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Abstract
Mutations in superoxide dismutase 1 (SOD1, EC 1.15.1.1) cause familial amyotrophic lateral
sclerosis (fALS); with aggregated forms of mutant protein accumulating in spinal cord tissues of
transgenic mouse models and human patients. Mice over-expressing wild-type human SOD1 (WT
hSOD1) do not develop ALS-like disease, but co-expression of WT enzyme at high levels with
mutant SOD1 accelerates the onset of motor neuron disease compared to mice expressing mutant
hSOD1 alone. Spinal cords of mice expressing both proteins contain aggregated forms of mutant
protein and, in some cases, evidence of co-aggregation of WT hSOD1 enzyme. In the present
study, we used a cell culture model of mutant SOD1 aggregation to examine how the presence of
WT SOD1 affects mutant protein aggregation, finding that co-expression of WT SOD1, human
(hSOD1) or mouse (mSOD1), delayed the formation of mutant hSOD1 aggregates; in essence
appearing to slow the aggregation rate. In some combinations of WT and mutant hSOD1 co-
expression, the aggregates that did eventually form appeared to contain WT hSOD1 protein.
However, WT mSOD1 did not co-aggregate with mutant hSOD1 despite displaying a similar
ability to slow mutant hSOD1 aggregation. Together, these studies indicate that WT SOD1
(human or mouse), when expressed at levels equivalent to the mutant protein, modulates
aggregation of FALS-mutant hSOD1.
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Introduction
Amyotrophic lateral sclerosis (ALS) is the most common form of motor neuron disease in
adults (Bruijn et al. 2004). A small percentage of ALS cases presents a family history of
autosomal dominant inheritance, with approximately 20% of all familial ALS (fALS) linked
to mutations in superoxide dismutase 1 (SOD1, EC 1.15.1.1) (Rosen et al. 1993). More than
100 mutations in the 153 amino acid SOD1 protein have been identified in familial ALS [for
review see (Valentine et al. 2005)]. The majority of these mutations are point mutations,
although a few deletion, insertion and frameshift mutations have also been identified. Some
of these types of mutations cause early terminations to C-terminally truncate the protein.
However, in no case has there been a mutation linked to fALS that would lead to the
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absence of protein from the mutant allele. Studies of mice lacking SOD1 have demonstrated
that the absence of the wild-type (WT) SOD1 protein does not cause motor neuron disease
(Reaume et al. 1996). Thus, the disease-linked mutations appear to impart a toxic property
to SOD1, which eventually causes the death of motor neurons.

How mutations in SOD1 cause motor neuron death remains uncertain, but several
mechanisms have been proposed to explain the gain of toxic property (Valentine et al.
2005). One of the proposed mechanisms is the formation of protein aggregates, which have
been proposed to interfere with one or more critical cellular processes (Johnston et al.
2000;Boillee et al. 2006;Okado-Matsumoto and Fridovich 2002;Kunst 2004). SOD1
positive inclusions are found in spinal cord tissue of fALS patients (Shibata et al.
1996;Matsumoto et al. 1996;Kato et al. 1999b;Sasaki et al. 1998;Kato et al. 1999a;Kokubo
et al. 1999;Watanabe et al. 2001), and in spinal cords of transgenic mice that express SOD1-
linked fALS mutant proteins (Wong et al. 1995;Bruijn et al. 1997;Stieber et al.
2000;Watanabe et al. 2001;Wang et al. 2002a;Wang et al. 2002b;Wang et al. 2003;Sasaki et
al. 2005;Wang et al. 2005a;Wang et al. 2005b;Sasaki et al. 2007). In our experience, the
detection of mutant SOD1 aggregation is best accomplished biochemically, using a
detergent extraction and sedimentation technique (Wang et al. 2002b;Wang et al.
2002a;Wang et al. 2003;Wang et al. 2005b;Wang et al. 2005a;Wang et al. 2006). Detergent-
insoluble species of SOD1 are distinguished by the property of forming structures that are
not dissociated by non-ionic detergents and are of sufficient size to sediment upon
centrifugation at high speed; properties associated with protein aggregation (Wang et al.
2003). For all familial mutant SOD1 proteins studied to date, detergent-insoluble and
sedimentable forms of mutant SOD1 can also be generated in cell culture models (Wang et
al. 2003;Wang et al. 2006). Thus, to date there has been a strong correlation between the
aggregation of mutant SOD1 and toxicity.

