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Mutations in superoxide dismutase 1 (SOD1) are found in approximately 20% of patients with familial
amyotrophic lateral sclerosis. The propensity of mutant SOD1 to form aggregates in pathologically affected
cells (i.e. motor neurons) has implicated these poorly soluble protein aggregates and/or their misfolded sol-
uble precursors as being instrumental to the disease process. We investigated the relative solubility and tox-
Keywords: icity of four different mutant SOD1 proteins in a cell-based model system and demonstrate that the mutant,
soD1 misfolded SOD1 proteins that are the most soluble are also the most toxic. This toxicity was ameliorated by
upregulating heat-shock protein chaperones in order to refold the soluble, misfolded protein, regardless of

Amyotrophic lateral sclerosis

Aggregation the presence of poorly soluble SOD1. We further demonstrate that increasing the solubility of a SOD1 mutant
Solubility protein that is both poorly soluble and non-toxic, as compared to other mutant proteins, resulted in remark-
Misfold ably increased toxicity of the mutant SOD1. Again, this increased toxicity was attenuated by upregulating
heat-shock protein chaperones in order to refold the soluble, misfolded proteins. These findings implicate
easily soluble, misfolded SOD1 as being toxic to the cell and support the hypothesis that reducing solubility

of mutant SOD1 proteins through aggregation may occur as a self-protective response in the cell.
© 2012 Elsevier Inc. All rights reserved.
Introduction Protein aggregation is a pathological hallmark of many neurode-

Amyotrophic lateral sclerosis (ALS) is an invariably fatal neurode-
generative disorder that primarily targets the motor system, affecting
1-2 people per 100,000 persons worldwide (Logroscino et al., 2007;
Worms, 2001). Approximately 10% of ALS cases are familial, and
about 20% of these families harbor a disease causing mutation in the
gene superoxide dismutase 1 (SOD1) (Chio et al., 2008; Gaudette et
al., 2000; Rosen et al., 1993). SOD1 is a ubiquitously expressed, 153
amino acid homodimeric protein whose primary function is detoxifi-
cation of oxygen free radicals in the cell (Fridovich, 1986; Mccord and
Fridovic, 1969). However, mutant SOD1 proteins do not lose their en-
zymatic function and their role in ALS pathogenesis is related to an, as
of yet, undefined toxic gain of function (Borchelt et al., 1994; Gurney
et al, 1994; Wong et al,, 1995). Rodents expressing the mutated
human SOD1 transgene reliably mimic disease pathogenesis and are
commonly used to model ALS (Gurney et al., 1994; Wong et al., 1995).
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generative diseases, including ALS (Ross and Poirier, 2004). SOD1 is
a primary component of protein aggregates found in patients carrying
SOD1 mutations and in mutant SOD1 rodent disease models. Anti-
bodies specific for misfolded forms of SOD1 have shown that granular
SOD1 inclusions can be found in autopsy tissues from sporadic ALS
patients, providing a possible mechanistic link between the sporadic
and familial forms of disease (Bosco et al., 2010; Forsberg et al.,
2010, 2011). The role of these aggregates in disease pathogenesis is
unclear. Past research has focused heavily on aggregates being cytotox-
ic, but recent evidence implies that the aggregates may actually be in-
nocuous, or even cytoprotective (Bodner et al., 2006; Finkbeiner et al.,
2004; Walsh et al., 2002). Mutant SOD1 is known to misfold into a dis-
ordered tertiary structure, and it may be this soluble, misfolded form of
SOD1 that is cytotoxic (Banci et al., 2007; Durazo et al., 2009; Shaw et
al., 2006). In this paradigm, aggregates form as a compensatory re-
sponse to sequester away toxic improperly folded soluble protein.
Supporting this theory are data from transgenic mutant SOD1 rodents
demonstrating that soluble, misfolded SOD1 is enriched in pathological-
ly affected tissues prior to disease onset, whereas SOD1 aggregates in-
crease most markedly after symptom onset (Johnston et al., 2000,
2004; Wang et al,, 2002; Zetterstrom et al., 2007). The relative dearth
of SOD1 aggregates pre-symptomatically implies that SOD1 aggregates
may not be the primary driver of disease initiation. In contrast, because
improperly folded soluble SOD1 is present prior to symptom onset and
accumulates in pathologically affected tissue leading up to symptom
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onset, the culpable, toxic, SOD1 species may be a soluble, non-aggregated
form (Wang et al.,, 2009a; Zetterstrom et al., 2007).

