. The
aliquots were then subjected to density gradient ultracentrifugation.

Dot-blot assay for aggregates. Fractions from the separations were fil-
tered through 0.15 um cellulose acetate membranes (Schleicher and
Schuell, Dassel, Germany) in a dot-blot apparatus by a method modified
from Wang et al. (2002). The major difference from the published pro-
cedure was that the homogenates were supplied with 0.1% SDS and
gently sonicated before the initial 800 X g centrifugation instead of after.
This increased the sensitivity of the assay 25-fold.

Detection of detergent-resistant aggregates. Brain and spinal cord fil-
trates were split into two aliquots. To one aliquot, 0.5% Nonidet P-40
(NP-40) was added, followed by sonication for 30 s. The other aliquot
served as control, and both were subjected to density gradient centrifu-
gation as described above.

Gel chromatography. Brains and spinal cords were homogenized with
an Ultraturrax followed by sonication in 25 vol of PBS, pH 7.0, contain-
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ing Complete without EDTA and 20 mM iodoacetamide, followed by
centrifugation at 20,000 X g for 30 min. The iodoacetamide was added to
quench free thiol groups in proteins and low-molecular-weight com-
pounds. The supernatants were subjected to chromatography in 1 X 30
cm Superdex 75 columns (GE Healthcare, Uppsala, Sweden) in PBS with
5 mMm iodoacetamide. The elution rate was 45 ml/h, and the eluate was
collected in 0.3 ml fractions. The SOD activities (Marklund, 1976) and
hSOD1 protein contents of the fractions were determined.

Marker enzyme activity assays. For analysis of succinate dehydrogenase
(SDH), samples were incubated with 100 mm Na HEPES, pH 7.4, 1 mm
EDTA, 10 mM succinic acid, and 0.08% MTT for 90 min. Three volumes
of 2-propanol were then added, followed by centrifugation at 14,000 X g
for 10 min. The absorbance of the supernatants at 550 nm was then
measured. Acid phosphatase was determined with p-nitrophenyl phos-
phate as substrate. For lactate dehydrogenase (LD) activity analysis, the
CytoTox96 kit from Promega (Madison, WI) was used.

Immunoblotting and quantification. Samples were separated by regular
SDS-PAGE and then electroblotted onto polyvinylidene difluoride
membranes (GE Healthcare, Uppsala, Sweden). Blots were probed with
antibodies and chemiluminescence was generated using ECL-advance
(GE Healthcare, Buckinghamshire, UK). Bands were visualized by using
a Chemidoc XRS imager and Quantity One software (Bio-Rad, Hercules,
CA). For quantification of hSODI1 by immunoblotting, wild-type
hSOD1 with concentration determined by quantitative amino acid anal-
ysis was used as original standard (Marklund et al., 1997). Murine SOD1
was quantified against mSODI in a brain homogenate from a control
mouse; this was calibrated against the human standard with an antibody
directed against a sequence (amino acids 131-153) that is equal in human
and murine SOD1. The primary antibodies used for detection of human
and murine SOD1 were polyclonal rabbit antibodies raised against key-
hole limpet hemocyanin-coupled peptides corresponding to amino acids
24-39 (hSOD1-specific) or 24-36 (mSOD1-specific) (Jonsson et al.,
2004). The amounts of G85R and G127X hSOD1s in the gradients were
very low, and these fractions were therefore concentrated 10-fold. This
was accomplished by precipitation with 10% trichloroacetic acid at 4°C
overnight, washing of the precipitated protein with acetone, and dissolv-
ing in a smaller volume of SDS-PAGE sample buffer. The lamin A/C,
Tim23, and B-COP (Golgi B-coatomer protein) antibodies were ob-
tained from BD Biosciences (Franklin Lakes, NJ), PMP70 (70 kDa per-
oxisomal membrane protein) was from Affinity BioReagents (Golden,
CO) or Zymed (San Francisco, CA), and the synaptotagmin antibody was
from Stressgen (Victoria, British Columbia, Canada).