In SOD1-linked fALS, mutant SOD1 proteins are co-expressed with WT SOD1 at 1:1 ratios
of synthesis (Borchelt et al. 1994). Whether toxicity of mutant SOD1 is modulated by
interactions between WT and mutant protein, or by the activity of WT SOD1, has been
addressed in several experimental models. Mice over-expressing WT human SOD1
(hSOD1) appear largely normal (Gurney et al. 1994;Wong et al. 1995), although there have
been reports of abnormalities in mice that express very high levels of WT hSOD1 (Dal
Canto and Gurney 1995;Tu et al. 1996). In a study of mice that express human G85R SOD1,
eliminating the expression of normal endogenous WT mouse SOD1 (mSOD1) or over-
expressing WT hSOD1 [by crossing to a line of mice produced by Wong and colleagues
(Wong et al. 1995)] had no obvious effects on disease onset, progression, or pathology
(Bruijn et al. 1998). However, a later study found that mice co-expressing high levels of WT
hSOD1 [by crossing to a line of mice produced by Gurney and colleagues (Gurney et al.
1994)] and G93A hSOD1 showed earlier disease onset than mice expressing the G93A
mutant alone (Jaarsma et al. 2000). Recently, Deng and colleagues (Deng et al. 2006)
reported that crossing the Gurney WT hSOD1 transgenic mice with mice harboring three
different fALS mutants (A4V, G93A, and L126Z hSOD1) caused accelerated disease onset,
which was accompanied by the appearance of aggregated SOD1. In the case of the A4V
mutant mouse model, no evidence of mutant protein aggregation or disease symptoms were
detected in the absence of additional WT hSOD1. A second interesting outcome was the
observation that WT hSOD1 protein co-purified with the mutant SOD1 aggregates in mice
that co-expressed WT and L126Z hSOD1 (Deng et al. 2006). Thus, one explanation for the
decrease in age to onset could be that the addition of WT hSOD1 promoted a more rapid
aggregation of mutant protein.

In this study we have used a cell culture model of mutant SOD1 aggregation to ask whether
WT SOD1 directly promotes the aggregation of mutant SOD1. We found that, in cell culture
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systems, the co-expression of WT SOD1 (human or mouse) with mutant hSOD1 (A4V,
G85R, G93A SOD1) appeared to slow the rate of mutant SOD1 aggregation. However,
aggregation of mutant SOD1 is not completely blocked by the co-expression of WT protein;
and in some cases we observed clear evidence for the co-purification of WT hSOD1 with the
mutant hSOD1 aggregates. Interestingly, we observed that WT mSOD1 also slowed,
without completely blocking, the aggregation of mutant hSOD1. However, unlike WT
hSOD1, WT mSOD1 was not found in aggregates. These results demonstrate that WT
hSOD1 has direct effects on the aggregation of mutant SOD1 with a tendency to slow
mutant protein aggregation.

Materials and methods
Expression plasmids

All of the WT and mutant human SOD1 proteins are expressed from expression plasmids
based on the pEF-BOS vector (Mizushima and Nagata 1990) containing cDNA SOD1
genes; all SOD1 vectors used in this study have been previously described (Borchelt et al.
1994;Wang et al. 2003;Karch and Borchelt 2008). The GFP cDNA was purchased from
Clontech (Mountain View, CA, USA) and inserted into pcDNA3.1(A)-Myc (Invitrogen,
Carlsbad, CA, USA).

Transfections and biochemical analysis of SOD1 solubility
Human embryonic kidney HEK293FT cells, which express the SV40 large T-antigen and
permit episomal replication of the pEF-BOS plasmid as well as strong enhancement of
transcription, were purchased from Invitrogen (Carlsbad, CA, USA). HEK293FT cells were
cultured in 60 mm lysine-coated dishes (BD Biosciences Bedford, MA, USA) and
transiently transfected, at 90–95% confluency, with either one SOD1 construct (4 µg),
equimolar amounts of two SOD1 constructs (~2 µg each) or equimolar amounts of one
SOD1 construct and the GFP construct (total 4 µg). Transfections were performed using
Lipofectamine 2000, following the manufacturer’s protocol (Invitrogen, Carlsbad, CA,
USA). Cells were harvested 24 or 48 hours after transfection by scraping in 1x PBS. The
cell pellet was extracted in detergent and mutant SOD1 aggregates were separated by
centrifugation using the detergent extraction and centrifugation assay, as previously
described (Karch and Borchelt 2008). This procedure generates two fractions termed S1
(detergent-soluble cellular protein) and P2 (detergent-insoluble cellular protein). The latter
containing aggregated forms of mutant SOD1.

