Amyotrophic lateral sclerosis: A proposed mechanism
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Missense mutations in Cu,Zn-superoxide dismutase (SOD1) ac-
count for ~20% of familial amyotrophic lateral sclerosis (FALS)
through some, as yet undefined, toxic gain of function that leads
to gradual death of motor neurons. Mitochondrial swelling and
vacuolization are early signs of incipient motor neuron death in
FALS. We previously reported that SOD1 exists in the intermem-
brane space of mitochondria. Herein, we demonstrate that the
entry of SOD1 into mitochondria depends on demetallation and
that heat shock proteins (Hsp70, Hsp27, or Hsp25) block the uptake
of the FALS-associated mutant SOD1 (G37R, G41D, or G93A), while
having no effect on wild-type SOD1. The binding of mutant SOD1
to Hsps in the extract of neuroblastoma cells leads to formation of
sedimentable aggregates. Many antiapoptotic effects of Hsps have
been reported. We now propose that this binding of Hsps to
mutant forms of a protein abundant in motor neurons, such as
SOD1, makes Hsps unavailable for their antiapoptotic functions
and leads ultimately to motor neuron death. It also appears that
the Hsp-SOD1 complex recruits other proteins present in the
neuroblastoma cell and presumably in motor neurons to form
sedimentable aggregates.

myotrophic lateral sclerosis (ALS) occurs in familial

(FALS) and sporadic (SALS) forms and is caused by a
late-onset, progressive loss of motor neurons, leading to paralysis
and death. FALS and SALS are distinguishable genetically, but
not clinically. Approximately 20% of cases of FALS have been
associated with more than 90 different mutations in the Cu,Zn-
superoxide dismutase (SOD1). These mutations are predomi-
nantly single amino acid replacements seemingly randomly
scattered throughout the structure of this homodimeric
32,000-Da metalloprotein. Most of these mutant SODs retain
essentially full activity, as measured in vitro, and there is over-
whelming evidence for a toxic gain of function as the cause of the
disease (1, 2).

What common gain of function could possibly be caused by
many different point mutations in SOD1 and how can the
similarities in FALS and SALS be explained? In what follows we
build on reports to the effect that: FALS may be caused by
protein binding to mutant forms of SOD1 (3); mutant SOD1 is
proapoptotic in a neuroblastoma cell line (4); the proapoptotic
effect of mutant SOD1 in cultured fibroblasts was opposed by
heat shock protein (Hsp) 70 (5); and mutant SOD1 binds Hsp70,
Hsp40, and aB-crystalline (6).

Because mitochondrial swelling and vacuolization are early
signs of incipient motor neuron death (1, 2) and because SOD1
is found in the intermembrane space of rat (7) and yeast (8),
mitochondria and SOD1 accumulate in neuronal mitochondria
of transgenic mice expressing either wild type (WT) or mutant
SODL1 (9); we began by examining the uptake of SOD1 into these
organelles. We now demonstrate that whereas partially or wholly
demetallated SOD1 is taken into mitochondria, the holo enzyme
is not. This was true of both the WT and FALS-associated
mutant SODs. Strikingly, a cytosolic fraction from heat-shocked
mouse neuroblastoma N2A cells inhibited this uptake, whereas
cytosol from N2A cells, not so treated, did not. Furthermore,
whereas the uptake of mutant SOD1s was blocked by the cytosol
from heat-shocked cells, the uptake of WT SOD1 was much less
affected. This finding indicated that some heat shock-inducible
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proteins preferentially bind to mutant SOD1s and thus prevent
mitochondrial uptake of the mutant SOD1s.

Materials and Methods

Mitochondrial Uptake of SOD1. WT and G93A SODI1s were pre-
pared (10) and then demetallated as described (11, 12). Mice
(C57BL6) were killed by CO, inhalation, and the livers were rapidly
removed and used. Mouse neuroblastoma N2A cells (Duke Uni-
versity Cell Culture Facility) were grown as described (4). Mito-
chondria were isolated from the mouse liver or nontransfected N2A
cells as described (13) and suspended in MRM medium (250 mM
sucrose/10 mM Hepes-KOH/1 mM ATP/5 mM Na-succinate/
0.08 mM ADP/2 mM K,HPO4, pH 7.5) (13). These mitochondria
were incubated with 20 pug/ml human WT or G93A SOD1 =5 uM
bongkrekic acid (Sigma) or +40 ug/ml alamethicin (Sigma) for 1 h
at 25°C. The mitochondria were then sedimented and thrice washed
in the cold MRM medium, before being lysed in lysis buffer [S0 mM
Hepes/150 mM NaCl/0.5% NP-40 (igepal CA-630, Sigma)/0.2%
digitonin (Sigma)/0.23 mM PMSF] at pH 7.6 for 1 h at 0°C,
followed by 10 min at 25°C. When the effect of cytosol was
examined, the mitochondria were suspended in the 35,000 X g
supernatant fraction of the heat shock-treated or untreated non-
transfected N2A cells homogenized in the MRM medium. When
the effect of Hsp was examined, 1 ug Hsp70 (StressGen Biotech-
nologies, Victoria, Canada) was added to the mitochondrial sus-
pension with MRM medium instead of cytosolic fraction. The
mitochondrial lysates were clarified by centrifugation at 15,000 X g
for 10 min and subjected to SDS/PAGE at 10 ug protein/lane.