Results

Design of the density gradient separations

The separation of organelles from the CNS is challenging. Neu-
rons in particular, but also glia, possess abundant trees of cellular
processes. During tissue disruption, these may close to vesicles, in
which organelles and other cellular components residing in the
processes may be trapped. The tissue is also rich in myelin and
other lipid materials, which tend to form sticky interfaces in den-
sity gradients. The addition of 8% iodixanol caused the lipid
materials to remain dispersed in the loaded filtrate during the
ultracentrifugation. To reduce the risk of artificial association
between components, the tissues were homogenized in a rela-
tively large buffer volume, and pelletings by centrifugation was
avoided. We also avoided discontinuous gradients, in which
there might be a risk that components with partially overlapping
densities could be artificially cofractionated.

The use of a standard protocol to remove nondisrupted tissue
and cells, debris, and nuclei (two 10-min 1000 X g centrifuga-
tions) resulted in a recovery in the combined supernatants of only
~70% of the hSOD1 of presymptomatic G127X spinal cord ho-
mogenates. Because we aimed at a global view of the distribution
of SODI, alternative methods were tested. The filtration of the
whole homogenates through 5 wm mesh nylon filters resulted in
average recoveries of >90% of the hSOD1, 85% of the mitochon-
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drial marker SDH, and ~35% of the DNA. Of the mitochondria
in the filtrates, generally only 40—60% entered the density gradi-
ent during ultracentrifugation (Fig. 1A). The mitochondria in
the top fractions of the tubes are probably trapped in the vesicles
and lipid materials. Supporting this notion, mitochondria in a
filtrate of murine liver (a tissue without abundant cellular pro-
cesses) entered the gradient to >90% (Fig. 1 A). The locations of
markers for organelles and other components are shown in Fig-
ure 1, B and C. Only peroxisomes show a major overlap with
mitochondria. Of the DNA that passes through the 5 um nylon
mesh, small peaks with high density (tubes 5 and 6) can be found
after ultracentrifugation. Generally, >90% is present in the top
three tubes, probably mainly representing disrupted nuclei.

Large proportions of the stable high-level hSOD1s
cofractionate with mitochondria in transgenic mice

Filtrates of homogenates from spinal cords and brain were sub-
jected to density gradient centrifugation. In spinal cords from

1816 14 12 10 8 6 4 2

Distribution of hSOD1 and organelles in density gradient ultracentrifugations. Tissue homogenization, preparation of
gradients, ultracentrifugation, and analysis of fractions were performed as described in Materials and Methods. A, Comparison of
fractionation of mitochondria from brain, spinal cord, and liver. B, €, Location of markers for organelles in separations of spinal cord
homogenates. Synaptotagmin is a marker for synaptic vesicles and plasma membrane. D-K, Relative distributions of hSODs and
the mitochondrial marker SDH in spinal cord extracts from different transgenic models in presymptomatic and terminal stages of
disease, as indicated in the framed insets. Note that the relative amounts of hSODs in the gradients have been multiplied by 10 to
make the data easier to visualize. L, M, Ca*>* and succinate were added to a filtrate of a brain homogenate from a D90A mouse to
cause permeability transition pore opening and mitochondrial swelling. L and M show density gradient ultracentrifugations of
aliquots of the filtrate either untreated or treated with Ca®™ plus succinate. AP, Acid phosphatase; 3-COP, Golgi 3-coatomer
protein; Mito (SDH), the mitochondrial marker SDH; PMP70, 70 kDa peroxisomal membrane protein.