SDS-PAGE and immunoblotting
Protein concentrations for the detergent-soluble proteins (S1 fraction) and detergent-
insoluble proteins (P2 fraction) were obtained using the bicinchoninic acid assay (Pierce
Biotechnology, Rockford, IL, USA). Five micrograms of S1 fractions and twenty
micrograms of P2 fractions were run in 18% Tris-Glycine polyacrylamide gels (Invitrogen,
Carlsbad, CA, USA) and transferred onto nitrocellulose membranes (Optitran BA-S 85,
Whatman Inc., New Jersey, USA). Membranes were blocked in 5% nonfat milk in PBS
before incubating them with human/mouse SOD1 primary antibody (1:2500) for one hour at
room temperature or overnight at 4°C (Pardo et al. 1995). Followed by 3 washes in PBS-T
(1x PBS, 0.1% Tween 20) for 10 minutes each, primary antibodies were detected by
incubations with goat anti-rabbit IgG, 1:5000 (KPL, Gaithersburgh, MD, USA) for an hour
at room temperature. After another 3 washes in PBS-T, secondary chemiluminescence was
visualized with a Fujifilm imaging system (FUJIFILM Life Science, Stamford, CT, USA).
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Estimation of aggregation propensity and statistical analysis
The aggregation propensity of SOD1 mutants was assessed by comparing the ratio of
immunolabeled SOD1 protein in the P2 vs. S1 fractions. Notably, the amount of protein
analyzed by immunoblots from these two fractions was not equivalent; in all cases 20 µg of
protein was analyzed from the P2 fraction and 5 µg from the S1 fraction. The intensities of
the SOD1 immunoreactive bands in the S1 and P2 fractions establish a ratio value for a
particular mutant in a particular immunoblot. To normalize the data from different
experiments, each immunoblot that was quantified included a positive control (A4V SOD1
for Fig. 1, Fig. 4, Fig. 5 and Supplemental Fig. 2; or G85R SOD1 for Fig. 3), which were
used to normalize the data (A4V and G85R show equivalent aggregation propensities and
the ratio values for these positive controls was set to 1). Differences in aggregation
propensity were assessed by paired Student t-test (GraphPad Prism 4.0, San Diego, CA,
USA), and each experiment was repeated at least three times.

Analysis of detergent-soluble and insoluble fractions by hybrid linear ion-trap Fourier-
transform ion cyclotron resonance mass spectrometry (FTMS)

For mass spectrometry analysis, six 60 mm culture dishes were co-transfected with WT and
G93A hSOD1 constructs, then combined and extracted in detergent as described above.
Ultimately, the S1 and P2 fractions were combined into final volumes of 600µl and 100µl
respectively. Portions of these fractions were chromatographed by HPLC as previously
described (Shaw et al. 2008). SOD1 containing fractions from HPLC chromatography were
quickly thawed and 7 µL was loaded into nano-electrospray emitters (Proxeon) for
immediate analysis using a nano-electrospray source equipped mass spectrometer (LTQ-FT
Ultra, Thermo, San Jose). Samples were analyzed in positive ion mode with 1.8 kV typically
required for stable nanospray performance. Full mass spectra were recorded over a mass
range 600–2000 (m/z, Da) with resolution set at 100,000 at m/z = 400. Typically, 50
transients were averaged prior to recording a single MS spectrum. FTMS analyses were
repeated twice.

Results
Differential detergent extraction and centrifugation techniques have been demonstrated as an
approach to separate mutant SOD1 complexes of high molecular weight (presumed
aggregates and defined as such here) that are produced in both transgenic mouse tissue and
cultured cells (Johnston et al. 2000;Wang et al. 2002a;Wang et al. 2002b;Wang et al.
2003;Wang et al. 2005a;Wang et al. 2005b;Wang et al. 2006). In mutant mice, detergent-
insoluble SOD1 aggregates accumulate as the animals age and disease-associated symptoms
worsen (Wang et al. 2003). The formation of SOD1 aggregates can be modeled by high
level expression of mutant SOD1 in human HEK293FT cells (Wang et al. 2003;Karch and
Borchelt 2008). Using this model system we sought to examine whether WT SOD1
modulates the aggregation of mutant SOD1.