We examined four disease-causing human SOD1 (hSOD1) mutants -
A4V, G37R, G93A, and G93C - and the wild-type hSOD1 protein, and
compared their relative solubility and cytotoxicity. Our data demon-
strate that the degree of cellular toxicity consistently correlates with
the amount of easily soluble, but misfolded mutant SOD1 protein. In-
deed, for each of the mutants, refolding of misfolded soluble mutant
protein reduced toxicity, and increasing the level of soluble mutant pro-
tein increased toxicity. These data support the hypothesis that a readily
soluble, non-aggregated form of mutant SOD1 may be an important
mediator of mutant SOD1-mediated toxicity.

Materials and methods
Cell culture

Chinese hamster ovary (CHO) cells were maintained in Gibco F-12
Hams media supplemented with fetal bovine serum, L-glutamine and
penicillin/streptomycin. Cells were transiently transfected at 95%
confluency with Lipofectamine 2000 according to manufacturer proto-
cols. In co-transfections, the ratio of wild-type:mutant hSOD1 DNA was
1:1, and the total amount of hSOD1 DNA transfected in co-transfection
or mutant only conditions was constant.

Pharmacological administration

Cells were treated with 2.5 uM MG-132 (Calbiochem), 10 pM
geldanamycin (Alomone Labs), or DMSO vehicle 24 h after transfection.
Drug treatment protocols were as follows: 24 h treatment with MG-
132, geldanamycin, or vehicle, 48 h treatment with MG-132 alone,
48 h treatment with MG-132 with geldanamycin also being present
for the last 24 of those 48 h, or 48 h treatment with DMSO vehicle.

Cytotoxicity

Cytotoxicity was evaluated using Invitrogen's Live/Dead Viability/
Cytotoxicity kit for mammalian cells (L-3224) according to manufactur-
er protocols. All viability experiments were repeated three times and a
minimum of 100 cells were counted per condition during each trial. Cell
counts were obtained using the automated cell counting software
Image-Pro Plus 5.1 and were verified by human observation.

Solubility fractionation

Cells were homogenized through 3 cycles of freeze/thaw on dry
ice in phosphate buffered saline in the presence of protease inhibitors
(Roche, Mini Complete cocktail tablets) and then centrifuged at
16,000 x g for 30 min at 4 °C. The supernatant was removed as the
“readily soluble” fraction, and the pellet was washed 3 times in PBS
prior to suspension in a HEPES-based buffer containing 1.5% NP-40,
2% sodium dodecyl sulfate (SDS), and 0.25% deoxycholic acid and pro-
tease inhibitors. The homogenate was sonicated 3 x5 s; the resulting
suspension contained the “detergent-soluble” protein fraction. Uni-
form amounts of total protein were separated through SDS-PAGE on
a 4-20% gradient gel and transferred to PVDF membrane through
semi-dry transfer. Membranes were blocked for 1 h in 5% filtered
non-fat milk prior to overnight incubation with primary antibody at
4 °C (Calbiochem pan-SOD1 sheep polyclonal 1:1000, Sigma-Aldrich
[>-actin mouse monoclonal, 1:5000, Millipore ubiquitin mouse mono-
clonal 1:1000, or EnzoLife Science Hsp70/Hsp72 mouse monoclonal,
1:100). The next morning, membranes were washed in PBS/tween be-
fore 1 h incubation in near-infrared (IR) dye conjugated secondary an-
tibody (Rockland) at room temperature. The membrane was washed
extensively and visualized on an Odyssey (Li-Cor Biosciences) scanner.
Optical densitometry (OD) values for hSOD1 bands were obtained with

NIH Image] software. The percent of “readily soluble” protein was de-
fined as: readily soluble hSOD1 OD/(readily soluble + detergent-soluble
0D) %100 for each mutant. All solubility experiments were performed
and quantified 3 times.

Proteasome activity assay

CHO cells were treated for 24 h with 2.5 pM MG-132 or DMSO vehi-
cle and proteasome activity was evaluated with Millipore Proteasome
Activity Assay (Cat No APT280) according to manufacturer protocols.

Heat shock

CHO cells were placed in a 42 °C incubator for 1 h (or maintained
at 37 °C) before being returned to a 37 °C incubator overnight for re-
covery. Cells that were both treated with MG-132 and heat-shocked
were treated with 2.5 pM MG-132 directly before heat shock.