Immunoblotting. Human WT, G37R, or G41D SOD1 permanently
transfected N2A cells from D. R. Borchelt (The Johns Hopkins
School of Medicine, Baltimore) (4) and M. Patel (National Jewish
Medical and Research Center, Denver) were fractionated for
mitochondria (13) and cytosol (35,000 X g surpernatant), and then
electrophoresed (5 pg/lane). The resultant electropherograms
were blotted onto nitrocellulose membrane (Amersham Pharma-
cia). Immunoblot analysis used anti-human SOD1 antibody that
cross reacts with mouse or rat SOD1 (1:1,000, Santa Cruz Biotech-
nology) and the enhanced chemiluminescence reagent (ECL-plus,
Amersham Pharmacia). Swelling of mitochondria suspended in
MRM medium was followed as the decrease in absorbance at 540
nm (14). SOD1-positive bands, after immunoblotting, were quan-
titated by densitometry with National Institutes of Health IMAGE
1.62 software. We very carefully examined the densitometry of ECL
blots to make certain that quantitation was based on the linear
portion of calibration curves.

Immunoprecipitation. Human SOD1-transfected N2A cells were
lysed in lysis buffer at pH 7.6 for 1 h at 0°C, followed by 10 min
at 25°C. Immunoblots were examined by immunoprecipitation
both before and after centrifugal clarification at 15,000 X g for
10 min. For immunoprecipitation, rabbit polyclonal anti-Hsp25
(1:100, StressGen) or mouse monoclonal anti-Hsp70[1:100, W27
that reacts with both Hsp70 (inducible Hsp70; Hsp72) and Hsc70

Abbreviations: ALS, amyotrophic lateral sclerosis; FALS, familial ALS; SALS, sporadic ALS;
SOD1, Cu,Zn-superoxide dismutase; Hsp, heat shock protein; WT, wild type; AIF, apopto-
sis-inducing factor.
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Fig. 1. Uptake of SOD1 and swelling of mouse mitochondria. (A) Uptake of
SOD1 by mouse liver mitochondria. Isolated mitochondria were incubated
with holo or demetallated SOD1 and then analyzed for content of SOD1 by
immunoblotting as described in Materials and Methods. CuZn, holo enzyme;
EE, apo; CuE, SOD1 lacking Zn; EZn, SOD1 lacking Cu. Each lane was loaded
with 10 pg of protein. (B) Mitochondrial swelling. Suspensions of mitochon-
dria in the MRM medium at 25°C were incubated * bongkrekic acid at 5 uM
or alamethicin at 40 ug/ml and swelling was followed at 540 nm.

(constitutive Hsp70; Hsp73), Santa Cruz Biotechnology] was
added to 800 ug (see Fig. 44) or 3 mg (see Fig. 4B) of protein
in 1 ml and incubated at 4°C overnight with constant agitation.
The immunocomplexes were precipitated with protein-G-
Sepharose (Amersham Pharmacia) by incubation at 4°C for 3 h.
The beads were washed four times with lysis buffer and extracted
with SDS/PAGE sample buffer at 100°C for 5 min, and then
subjected to SDS/PAGE. Proteins were separated on 9% (Hsps
25 and 70) or 12% (SOD) SDS/PAGE, blotted, and enhanced
by ECL-plus as described above for immunoblot analysis. Im-
munoblot analysis used Hsp25 antibody (1:1,000), Hsp70 anti-
body (1:1,000), or SOD1 antibody (1:1,000).

Results

Effect of Swelling on Mouse Liver Mitochondrial Uptake of Apo-SOD1.
When human SODI1 was incubated with isolated mouse mito-
chondria, which were subsequently thrice washed, the holo
enzyme was not taken up, but the enzymes lacking Zn, Cu, or
both, were taken into and retained by these organelles. Bongkre-
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Fig. 2. Effect of cytosol and Hsp70 on uptake of SOD1 into N2A mitochon-
dria. (A) Mitochondrial uptake of SOD1. (B) Effect of Hsps. The uptake of SOD1
by mitochondria isolated from N2A cells was examined as in Fig. 1 in the
absence and presence of cytosolic fractions. (A) In the absence of cytosol
fraction. (B) In the presence of cytosol, cytosol from heat-shocked cells, or 1 ug
Hsp70 (StressGen). CuZn, holo enzyme; EE, apo; CuE, SOD1 lacking Zn; EZn,
SOD1 lacking Cu.