the whole gradient, but with the major
parts located at higher densities than any
of the organelle markers. The patterns do
not suggest any particular mitochondrial
location. These dense materials probably
represent hSOD1-containing aggregates
(see also below). In brain homogenates
from the terminally ill G85R (data not
shown) and G127X mice, more hSOD1
entered the gradients than was the case for
presymptomatic mice, but the amounts
were 10-fold lower than those seen in the
spinal cords (supplemental Fig. 1A,B,
available at www.jneurosci.org as supplemental material).
Because of the retention of half of the mitochondrial marker
in the applied filtrate (together with all SOD1 in solution), it was
not possible to directly calculate the amounts of SOD1 that were
associated with the mitochondria. To obtain an estimate of the
maximal amount of SOD1 that could reside in mitochondria, the
amount of hSOD1 in the three fractions of the density gradient
with the highest level of mitochondrial marker (SDH) was esti-
mated (mostly fractions 9—11). The ratio ot hSOD1/SDH in these
fractions was then multiplied by the SDH activities found in all 18
tubes (Fig. 3A). These calculations indicated that very large pro-
portions of the hSODI1s were associated with mitochondria:
~10% in spinal cords and brains from G93AGur and D90A mice
and a few percent less in wild-type hSOD1 transgenic mice. The
proportions were much lower in the G85R mice and, in particu-
lar, in G127X mice (Fig. 3A). The differences in absolute levels
were even more remarkable: mitochondria in spinal cords and
brains from wild-type hSOD1, G93AGur, and D90A mice appear

Fraction
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Figure 2.  Examples of Western immunoblots for localization of hSOD1 in tapped gradient

fractions. To allow visualization in the same blot, the fractions were diluted or concentrated as
indicated. The arrows indicate the location of the peak of the mitochondrial marker SDH (Mito).
A, Density gradient centrifugation of a spinal cord extract from a presymptomatic G93A mouse;
see also Figure 1D. Density gradient centrifugations of spinal cords from three different pr-
esymptomatic (B) and one terminally ill (C) G127X mice; see also Figure 1,/ and K. The blots of
the 10-fold concentrated fractions from the presymptomatic mice were overexposed to visual-
ize the very faint bands.

to contain ~100-fold as much hSODI1 as mitochondria from
G85R mice and 1000-fold as much as those in G127X mice. The
levels are also 100-fold higher than those of mSOD1 in mitochon-
dria of control mice (Fig. 3B).

Increased loading of mSOD1 into CNS mitochondria in the
high-level hSOD1 transgenic mice
The mSOD1 is disulfide reduced to a similar extent as the
hSOD1s in the G93AGur, D90A, and wild-type hSOD1 mice and
likely also incompletely Cu charged (Jonsson et al., 2006). No
disulfide-reduced mSOD1 was seen, and the enzyme was fully
active in the G85R and G127X transgenic mice (Jonsson et al.,
2006). Thus, there should also be differences in the charging of
CNS mitochondria with mSOD1 between the transgenic models
expressing high and low levels of hSOD1. Murine SOD1 was
specifically determined in the separations and generally appeared
to distribute similarly to the hSOD1s. We made similar calcula-
tions for mSOD1 as were done for hSOD1 in Figure 3A. In accor-
dance with the predictions, the proportions apparently associ-
ated with mitochondria (8—-10%) were similar to those for
hSOD1 in the high-level mice, whereas the proportions in G85R
and G127X mice were similar to those seen in nontransgenic
control mice (2-3%) (Fig. 3B).

In liver and kidney of the high-level hSOD1 transgenic mice,
the enzymes are essentially fully active, and the proportions of
disulfide-reduced enzyme are much lower (Jonsson et al., 2006).
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For comparison, we therefore performed some density gradient
studies of these organs (n = 2 or 3 of each). Calculated as in
Figure 3, the proportions of mSOD1 maximally associated with
mitochondria were 1.2, 1.4, and 0.7% in nontransgenic control,
G93A, and G85R hSODI1 transgenic mice, respectively. The cor-
responding proportions of hSOD1 were 0.8 and 0.4% in the
G93A and G85R mice, respectively, thus in all cases lower than in
the CNS. In the kidney, we found slightly higher figures, 1.8%
mSOD1 and 2.4% hSOD1 in G93A mice and 3.5% mSOD1 and
1.2% hSOD1 in G85R mice (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). These somewhat
lower levels in peripheral organs are in accord with findings in
previous studies (Mattiazzi et al., 2002; Vijayvergiya et al., 2005).