Statistical analysis

For each experimental paradigm, the statistical analysis (GraphPad
InStat 3 software) was based on at least 3 independent experiments.
For comparisons of wild-type and mutant protein solubility and toxici-
ty, we performed one-way ANOVA with a post-hoc Tukey's test (Figs. 1B
and C). The same statistical analysis was used for the pharmacological
treatments for each mutant in Figs. 3 and 5, and SI Figs. 4 and 5. Un-
paired t-tests were used to determine differences between drug and
vehicle treatments in Figs. 2 and 4D, between mut-mut and WtFLAG-
mut for Figs. 4B and C, and SI Fig. 7, between heat shock conditions in
SI Fig. 6, and for proteasome activity in SI Fig. 2.

Results

In this study, we present data correlating toxicity and solubility of
four different hSOD1 mutants in Chinese hamster ovary (CHO) cells.
We chose CHO cells both because they are strongly adherent and be-
cause they do not endogenously express human SODT1. It is important
to use a model system that does not endogenously express hSOD1 in
order to ensure that dimers between the endogenous and transiently
expressed SOD1 do not form. Additionally, rodent and human SOD1
run at slightly different molecular weights and so in this model, en-
dogenous and transiently transfected SOD1 can be differentiated in
electrophoretic gels. Past studies indicate that mutant SOD1 patholo-
gy is conserved in CHO cells (Prudencio and Borchelt, 2011; Stieber et
al., 2004). The mutants chosen were selected because they are well-
characterized and are scattered throughout the three-dimensional
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Fig. 1. Localization of SOD1 mutants in metallated homodimeric structure. A4V, G37R,
G93A, and G93C are identified in the hSOD1 homodimer.
The structure is modified from the Protein Data Bank, PDB 2C9V (Strange et al., 2006).
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Fig. 2. Solubility, but not toxicity, differs across non-stressed hSOD1 mutants. A) CHO
cells transiently expressing wild-type (WT), A4V, G37R, G93A, or G93C hSOD1 for
48 h were separated into readily and detergent-soluble fractions and detected through
immunoblot using a pan-SOD1 antibody. 3-Actin levels demonstrate equal protein
loading. NT indicates non-transfected cells. B) Levels of readily and detergent-soluble
hSOD1 were quantified through optical densitometry; the percent of readily soluble
hSOD1 was expressed over the total hSOD1 detected for each mutant. Wild-type and
G93C proteins were the most soluble, A4V was the least soluble. C) 48 h following
transient transfection, viability was assessed through membrane integrity. Toxicity
was expressed as the percentage of dead cells over the total number of cells. The mu-
tants did not differ from each other in terms of toxicity, however all mutants exhibited
a weak toxicity in comparison to wild-type hSOD1. Values represent the means + SEM
and significance is relative to the wild-type hSOD1 condition (*=p<0.05, **=p<0.001).

structure of the SOD1 homodimer (Fig. 1). A4V, the most common SOD1
mutation among ALS patients in North America, is associated with a rap-
idly progressive form of disease (Rosen et al,, 1994) and is located at the
dimer interface. G37R and G93A hSOD1 mice well-characterized rodent
models of disease; G37R is located within the SOD1 p-barrel and G93A
is located in the solvent exposed -barrel plug. The G93C mutation repre-
sents a variation on G93A.

Solubility differs among hSOD1 mutants

The mutant and wild-type hSOD1 proteins did not demonstrate
uniform solubility. hSOD1 transgenes were transiently expressed in
CHO cells for 48 h prior to harvesting. Similar levels of protein ex-
pression were demonstrated for each of the mutant hSOD1 proteins
(SI Fig. 1). Cellular homogenates were separated into two compo-
nents: 1) a “readily soluble” fraction harvested without the addition
of exogenous solubilizing agents, and 2) a “detergent-soluble” frac-
tion (1.5% NP-40, 2% SDS, and 0.25% deoxycholic acid) that contained
the majority of remaining cellular proteins. This strategy was used to

isolate the SOD1 protein that is inherently soluble within the cytosol
from the SOD1 protein that is less soluble, and potentially contained
within some aggregated form. The solubility fractions were subjected
to immunoblot analysis, probed with a pan-SOD1 antibody, and the
relative amounts of SOD1 in each fraction were quantified through
densitometry. For wild-type (WT) and G93C hSOD1, the majority of
SOD1 protein was found in the readily soluble fraction, whereas a signif-
icant proportion of SOD1 protein was found in the detergent-soluble
fraction for A4V, G37R, and G93A (Figs. 2A, B). The “least soluble” mu-
tant, that is, the mutant that had the greatest proportion of SOD1 in
the detergent-soluble fraction, was A4V.