Co-expression of WT and mutant hSOD1 in cultured HEK293FT cells reduced the level of
detergent-insoluble mutant SOD1 proteins that accumulate in 24 hours (Fig. 1). HEK293FT
cells transfected with A4V, G85R or G93A SOD1 alone formed detergent-insoluble
aggregates that sedimented upon ultracentrifugation, whereas cells expressing both WT and
mutant hSOD1 produced little or no detergent-insoluble SOD1 protein (Figs. 1A and B,
upper panel). Instead, both WT and mutant hSOD1 proteins were found only in soluble
fractions (Figs. 1A and B, lower panel). To control for non-specific effects of co-
transfection, such as reduced mutant protein expression that may have caused a reduction in
aggregation, we co-expressed the mutant SOD1 constructs (A4V, G85R and G93A SOD1)
with an expression plasmid for GFP and performed the detergent extraction and
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centrifugation assay. In each case, the expression of GFP did not affect the aggregation of
mutant SOD1 (Figs. 1A and B, upper panel). In these cell culture experiments, a large
fraction of the mutant SOD1 remains fully soluble in detergent (Figs. 1A and B, lower
panels). The levels of soluble SOD1 protein provide a good indication of protein expression,
indicating that all mutant proteins were expressed at high levels relative to non-transfected
control cells. Immunoblot data from at least four experiments for each set of WT and mutant
hSOD1 co-transfections was quantified and analyzed statistically (Fig. 1C; see Methods -
Estimation of aggregation propensity and statistical analysis for an explanation of the
methodology used to quantify relative aggregation propensities), providing clear evidence
that in our cell culture model the co-expression of WT SOD1 modulates mutant hSOD1
aggregation.

To examine the effects of WT hSOD1 on mutant SOD1 aggregation over time, we extended
the interval between transfection and harvest to 48 hours. Interestingly we found that WT
hSOD1 differentially affected the aggregation of the different SOD1 mutants (A4V, G85R
and G93A SOD1; Fig. 1D, E). As compared to cells expressing A4V SOD1 alone, cells co-
transfected with vectors for WT and A4V hSOD1 continued to accumulate less detergent-
insoluble mutant protein (Fig. 1D, upper panel). However, aggregation was not blocked as
these cells contained significantly more detergent-insoluble SOD1 than cells transfected
with WT hSOD1 (Fig. 1E). The levels of detergent-soluble SOD1 protein in extracts from
cells co-transfected with WT and A4V hSOD1 indicated relatively high levels of expressed
protein (Fig 1D, lower panel). However, because the WT and A4V hSOD1 proteins could
not be distinguished by SDS-PAGE and the low amount of detergent-insoluble SOD1 in the
co-transfected cells, we could not determine whether the insoluble hSOD1 is limited to
mutant protein. When WT hSOD1 was co-expressed with G85R hSOD1, it was possible to
differentiate the WT and mutant hSOD1 proteins by SDS-PAGE; the G85R variant migrates
anomalously in SDS-PAGE, running slightly faster than the expected size (Hayward et al.
2002;Wang et al. 2003;Wang et al. 2006). In cells co-expressing WT with G85R hSOD1,
we observed significant accumulation of detergent-insoluble mutant protein at 48 hours.
More interestingly, WT hSOD1 was clearly detected in the detergent-insoluble fraction (Fig.
1D upper panel, and F). We estimate the relative ratio of G85R to WT hSOD1 in the
insoluble fraction to be about 4 to 1. In cells co-expressing WT and G93A hSOD1 for 48
hours, a significant amount of SOD1 was detected in the detergent-insoluble fraction (Fig.
1D and E). To determine whether WT hSOD1 was present in the detergent-insoluble
fraction, we analyzed these fractions by hybrid linear ion-trap Fourier-transform ion
cyclotron resonance mass spectrometry (FTMS). FTMS analysis revealed the presence of
both WT and G93A hSOD1 in both the detergent-insoluble and -soluble fractions (Fig. 2).
In the detergent-insoluble fractions, however, the amount of WT hSOD1 was about 10 fold
less than G93A hSOD1 (Fig. 2A P2,); while in the soluble fractions, the levels of WT and
G93A hSOD1 were similar (Fig. 2B S1,). Overall, these results are consistent with the
discoveries of detergent-insoluble WT hSOD1 in spinal cords of transgenic mice co-
expressing WT and mutant hSOD1 (Deng et al. 2006). We interpret our data in cell culture
as evidence that WT hSOD1 primarily slows the rate of mutant SOD1 aggregation, but
ultimately when aggregates form, the WT protein may inefficiently co-aggregate with some
mutant SOD1 variants.