Separation of mitochondria and peroxisomes

There was a relatively large overlap between the peaks of the
markers for mitochondria, peroxisomes, and SOD1 in the sepa-
rations (Fig. 1A,B). Although mitochondria account for much
larger relative volumes of CNS tissue than peroxisomes, we can-
not formally assign the hSOD to the former in the present study.
We therefore attempted to separate the organelles and follow the
distribution of hSOD1. A filtrate of a brain homogenate from a
100-d-old D90A mouse was divided into two aliquots. To one
aliquot, Ca*" and succinate were added to cause permeability
transition pore opening and swelling of the mitochondria, which
should lead to a reduced density. Both extracts were then sub-
jected to density gradient ultracentrifugation. Compared with
the control filtrate, the treatment led to an 87% reduction in
mitochondrial marker and a 90% reduction in hSOD1 entering
the gradient (Fig. 1 L, M ). The amount of the peroxisomal marker
in the gradient was essentially unaffected. Thus, the hSOD1 that
cofractionates with mitochondria in the gradient is also primarily
located in that organelle.

Heterogeneous hSOD1 aggregates in terminally ill mice
Inclusions and aggregates of hSOD1 are found in cells in mo-
tor areas of terminally ill transgenic mice (Bruijn et al., 1998;
Johnston et al., 2000; Jonsson et al., 2004, 2006) and in human
ALS cases carrying hSOD1 mutations (Jonsson et al., 2004).
The dense hSOD1 fractions from spinal cords of terminally ill
G85R and G127X transgenic mice that enter the density gra-
dients thus probably represent aggregates (Fig. 1 H,K). Such
materials are difficult to observe against the copious back-
ground of soluble hSOD1 in mitochondria in the G93A, D90A,
and wild-type hSOD1 transgenic mice. We therefore used a
filter trap assay to demonstrate hSOD1 aggregates. Whereas
only small amounts of aggregates were found in spinal cords
from presymptomatic G93A, D90A, and G85R mice, much
more could be demonstrated in the terminally ill mice (Figs.
4A-C). In G127X mice, aggregates were also seen in presymp-
tomatic mice (Fig. 4D). These localized to the top fractions
(15-18) and probably represent the protoaggregates shown
previously to be present throughout life in this model (Jon-
sson et al., 2004). The aggregates in symptomatic mice were
widely dispersed over the density gradients. Their densities
overlapped with the density of the mitochondrial marker, but
the patterns did not in any case suggest a particular localiza-
tion to that or to other organelles. The aggregates from the
low-level hSODI1 transgenic mice showed higher densities
than those from the high-level mice (Fig. 4A-D).

As another means of demonstrating hSOD1 aggregates, spinal
cord filtrates were divided into two aliquots, and one was sup-
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Figure 4.  Detection of hSOD1 aggregates in density gradient separations of spinal cord homogenates from presymptomatic

and terminally ill mice, as indicated by the framed insets and in the figures. In each figure, the largest amount of aggregates found
in a fraction was set to 100, and the results for all other fractions have been presented relative to that. A-D, Filter trap assay for
hSOD1 aggregates. E, F, Filtrates of spinal cord extracts were treated with 0.5% of the detergent NP-40 and sonicated before
density gradient ultracentrifugation. SDH and hSOD1 were analyzed in the tapped fractions. Mito (SDH), The mitochondrial marker

SDH.

plied with 0.5% NP-40 followed by sonication. Both were then
subjected to density gradient ultracentrifugation. SOD1 aggre-
gates are relatively resistant to solubilization by NP-40 (Jonsson
et al., 2004). This treatment caused all markers for organelles
to disappear from the gradient and to be localized in the top
two to three tubes (shown for mitochondria in Fig. 4E,F). In
spinal cord from a presymptomatic D90A mouse (Fig. 4E),
~0.5% of the hSOD1 entered the gradient (tubes 14 to 1),
whereas in a terminal D90A mouse, 7.5% did so (Fig. 4F). Similar
results were found for G93A mice (data not shown). In the spinal
cord from a terminally ill G127X mouse, the figures for hSOD1
entering the gradient were almost equal in untreated filtrates and
filtrates treated with NP-40: 26 versus 23%, respectively (data not
shown). As for the aggregates demonstrated by the filter assay, those
sonicated with NP-40 showed a wide density distribution.