The effect of the expression of each of the mutant proteins on cell
viability was evaluated using Invitrogen's cell viability assay, as de-
scribed under Materials and methods. In this assay, live cells are iden-
tified by intracellular esterase activity, and dead cells are detected
through loss of plasma membrane integrity. All of the cells expressing
mutant SOD1 proteins showed weak toxicity when compared to cells
expressing the wild-type hSOD1 protein; however, there were no dif-
ferences in cellular toxicity among the four mutants (Fig. 2C).

Increased levels of readily soluble mutant hSOD1 correlate with toxicity

In order to investigate the relative toxicities of mutant hSOD1 pro-
teins in our model, we needed to stress the cells to induce significant
levels of cell death. We chose proteasome inhibition as the stressor
because the primary function of the proteasome is protein turnover,
and misfolded and/or damaged proteins are degraded through the
ubiquitin-proteasome pathway (Hershko and Ciechanover, 1982,
1986, 1998; Hershko et al., 1983). Therefore, inhibition of the
proteasome is expected to increase levels of both soluble misfolded,
and aggregated proteins. Additionally, proteasome activity in the
lumbar spinal cord of G93A mice is decreased throughout the dis-
ease, making this a relevant form of cellular stress (Kabashi and
Durham, 2006; Kabashi et al., 2004). When hSOD1-expressing cells
were exposed to the proteasome inhibitor MG-132 for 24 h, we
found a corresponding increase in levels of hSOD1 in both readily
soluble (Fig. 3A) and detergent-soluble fractions. Notably, whereas
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Fig. 3. SOD1-related toxicity correlates directly with relative solubility. A) 24 h after
SOD1 transfection, CHO cells were exposed to the proteasome inhibitor MG-132
(2.5 puM) for 24 h. The homogenates were separated into readily soluble and
detergent-soluble fractions and then detected through immunoblot using a
pan-SOD1 antibody. The immunoblots demonstrate that the levels of readily soluble
protein increase in the presence of MG-132. B) Proteasome inhibition differentially af-
fects SOD1-related toxicity in cells expressing the different hSOD1 mutants. Values
represent the means of at least 3 independent experiments, 4+ SEM. Significance is
based on comparison of means between MG132 and DMSO treatments (*=p<0.05,
**=p<0.005).
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the amount of hSOD1 present in each of these fractions increased in
the presence of MG-132, the relative proportions of hSOD1 found in
the different fractions did not differ from the control (DMSO treated)
condition. Proteasome inhibition was verified using both a proteasome
activity assay and estimation of relative levels of polyubiquitinated pro-
teins (SI Fig. 2).

As predicted, proteasome inhibition produced a significant toxici-
ty in cells expressing the mutant hSOD1 proteins. Importantly, no
changes in toxicity were detected in cells expressing wild-type
hSOD1. The degree of cellular toxicity varied among the cells express-
ing the four different mutant proteins (Fig. 3B), and relative toxicity
correlated directly with the relative solubility of each mutant protein
(Fig. 2B). Specifically, the cells expressing G93C, which showed the
highest proportion of readily soluble protein, exhibited the greatest
increase in toxicity when exposed to MG-132 for 24 h, whereas
cells expressing A4V, the least soluble among the mutant proteins,
showed very little increase in toxicity with proteasome inhibition.
Cells expressing G37R and G93A showed intermediate toxicities rela-
tive to A4V and G93C. The strong correlation between solubility and
toxicity across the hSOD1 mutants suggests that the toxic hSOD1 spe-
cies is found in the readily soluble fraction. These data also support the
idea that the soluble, toxic SOD1 protein is likely misfolded, since the
proteasome is responsible for turnover and degradation of misfolded
proteins and proteasome inhibition increased toxicity in cells express-
ing mutant, but not wild-type, hSOD1 protein. However, because
proteasome inhibition increased the levels of both overexpressed
wild-type and mutant hSODI1, it was necessary to further verify that
the accumulating mutant protein was indeed misfolded.