kic acid, which inhibits mitochondrial swelling, did not influence
uptake of the demetallated SOD1, but alamethicin, which causes
mitochondrial swelling, greatly enhanced this uptake (Fig. 14).
The influence of bongkrekic acid and alamethicin on mitochon-
drial swelling, under the conditions imposed, are shown in Fig.
1B. Clearly, there was little mitochondrial swelling during the
60-min duration of these incubations, and that minor swelling
was inhibited by bongkrekic acid and greatly augmented by
alamethicin. The results in Fig. 1 are fully in accord with studies
demonstrating the presence of SODI1 in the intermembrane
space of mitochondria (7, 8) and the proposed uptake of the apo,
but not the holo, SODI1 into this organelle (8).

Effect of Cytosol on Mitochondrial Uptake of Apo-SOD1. Mitochon-
dria, isolated from N2A cells, like those isolated from mouse
liver, took up the demetallated, but not the holo, SOD1, as shown
in Fig. 24. Cytosol from heat-shocked, but not from normal,
N2A cells, blocked uptake of demetallated SOD1 and blocked
G93A SOD1 more than WT SOD1 (Fig. 2B). These data
indicate that some heat shock-inducible proteins can selectively
bind to and thus prevent mitochondrial uptake of mutant SOD1.

Effect of Heat Shock on Levels of SOD1 in N2A Cells. Stably trans-
fected N2A cells that expressed human WT, G37R, or G41D
SOD1s were use for the next studies. Fig. 34 shows that human
WT, G37R, and G41D were expressed in these cells and found
both in cytosol and mitochondria, as was the endogenous mouse
SOD1. Fig. 3B demonstrates that heat shock increased the
proportion of mouse SOD1 found in mitochondria, probably
because heat shock causes swelling of mitochondria (15). Fig. 3C
shows that while heat shock similarly affected the amount of the
mouse and human WT SOD1s in the cytosol of N2A cells, it
specifically decreased the amount of the mutant G37R and
G41D in the mitochondria. This finding indicates that mutant
SOD1, after synthesis in the cytosol, and before metallation, can
be intercepted by some heat-inducible protein and prevented
from entering the mitochondria.

Hsp25 and Hsp70 Preferentially Bind Mutant SOD1. We next turned
to immunoprecipitation, using antibodies to Hsp25, Hsp27,
Hsp70, and SODI, to directly demonstrate what could be
inferred from Fig. 3. Thus the N2A cells, both normal and heat
shocked, were lysed, and one portion of each lysate was clarified
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Fig. 3. Effect of heat shock on levels of SOD1 in N2A cells. (A) Immunoblots of SOD1, human WT, G37R, or G41D-SOD1 permanently transfected mouse N2A
cells were fractionated, electrophoresed (5 ng/lane), and examined as Fig. 1. (B) Mouse endogenous cytosolic and mitochondrial SOD1. Bands were quantitated
by densitometry with National Institutes of Health imace 1.62 software. The effect of heat shock (HS) on the ratios of mitochondrial/cytosolic mouse SOD 1 is shown.
(€) Human cytosolic (Cyt) and mitochondrial (Mit) SOD1 normalized to mouse endogenous cytosolic/mitochondrial SOD1. The effect of heat shock on the ratio
of cytosolic/mitochondrial human WT, G37R, and G41D SOD1s is normalized to the corresponding ratios of mouse SOD1.

by 10 min of centrifugation at 15,000 X g; whereas the other
portion was used without clarification. Fig. 44 shows that heat
shock of these cells increased expression of Hsp25 in the cytosol
(16), in the case of the cells expressing the WT SOD1, but had
a much smaller effect on cells expressing the mutant SOD1s. We
could detect Hsp25 or Hsp70 in mutant SOD1-expressing cells
that had not been subjected to heat shock when we used 3 mg
protein per lane (data not shown). But 3 mg protein was too
much in the case of heat shock-treated cell extracts. Conse-

quently we show only the data that was obtained by using 800 ug
protein per lane. It should be noted that centrifugation of the
lysates before immunoprecipitation decreased the detectable
Hsps and mutant SOD1s. It follows that the mutant SOD1s made
much of the Hsp25 insoluble, most probably by binding to it.
Similar results were obtained for inducible and constitutive
Hsp70 (Fig. 44). When the blots were probed with anti-SOD
(Fig. 4B) the mutant SOD1s, but not the endogenous mouse and
human WT SOD1s, were seen to bind Hsp25 and Hsp70. This
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Preferential binding of mutant SOD1 by Hsp70 and Hsp25. (A) Induction of Hsp25 and Hsp70. (B) Mutant SODs bind Hsps. Binding of mutant SOD1 and