Quantification of amounts and proportions of SOD1 associated with mitochondria in spinal cord (black columns) and
brain (gray columns). The amount of hSOD1 in the three fractions in the gradient with the highest levels of the mitochondrial
marker SDH (mostly fractions 9—11) was determined. The ratio of hSOD1/SDH in these was then multiplied by the SDH activities
in all 18 fractions to estimate the total amount of hSOD1 associated with mitochondria. Both absolute and relative (percentage)
amounts of hSOD1 associated with mitochondria per gram wet weight of tissue are presented. 4, Amounts of hSOD1 associated
with mitochondria in the different transgenic mouse strains. B, Corresponding results for mSOD1 in the transgenic strains and in
nontransgenic control (57BL/6 mice. The error bars represent SDs. wt, Wild type; Sp.c., spinal cord.

0
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Gel chromatography of tissue extracts
The structure of the SOD1 protein influ-
ences both the entry into and retention by
the mitochondria (Okado-Matsumoto
and Fridovich, 2002; Field et al., 2003). Ex-
tracts of brains and spinal cords from the
various mouse strains were therefore ex-
amined by gel chromatography, and the
hSOD1s in the two organs showed analo-
gous patterns in all cases. In the D90A,
G93A, and wild-type hSOD1 mice, >95%
of the hSODI1 protein peaked at the same
elution volume as the hSOD1 enzymatic
activity of the extracts and of the mSOD1
activity of extracts from nontransgenic
control mice (data not shown). These
hSOD1s are thus primarily dimeric. In
contrast, >95% of the hSOD1 in spinal
cord from a 100-d-old G85R mouse
formed a peak at a higher elution volume
than the activity of the background
mSOD1 (Fig. 5A). There was also a small
peak that eluted just before the dimeric
G85R mSOD and an even smaller peak at the
void volume of the column (not shown in
the figure). Thus, G85R hSOD1 is mainly
monomeric in the CNS. Extracts from
G127X transgenic mice show two major
bands when examined by Western immu-
noblotting (Jonsson et al., 2004): one at 17
kDa, apparently the monomer, and one at
33 kDa, which carries a posttranslational
modification of unknown nature. The 33
kDa band elutes before the activity of the
dimeric mSOD1 (Fig. 5B). The elution
volume of the 17 kDa band, however, was
between those of the SOD activity of the
dimeric mSOD1 and the G85R “mono-
mer.” The G127X hSODI1 molecule, in
which some of the areas that are involved
in the dimer contacts are truncated, is
however unlikely to be dimeric. Possibly
the G127X subunit has a different, more
linearized conformation and is therefore
more excluded from the gel particles than
a more globular G85R subunit.

8% 2% 2% 2%
5 4 5 2

G85R  G127X Control

—&— Presymptomatic
—O—Terminal

Discussion

The presence of hSOD1 in mitochondria does not correlate
with injury

The amounts of hSOD1 in mitochondria were very high in mice
expressing the stable ALS-linked mutants G93A and D90A and
the wild-type hSOD1 (Fig. 3A). The levels were equally high in
spinal cords, which are afflicted by injury in the murine models,
as in brains that show much less alterations. There was no signif-
icant increase in hSOD1 in spinal cord mitochondria as the mice
became symptomatic (Fig. 1E). Mitochondria from mice ex-
pressing G85R and G127X hSOD1s contained 100- and 1000-fold
less hSOD1, respectively, again without any significant differ-
ences between spinal cords and brains. In these mice, the
amounts of hSOD1 cofractionating with mitochondria increased
in the terminal phase, but this increase seems to be explained by
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Figure5. Gel chromatography of spinal cord homogenates from G85R and G127X mice. The

hSOD1 in the eluted fractions was analyzed by Westernimmunoblot, and the resulting relative
distributions (percentage) are shown in the figures. The actual immunoblots are shown under
the figures. For comparison, the SOD activity of the dimericmSOD1 i also shown. A, Results for
aG85Rspinal cord. B, G127X spinal cord. In theimmunoblot, both the 17 kDamonomeranda 33
kDa hSOD1 complex of unknown composition are shown.

the appearance of the heterogeneous aggregates (Figs. 1 H, K, 2C,
4C,D). From these results, we conclude that the injury to the
motor neurons is not explained by the presence of hSODI1 per se
in spinal cord mitochondria.