To test the hypothesis that the toxic, soluble SOD1 proteins were
misfolded, we sought to promote their refolding, predicting that this
would reduce toxicity. To refold the soluble, misfolded SOD1 protein
we induced transcription of heat shock chaperones, including heat
shock protein 70 (Hsp70). Hsp70 is instrumental to protein quality
control and is known to act in concert with other heat shock
co-chaperones to assist in nascent protein folding, as well as refolding
of soluble misfolded proteins, and targeting of proteins for degrada-
tion (Batulan et al., 2003, 2006; Beckmann et al., 1990; Bukau et al.,
2006; Meacham et al,, 2001; Rudiger et al., 1997). Previous studies
of aggregate-related toxicity could not distinguish between the ef-
fects of SOD1 aggregates and their misfolded, readily soluble precur-
sors because aggregates are formed from these precursors and so
reducing levels of misfolded, soluble protein would necessarily also
reduce the presence of aggregates. To circumvent this issue, we
designed an experiment where we could separate the toxic effects
of readily soluble versus detergent-soluble SOD1 protein. We used
proteasome inhibition to increase the levels of both pools and then
selectively refolded the soluble, misfolded fraction by upregulating
heat shock chaperones. Because aggregate formation mediated by
proteasome inhibition is a reversible process (Puttaparthi et al.,
2003), we maintained proteasome inhibition throughout the experi-
ment. This paradigm allowed us to observe the toxic effects of the
detergent-soluble SOD1 in the absence of the misfolded, readily solu-
ble precursors.

Heat shock chaperones were induced pharmacologically with the
Hsp90 inhibitor geldanamycin, and increased Hsp70 levels were con-
firmed by immunoblot (SI Fig. 3). In the absence of cell stress, Hsp90
complexes with heat shock transcription factor 1 (Hsf-1) and holds it
in an inactive state, thereby preventing induction of Hsp70 and other
co-chaperones. Inhibiting Hsp90 with geldanamycin releases Hsf-1
from this complex, allowing Hsf-1 to induce transcription of heat
shock chaperones, including Hsp70 (Shen et al., 2005). So, in this par-
adigm, cells are first stressed by exposure to the proteasome inhibitor
MG-132 for 24 h to induce accumulation of misfolded proteins, and
then are exposed to both MG-132 and geldanamycin for the next 24 h
in order to up-regulate heat shock chaperones to specifically target
refolding of the misfolded, readily soluble protein, while maintaining

levels of the detergent-soluble protein. There are reports that the heat
shock chaperone Hsp70 may play a role in disaggregating already
formed inclusions (Liberek et al., 2008). However, we found that up-
regulating Hsp70 in the presence of an inhibited proteasome did not de-
crease the levels of already accumulated “less soluble” protein in our
system (SI Fig. 4).

Using this experimental paradigm, we found that up-regulating
heat shock chaperones with geldanamycin reduced the cellular toxic-
ity initiated by proteasome inhibition (Fig. 4). As with our previous
experiments using proteasome inhibition, the mutants exhibited dif-
ferent levels of toxicity in the presence of MG-132 at 24 h, and this
toxicity increased with continued exposure to MG-132 for the next
24 h. However, when cells were first exposed to MG-132 for 24 h and
then subsequently exposed to both MG-132 and geldanamycin for the
next 24 h, the increased cellular toxicity of MG-132 at 48 h was amelio-
rated. Similarly, when cells were exposed to both MG-132 and
geldanamycin from the outset, geldanamycin prevented the MG-132-
mediated toxicity (SI Fig. 5). In order to confirm the protective effect
of heat shock chaperones in this model, we also induced expres-
sion of heat shock proteins using heat shock (42 °Cx 1 h). This para-
digm yielded the same results as the treatment with geldanamycin
(SI Fig. 6). The convergence of geldanamycin treatment and heat
shock in both up-regulating heat shock chaperones and ameliorating
cell death supports the hypothesis that these induced chaperones
are responsible for attenuating MG-132-induced toxicity.

The protective effect of up-regulating heat shock chaperones was
not due to a decrease in mutant SOD1. Solubility profiles showed
that the relative levels of readily soluble and detergent-soluble pro-
teins were conserved with pharmacologic manipulation (SI Fig. 4).
This suggests that the attenuation of toxicity with geldanamycin
was not due to an overall reduction in levels of detergent-soluble pro-
tein or a transfer of the detergent-soluble protein to the readily solu-
ble fraction. Indeed, inducing heat shock chaperones in mutant
hSOD1-expressing cells attenuated MG-132-induced toxicity regard-
less of the presence of detergent-soluble SOD1, supporting the hy-
pothesis that the toxic SOD1 species is not only misfolded, but is
also very soluble. These data may seem to contradict the hypothesis
that levels of soluble SOD1 correlate with toxicity. However, we inter-
pret the data as showing that it is the SOD1 conformer within the sol-
uble fraction that determines toxicity, and not simply levels of soluble
SOD1. That is, the toxic SOD1 protein species is both readily soluble
and misfolded. Refolding of the toxic misfolded protein with heat
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shock chaperones reduced toxicity, even though the total level of sol-
uble SOD1 did not change.