To control for the effects of co-transfection and for the possibility that SOD1 proteins of
differing sequences might interfere with aggregation, we also co-transfected G85R SOD1
with WT, A4V, and G93A hSOD1 constructs. In these experiments we took advantage of
the anomalous migration of G85R hSOD1 to examine how the co-expression of two
different SOD1 mutants might affect their aggregation. Cells co-expressing G85R SOD1
with either A4V or G93A SOD1 produced detergent-insoluble forms of each SOD1 mutant
(Fig. 3A, upper panel). As described above, the presence of mutant hSOD1 protein in the S1
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fraction for each transfection indicated that only a portion of the total protein adopted the
insoluble conformation (Fig. 3A, lower panel). Quantification of multiple independent
experiments demonstrated that whether expressed alone or in combination with the A4V or
G93A SOD1 variants, the propensity of G85R SOD1 to aggregate was not significantly
altered (Fig. 3B). These data suggest that the apparent reduction in aggregation caused by
the co-expression of WT with mutant hSOD1 is not due to some non-specific effect of co-
transfection or some non-specific effect of interactions between two different SOD1
subunits, but rather appears to be due to a specific property of the WT hSOD1 protein.

The human and mouse WT SOD1 protein share 83.6% identity at the level of amino acid
sequence (Supplemental Fig. 1); 25 amino acid differences in the 153 residue protein. Thus
we next sought to investigate whether these differences in protein sequence would affect the
ability of WT SOD1 to modulate the aggregation rate of mutant SOD1. HEK293FT cells co-
transfected with WT mouse SOD1 (mSOD1) and mutant hSOD1 proteins (A4V, G85R and
G93A SOD1) showed a significant reduction in the amount of detergent-insoluble SOD1
aggregates produced in 24 hours (Fig. 4A, B). Interpretation of the immunoblots of cells co-
transfected with WT mSOD1 and G85R hSOD1 was complicated by the fact that these
proteins migrated to very near the same position in SDS-PAGE. However, these proteins
could be resolved in gels exposed for short intervals, allowing for the detection of both WT
mSOD1 and G85R hSOD1 in the detergent-soluble protein fraction (Fig. 4A, right lower
panel). Despite a significant reduction in the amount of insoluble G85R hSOD1 in these co-
transfected cells, aggregation was not blocked and it was possible to demonstrate that the
detergent-insoluble fraction contained only G85R hSOD1 (Fig. 4A, right upper panel).
Quantification of the relative aggregation propensity of the hSOD1 mutants in cells co-
transfected with WT mSOD1 revealed a significant reduction in the amount of detergent-
insoluble mutant hSOD1 protein that accumulated in 24 hours (Fig 4B). Thus, WT mSOD1
has the same capacity as WT hSOD1 to slow the rate of mutant hSOD1 to aggregate.

When we extended the interval between transfection and harvest to 48 hours, we observed
that A4V, G85R and G93A hSOD1, when expressed with WT mSOD1, were able to form
detectable amounts of detergent-insoluble SOD1 aggregates (Fig. 4C). We observed that in
measures of aggregation propensity, which compensates for any changes in the expression
of mutant hSOD1 that may occur when co-transfected with WT mSOD1, the presence of
WT mSOD1 had no significant effect on aggregation of mutant hSOD1 (Fig. 4D).
Interestingly, WT mSOD1, unlike WT hSOD1, did not seem to co-aggregate with any of the
mutants even after the longer 48 hour interval (Fig. 4C, upper panel). In co-transfections of
A4V or G93A hSOD1 mutants with WT mSOD1, the amount of mSOD1 detected in the
insoluble fraction was not different from that of cells transfected with mSOD1 alone (Fig.
4C; p > 0.05, n = 4 independent replications). Moreover, we did not detect mSOD1 in
detergent-insoluble fractions of cells co-expressing WT mSOD1 and G85R hSOD1 at a
level greater than that of cells expressing mSOD1 alone (p > 0.20, n = 3 independent
replications). Thus, although WT mSOD1 possesses an ability that is similar to WT hSOD1
in modulating the aggregation of mutant proteins, it lacks a feature that allows for co-
sedimentation with mutant hSOD1.