The results are at variance with some previous studies, in
which specific accumulation of mutant but not wild-type hSOD1
in spinal cord mitochondria was found, as well as marked in-
creases with time (Liu et al., 2004). The reasons for the different
outcomes may reside in the techniques used for isolation of mi-
tochondria and the appearance of aggregates in symptomatic
mice.

Excessive hSOD1 loading of mitochondria is an artifact
caused by extreme overexpression of hSOD1

The high expression rates in the murine transgenic ALS models
lead to very high protein levels of stable mutants such as G93A,
D90A, and the wild-type hSOD1, which in turn become Cu
charged to only minor extent and partially disulfide reduced. The
mSOD1 in these mice appears to be altered similarly, whereas it is
fully active and disulfide oxidized in mice expressing the unstable
low-level mutants G85R and G127X (Jonsson et al., 2006). These
structural alterations of SOD1 in the high-level transgenic mice
might artificially favor mitochondrial entry (Okado-Matsumoto
and Fridovich, 2002; Field et al., 2003). The copious mitochon-
drial loading of hSOD1 in G93A, D90A, and wild-type hSOD1
transgenic mice support this conjecture (Fig. 3A). This loading of
mitochondria is not a property that is specific to hSOD1. The
proportions of mSODI1 and hSOD1 in mitochondria (~10%)
were similar in G93A, D90A, and wild-type hSOD1 transgenic
mice (Fig. 3A, B). The amounts of mSOD1 in mitochondria of
G85R and G127X transgenic mice were fourfold lower and sim-
ilar to that found in nontransgenic control mice (Fig. 3B). We
conclude that the mitochondrial overloading is caused by both
the high levels and the molecular alterations of SOD1 in trans-
genic models in which stable hSOD1 variants are expressed.

In the CNS, the G85R mutant hSOD1 lacks Cu, the intrasu-
bunit disulfide bond (Jonsson et al., 2006), and is monomeric
(Fig. 5A). G85R can bind Cu, and, when Cu charged, the enzyme
shows full SOD activity. G85R has a low affinity for Cu, however,
and cannot retain the metal when competing with other ligands
in the CNS (Jonsson et al., 2006). Although the degree of Zn
charging is unknown, larger proportions of G85R than of the
D90A and G93A and wild-type hSOD1s would be expected to be
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in a conformation that allows passage through the mitochondrial
outer membrane. Still, a fourfold lower proportion appeared to
be associated with mitochondria. It is possible that any G85R
hSOD1 entering the mitochondrion is not efficiently retained in
the IMS. Disulfide oxidation, charging with the prosthetic metals
and dimerization in the IMS, would conceivably trap the hSOD1.
The fact that such forms of G85R hSOD1 are not detected in the
tissue could thus be an explanation for the relatively low levels.
Copper chaperone for SOD1 (CCS) promotes the retention of
SOD1 in yeast mitochondria. Both C57 and C146 seem to be
important for the effect, whereas Cu binding is not. SOD1 mu-
tated at positions 50 and 51 to prevent dimerization does not
form heterodimers with CCS, and the retention of such SOD1
proteins in the IMS of yeast mitochondria is not promoted by
CCS (Field etal., 2003). The structure of the G85RhSOD1 may be
so distorted that both the homodimerization and the het-
erodimerization with CCS is precluded.

Is G127X mutant hSOD1 excluded from mitochondria?

In presymptomatic mice, very little G127X hSOD1 entered the
density gradient and there was no patterning at the peak of the
mitochondrial marker SDH that would suggest a colocalization
(Figs. 1], 2B). The cytosol marker LD showed a similar downhill
slope into the gradient (Fig. 1 B). The proportion of LD presentin
the three tubes with the highest SDH contents was approximately
as large as the proportion of G127X hSOD1, both ~0.15% of the
total amounts in the density gradient separations. G127X hSOD1
that is present in the cytosol in the CNS should at least partially
distribute similarly to that of LD in the density gradients. Also of
note is the presence of G127X protoaggregates in presymptom-
atic mice (Fig. 4 D) and the abundance of denser aggregates as the
mice become symptomatic (Figs. 1K, 4 D) (supplemental Fig. 1 B,
available at www.jneurosci.org as supplemental material). Parts
of the G127X hSOD1 from presymptomatic mice that enter the
gradient could represent such materials. We conclude that the
estimates of G127X hSOD1 presence in mitochondria of Figure
3A are too high and that the mutant protein may well lack any
association with mitochondria.