Increasing mutant SOD1 solubility increases cellular toxicity

In the experiments up to this point, we had increased total levels
of both readily soluble and detergent-soluble misfolded SOD1, show-
ing a corresponding increase in toxicity in the mutants demonstrating
the highest proportion of readily soluble protein. Targeted refolding
of readily soluble misfolded protein by inducing heat shock chaper-
ones ameliorated this toxicity, suggesting that the toxic form of the
mutant SOD1 protein is both easily soluble and misfolded. To more
directly address the question of how mutant SOD1 solubility impacts
toxicity, we needed to increase the inherent solubility of the individ-
ual SOD1 mutants to show that specifically increasing the proportion
of mutant hSOD1 in the readily soluble fraction would also increase
its toxicity. Past studies demonstrated that co-expressing mutant
and wild-type hSOD1 increases mutant SOD1 solubility (Witan et
al., 2008, 2009). Therefore, we transfected either equal amounts of
wild-type and mutant hSOD1 DNA, or transfected double the amount
of mutant hSOD1 DNA. In this manner, the total amount of hSOD1
DNA transfected was uniform regardless of whether the cells were
expressing mutant only, or mutant plus wild-type protein. To differ-
entiate the co-expressed wild-type and mutant hSOD1 proteins, an
N-terminal 3x-FLAG tag was added to the wild-type hSOD1.

As predicted, the co-expression of wild-type hSOD1-FLAG and mu-
tant hSOD1 increased the relative solubility of the mutant protein
(Figs. 5A, B). The relative solubility of mutant hSOD1 was evaluated in-
dependently for the mut-mut and mut-WtFLAG conditions. The
greatest increase in mutant SOD1 solubility in the presence of wild-
type hSOD1, as compared to the mutant-mutant condition, was found
in cells expressing A4V and G93A proteins. These were also the mutants
that were the least soluble in the absence of wild-type protein (Fig. 2)
and so had the greatest potential for increased solubility. We next eval-
uated the effect of co-expressing wild-type hSOD1 on toxicity; the pres-
ence of wild-type protein increased toxicity in cells expressing A4V and
G93A hSOD1 (Fig. 5C). The greatest increase in toxicity as compared to
the mutant-mutant condition was found in A4V and G93A hSOD1-
expressing cells. Notably, these are the same mutants that showed the
greatest increase in solubility in the presence of the wild-type protein.

The increase in toxicity caused by co-expression of wild-type
SOD1 was rescued by treatment with geldanamycin (Fig. 5D), again
suggesting that the increased soluble fraction of mutSOD1 contains
misfolded, toxic protein. Heat-shocking the cells at 42 °C for 1 h sim-
ilarly rescued viability, supporting the hypothesis that geldanamycin
mediates viability via the heat shock pathway (SI Fig. 7). Additionally,
increased solubility due to co-expression of wild-type and mutant
hSOD1 also increased the SOD1-related toxicity in cells exposed to
proteasome inhibition (Fig. 6). Again, A4V and G93A, the SOD1 mutants
that exhibited the greatest increase in solubility when co-expressed with
the wild-type protein, showed the greatest sensitivity to MG-132 when
co-expressed with wild-type hSOD1. Notably, A4V-expressing cells
were resistant to MG-132-induced toxicity in the absence of wild-type
protein (Fig. 3), and the co-expression of wild-type hSOD1 with A4V
transformed a comparatively non-toxic mutant into a toxic one, presum-
ably by increasing its solubility.

Discussion

We present data correlating the toxicity of mutant hSOD1 pro-
teins, under a number of different conditions, with their relative sol-
ubilities. We demonstrate that under conditions of stress induced by
proteasome inhibition, the most easily solubilized mutant proteins
are also the most toxic, and that targeted re-folding of improperly
folded, soluble mutant protein ameliorates this toxicity, even in the
presence of less soluble SOD1 species. Furthermore, we demonstrate
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readily soluble and detergent-soluble fractions, and detected on immunoblot with a
pan-SOD1 antibody. Lane (1) = readily soluble mut-mut, (2) = detergent-soluble
mut-mut, (3) = readily soluble mut-WtFLAG, (4) = detergent-soluble mut-WtFLAG;
the Wt-3xFLAG protein has a slightly higher molecular weight. B) Bands were quanti-
fied using optical densitometry, confirming that co-expression with WT hSOD1 in-
creases the proportion of readily soluble mutant protein for A4V and G93A. C) The
increased proportion of readily soluble mutant SOD1 protein corresponds with toxici-
ty. Wild-type hSOD1 induced toxicity in A4V and G93A expressing cells relative to the
mut-mut condition. D) Induction of heat shock proteins with geldanamycin (10 uM for
24 h) protects against toxicity created by co-expressing A4V with WT hSOD1 protein.
For B and C, statistical comparisons are mut-WtFLAG vs. the mut-mut condition. For D
statistical comparisons are with the DMSO condition for each hSOD1 mutant. Values
represent the means of at least 3 independent experiments 4 SEM (*=p<0.05, ** =
p<0.001, ***=p<0.0001).