Hsps was examined by immunoprecipitation (IP) and immunoblotting (IB). Total cell lysate from normal or heat-shocked mouse N2A cells that permanently
transfected human WT, G37R, or G41D SOD1 was examined before (total) and after (sup) centrifugal clarification by immunoprecipitation. (A) Immunopre-
cipitation and immunoblotting used with anti-Hsp25 or anti-Hsp70 antibody. (B) Immunoprecipitation used with anti-Hsp25 or anti-Hsp70 antibody, and
immunoblotting used with anti-SOD1 antibody.
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effect was greater with lysate from heat-shocked cells, as ex-
pected because of induction of these Hsps by heat shock. In
accord with these results, isolated Hsp27, Hsp25, and Hsp70
(StressGen) were seen to bind to G93A SODI1 but not to WT
SOD1 (not shown).

Discussion

Neurons are subjected to chronic oxidative stress caused by
low-level excitotoxicity. It is noteworthy in this context that
glutamate antagonists delay death in a mouse model of FALS
(17). The relationship between excitotoxicity and oxidative stress
has been reviewed (18). Motor neurons are particularly prone to
the results of this stress because their very long axons and slow
axonal transport make turnover of damaged macromolecules a
slow process. This proapoptotic condition is ordinarily opposed
by the antiapoptotic effect of the Hsps; however, the presence of
any abundant mutated protein, which because of slightly aber-
rant folding binds the Hsps, will have the effect of decreasing
their availability for other antiapoptotic functions. SOD1 is an
abundant protein whose mutant forms bind Hsps and thus leads
to eventual apoptosis.

In humans, with FALS caused by mutations in SODI1, we
could expect the intermembrane space of mitochondria in such
neurons to be deficient in SOD1, because of the blocking of
uptake into these organelles consequent upon the binding to
Hsps in the cytosol. The mitochondria in the neurons would thus
be denied the full protective effect of SOD1 and thus be
selectively prone to oxidative damage. This proposal is illus-
trated in Fig. 5, which shows to the left of the mitochondrion that
demetallated SOD1 dimers whether WT or mutant are taken up
by this organelle. To the right of the mitochondrion we see that
WT SOD1, which does not bind Hsp, is taken up; whereas
homodimer of the mutant SOD1 or heterodimer containing one
subunit of mutant and one of WT bind to the Hsp and are denied
entry. This scheme predicts that the level of SODI1 in the
intermembrane space of mitochondria would be decreased by
the presence of the mutant SODI1.

Recent reviews (1, 2) present evidence supporting the roles of
toxic protein aggregates, mitochondrial defects, apoptosis, exci-
totoxicity, and oxidative stress in the etiology of ALS. These can
now be assembled into a coherent whole. Thus, excitotoxicity is
known to impose oxidative stress (1, 19), which is known to be
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proapoptotic. The antiapoptotic effects of Hsp27, Hsp70, and
Hsp90 are established (20). Apoptosis-inducing factor (AIF)
exists in the intermembrane space of mitochondria, as does
Hsp70 (21), and the binding of one to the other would be
antiapoptotic (22). Mutant SODI1 in this space thus be in
competition with AIF for binding to Hsp70 thus increasing the
level of free AIF (Fig. 5). Proteasome expression and activity
have been reported to decrease with age in spinal cord (23).
Mutant SOD1 turns over more rapidly than WT SODI, and an
inhibitor of proteasome action inhibits this turnover and thus
selectively increases the steady-state level of mutant SOD1 (24).
Thus, the age-dependent decline in proteasome expression and
activity would in this way account for the typically late onset of
ALS symptoms in affected humans.

There are other abundant proteins in neurons, and mutant
forms of these could have a similar effect and could thus be
responsible for the 80% of cases of FALS that are not associated
with mutations in SOD1. In a similar vein SALS could be caused
by de novo mutations in any protein that is abundant in motor
neurons. It should be noted here that neuronal protein aggre-
gates are seen in both FALS and SALS and that they contain
SOD1 in the former case but not in the latter (25). Other
neurological diseases could likewise be caused by binding of
Hsps to aberrant proteins. Thus in the polyglutamine expansion
diseases, such as Huntington’s disease, Hsp40 and Hsp70 binding
to the aberrant huntingtin has been reported (26).

Hence motor neurons survive by virtue of the balance between
the proapoptotic effect of oxidative stress and the antiapoptotic
effect of Hsps. Mutations in any protein that is abundant in these
neurons have the probability of imposing binding of Hsps and
formation of protein aggregates and depletion of free Hsps,
which will ultimately tip the balance in favor of apoptosis. In
addition to the reasons already discussed, motor neurons may be
selectively at risk because of their high level of expression of
SOD1 (27).
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