The densities of terminal hNSOD1 aggregates overlap with
those of all organelles

In terminally ill mice, large amounts of aggregates could be dem-
onstrated by the filter trap and NP-40 assays (Fig. 4). In presymp-
tomatic mice, the levels were very low, except in the G127X mice.
The densities of the terminal hSOD1 aggregates covered the en-
tire density range of the present study and showed no peaks that
would suggest preferential presence in any specific type of or-
ganelle, including the mitochondrion.

Any method for isolation of organelles based on centrifuga-
tion and density differences carries the risk of cofractionation of
the heterogeneous inclusions/aggregates. This could lead to false
conclusions regarding the overall localization of hSOD1 and also
regarding the physical properties of hSOD1 in organelles.

Could the loading of mitochondria cause artifacts?

Mitochondria from transgenic mice expressing G93A, D90A, and
wild-type hSOD1 contain 100-fold more hSOD1 than the con-
tent of mSOD1 in control mice. The mitochondrial loading
should differ between cell types in the CNS; why, the actual levels
in some should be even higher. Such extreme levels might influ-
ence the structure and function of affected mitochondria. Mito-
chondrial swelling and widespread vacuolar pathology have been
found in spinal cords of mice expressing the D90A and G93A
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mutant as well as wild-type hSOD1 transgenic mice (Jaarsma et
al., 2000, 2001; Jonsson et al., 2004, 2006) and the likewise high-
level G37A mice (Wong et al., 1995). In contrast, such alterations
are absent in mice expressing SOD1 mutations G85R and G127X
(Bruijn et al., 1997; Jonsson et al., 2004) and also in ALS patients
with and without SOD1 mutations. The vacuolar pathology is
thus probably an artifact caused by the extreme hSOD1 loading of
mitochondria. The motor neuron injury in murine models in
which the stable mutants are expressed could be a combination of
effects of the mitochondrial hSOD1 overloading and other mech-
anisms more relevant to human ALS. Functional defects in mito-
chondria derived from transgenic mice have been reported in
many studies (Higgins et al., 2002, 2003; Mattiazzi et al., 2002;
Kirkinezos et al., 2005). Most of these studies have been per-
formed in G93A mice, and the mitochondrial overloading may
have contributed to the pathology. Alterations have, however,
also been noted in symptomatic G85R mice (Damiano et al.,
2006). In this regard, a recent study has suggested that injury
caused by mutant hSOD1s could be initiated elsewhere in the
cells and cause mitochondrial dysfunction and oxidative stress
via amplification loops originating in the cytosol (Cozzolino et
al., 2006).

The >100 different hSOD1 mutations so far detected are
likely to cause ALS by essentially the same mechanism. The levels
of different mutant hSODs in spinal cords vary >200-fold in ALS
patients and 50-fold in the transgenic models carrying different
mutations (Jonsson et al., 2004, 2006). A common cytotoxic ALS-
causing conformational species of SOD1 is thus likely to exist in
very low concentrations in the tissue. This as yet unidentified
species would constitute larger proportions of the low-level un-
stable mutants G85R and G127X than of mutants that form high
steady-state levels. The cellular distributions of the former might
thus better inform on the primary location(s) of injury. In this
respect, the present findings of low levels of G85R, and in partic-
ular G127X hSOD1s, associated with mitochondria would
strongly argue against this organelle being the primary target.

In intervention studies, the G93A ALS model is convenient
and is used almost exclusively. Some of the therapeutic effects
detected in these mice may, however, be the result of protection
against effects caused by the mitochondrial overloading. The ALS
models with low levels of SOD1 may be preferable for interven-
tion studies and studies of disease mechanisms.
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