that increasing mutant hSOD1 solubility by co-expressing wild-type
hSOD1 increases cell toxicity, as well as sensitivity to the effects of
proteasome inhibition. The mutants demonstrating the greatest increase
in solubility when co-expressed with wild-type hSOD1 also demonstrat-
ed the greatest increase in toxicity. This toxicity was rescued by inducing
molecular heat shock chaperones, suggesting that the toxicity of mutant
hSOD1 is related to levels of readily soluble misfolded hSOD1. It may be


image of Fig.�5

54 T.E. Brotherton et al. / Neurobiology of Disease 49 (2013) 49-56

40.00

35.00

30.00

25.00 T

\
\
20.00 _ B mut-mut
15.00 | % = mut-WtFlag
| \
10.00 | %
5.00 | %
0.00 — - - N &

% total cells dead in presence of MG132

WT A4V G37R GI3A G93C

Fig. 6. Presence of wild-type hSOD1 increases mutant hSOD1 vulnerability to
proteasome inhibition. CHO cells were transiently transfected with equal total levels
of mutant (mut-mut) hSOD1 or mutant and wild-type-3xFLAG (mut-WtFLAG)
hSOD1 DNA and allowed to express for 24 h before being exposed to 2.5 pM MG-132
for 24 h. Viability was assessed via membrane integrity. Values represent the means
of at least 3 independent experiments 4+ SEM. Statistical comparisons are mut-WtFLAG
vs. the mut-mut condition (*=p<0.05).

that the less soluble hSOD1 serves a protective function by sequestering
away the more soluble toxic species (Fig. 7). This less soluble fraction of
SOD1 may include protein aggregates, though our experimental data do
not address this issue. However, there is precedent for the hypothesis of
protective sequestering of toxic proteins in other neurodegenerative
diseases. Examples include models of Huntington's and Parkinson's
diseases, where pharmacologically enhancing aggregate size (and cor-
respondingly decreasing levels of diffuse, soluble protein) increases
the viability of mutant huntingtin- and synuclein-expressing cells
(Bodner et al., 2006; Finkbeiner et al., 2004). Conformation-specific
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Fig. 7. Misfolded and soluble SOD1 is more toxic than the aggregated SOD1. Mutant
SOD1 is initially present as soluble, natively folded (circles) and soluble, misfolded
(hexagons) proteins. Proteasome inhibition slows protein turnover, increasing levels
of soluble, misfolded and poorly soluble, potentially aggregated SOD1 (hexagon con-
glomerates) and is associated with increased cell toxicity. Up-regulating heat shock
protein chaperones while maintaining proteasome inhibition targets soluble,
misfolded protein for re-folding but does not decrease levels of poorly soluble, aggre-
gated SOD1 and is associated with low levels of cell toxicity. The presence of poorly sol-

uble, aggregated SOD1 alone is not enough to initiate toxicity; in contrast, misfolded,
soluble SOD1 must be present for cell toxicity.

Inhibit proteasome

“refold” misfolded, soluble SOD1
while maintaining “aggregated”
S0D1

SOD1 antibodies are available, however we chose not to use them
because a) many of them are not thoroughly characterized, and
b) separate mutants may not exhibit uniform misfolded conforma-
tions, decreasing the usefulness of such an approach.

Our findings are consistent with previous data suggesting that the
toxic hSOD1 species is localized in the soluble protein fraction (Wang
et al., 2009a; Zetterstrom et al., 2007). There is debate over when pro-
tein aggregates first appear in rodent models of disease, however
there is a general consensus that their presence drastically increases
after the animals are already symptomatic (Johnston et al., 2000;
Wang et al., 2002). As detectable symptom onset is actually preceded
by tissue pathology (e.g. denervation of the neuromuscular junction),
factors other than protein aggregation are likely instrumental to dis-
ease initiation (Fischer et al., 2004). Indeed, both hydrophobic, solu-
ble misfolded mutant hSOD1, and soluble mutant hSOD1 oligomers
are present in pathologically affected tissue prior to symptom onset
(Wang et al., 2009a; Zetterstrom et al., 2007). Furthermore, these pro-
tein species are selectively increased in pathologically affected tissue
leading up to disease onset, supporting a role for soluble misfolded pro-
tein in disease initiation (Wang et al., 2009a; Zetterstrom et al., 2007).

A study on mutant SOD1 aggregation and toxicity utilizing live-cell
imaging in PC-12 cells showed that those cells expressing mutant
SOD1 aggregates were more likely to die than cells exhibiting a diffuse
form of the protein (Matsumoto et al., 2005). However, in this study
toxicity was also observed in cells lacking aggregates, suggesting that
aggregation is not necessary for cell death. A separate study using rela-
tive fluorescence of GFP-tagged SOD1 as a proxy for proper SOD1 fold-
ing showed that those mutants with the most disrupted folding were
also the most sensitive to oxidative stress (Zhang and Zhu, 2006).
There is also evidence that increasing the presence of molecular chaper-
ones ameliorates mutant SOD1 toxicity both in vitro and in vivo
(Batulan et al., 2006; Bruening et al., 1999; Kalmar et al., 2008; Kieran
et al.,, 2004). However, these previous experiments could not differenti-
ate the effects on viability of aggregates versus soluble aggregate precur-
sors. Our experimental paradigm provides data showing the differential
effects of separate SOD1 solubility states, providing further insight into
the nature of the mutant SOD1 protein that is responsible for cytotoxicity.

The observed effect of wild-type hSOD1 on both mutant hSOD1
solubility and toxicity is consistent with that reported in other studies
(Borchelt et al., 2009; Prudencio and Borchelt, 2009; Prudencio et al.,
2010; Witan et al., 2008, 2009). Both solubility and toxicity of mutant
hSOD1 were enhanced by the presence of wild-type protein. Ours is
the first study showing that the increased solubility generated by
co-expression of wild-type hSOD1 correlates with the relative in-
crease in toxicity and that the enhanced toxicity can be attenuated
by refolding the soluble misfolded protein through up-regulating
heat shock chaperones. It may be that the wild-type protein some-
how stabilizes the soluble mutant protein, thereby increasing its
toxic effect on the cell, and that inducing heat shock chaperones res-
cues this effect by stimulating re-folding of the stabilized, misfolded
mutant protein. The mechanism through which wild-type hSOD1 in-
teracts with the mutant protein is still under debate; separation of
tagged SOD1 species through electrophoretic gels has suggested
that co-expressed wild-type and mutant hSOD1 form a heterodimer
(Witan et al., 2008, 2009), yet immunocytochemical studies showed
that these species do not intimately interact (Prudencio et al.,
2010). Even so, the presence of wild-type hSOD1 exacerbates mutant
hSOD1-induced toxicity both in vitro and in rodent models, and has
even been shown to initiate disease in otherwise unaffected A4V-
expressing mice (Deng et al., 2006; Prudencio et al., 2010; Wang et al.,
2009b). Our findings showing enhanced solubility and toxicity of A4V
in the presence of wild-type hSOD1 may provide insight into the A4V
paradox. It is well-established that humans possessing the A4V muta-
tion have one of the most rapidly progressing forms of ALS, whereas
mice expressing A4V do not develop the disease unless it is expressed
in the presence of wild-type hSOD1. Similarly in our studies, A4V-
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expressing cells were the least toxic in the context of proteasome inhi-
bition, yet when co-expressed with wild-type hSOD1, A4V itself became
toxic to the cell and the toxicity was further increased in the presence of
a proteasome inhibitor. It thus appears that the presence of wild-type
hSOD1 enhances mutant hSOD1 toxicity, potentially by stabilizing a sol-
uble, misfolded form of the protein and/or inhibiting sequestration of
toxic protein into aggregates.

In conclusion, these data add to the growing literature implicating
soluble, misfolded protein as the most cytotoxic protein species in
various neurodegenerative diseases. We demonstrate that the toxici-
ty and solubility of different SOD1 mutants are correlated in vitro,
with the most soluble mutants also being the most toxic, and that
this toxicity is attenuated by targeting improperly folded soluble pro-
tein for refolding, independent of the presence of less soluble SOD1
species. We further demonstrate that increasing mutant SOD1 solubili-
ty both induces toxicity and increases sensitivity to proteasome inhibi-
tion in vitro, and that this can be tempered through up-regulating
molecular heat shock chaperones. These results support the hypothesis
that toxic mutant hSOD1 is localized to the soluble fraction, and that a
reduction in solubility may function as a protective, compensatory
mechanism to sequester away this protein species. Future studies focus-
ing on improperly folded soluble hSOD1 may shed light on the patho-
genesis of ALS and other protein misfolding disorders.
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