The differing ability of WT mSOD1 and hSOD1 to co-aggregate with mutant hSOD1 is a
finding that appears to be consistent with a recent report suggesting that a specific cysteine
residue in hSOD1 may mediate the co-aggregation of WT and mutant hSOD1 (Cozzolino et
al. 2008). The cysteine residue at position 111 of hSOD1 has been identified as a potential
mediator of disulfide cross-linking between mutant and WT hSOD1 (Cozzolino et al. 2008).
Mouse SOD1 encodes serine at position 111, and thus could not generate such disulfide
linkages. To directly test this hypothesis, we used a previously described cDNA hSOD1 that
encodes serine as position 111 (C111S hSOD1) (Karch and Borchelt 2008) in co-
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transfection with G85R hSOD1. The mutant C111S hSOD1 is not an ALS mutation; in most
species the position equivalent to 111 encodes serine. Previous studies have established that
this mutant does not spontaneously aggregate (Cozzolino et al. 2008;Karch and Borchelt
2008). In C111S and G85R hSOD1 co-transfections, cells were harvested after 48 hours,
which was the interval needed to observe WT and G85R hSOD1 co-aggregation. Consistent
with previous studies, all C111S hSOD1 fractionated to the detergent-soluble fraction (Fig.
5A, compare upper and lower panels). However, in cells co-transfected with C111S and
G85R hSOD1 and harvested 48 hours later, we found both proteins in the detergent-
insoluble fraction Quantification of the aggregation propensity of each SOD1 protein was
performed as previously described, showing significant accumulation of aggregated C111S
hSOD1 in the co-transfected cells (Fig. 5B). This finding suggests that the co-aggregation of
WT hSOD1 with mutant protein is not dependent upon a disulfide linkage between cysteine
111 of WT protein and cysteine residues of mutant hSOD1.

Discussion
In the present study, we examined the potential for WT SOD1 to influence the aggregation
of mutant SOD1 as defined by the formation of structures that are insoluble in non-ionic
detergent and sediment upon ultracentrifugation. In a cell culture model of mutant SOD1
aggregation, we found that the presence of WT hSOD1 or mSOD1 significantly lowered the
amount of mutant hSOD1 (A4V, G85R and G93A) in aggregates after 24 hours. Upon
longer incubation (48 hours), we observed significant aggregation of G85R and G93A
hSOD1, but continued attenuation of A4V aggregate levels. We also observed that WT
hSOD1 can co-sediment with mutant G85R and G93A SOD1 aggregates; however, the
predominant species of SOD1 in these aggregates was mutant protein. Importantly, these
effects of WT hSOD1 or mSOD1 on the aggregation of mutant protein were specific to WT
protein. Co-expression of G85R hSOD1 with either A4V or G93A hSOD1 showed no
evidence of slowed aggregation rates; detergent-insoluble forms of both mutant proteins
were readily detectable in 24 hours. From these findings, we conclude that WT SOD1
possess a capacity to modulate the aggregation of the mutant protein, with the primary effect
being to slow aggregation rates.

Human but not mouse WT SOD1 can co-aggregate with mutant SOD1
One mechanism by which WT protein could slow aggregation of mutant protein, but then
ultimately become a component of such aggregates, is via direct protein-protein interactions
between the WT and mutant proteins at the level of nucleation, or growth, of the aggregate.
In many aggregate structures, the stacking of peptide chains of identical sequence is crucial
to the formation of stable oligomeric structures (Petty and Decatur 2005;Shorter and
Lindquist 2005). Such stacking forces have been proposed in prion protein conformational
changes and it is well established that the presence of two prion proteins with single amino
acid substitutions can slow aggregation (Petty et al. 2005;Hsiao et al. 1994). With this
notion in mind, we tested whether WT mSOD1 could produce the same effects as WT
hSOD1 on the aggregation of mutant hSOD1. The WT mSOD1 protein contains 25 amino
acid differences from the human protein (see Supplemental Fig. 1). Despite these numerous
sequence differences, WT mSOD1 retains the ability to slow aggregation of mutant hSOD1,
presumably through direct protein-protein interactions. However, WT mSOD1 does not co-
sediment with the mutant hSOD1 aggregates. This latter outcome could indicate that the
numerous sequence differences between human and mouse SOD1 disrupt the types of close
protein-protein interactions that would be required in the assembly of SOD1 aggregates.
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WT and mutant hSOD1 protein-protein interaction: role of disulfide bonding and cysteine
111

Our observation that WT mSOD1 does not co-aggregate with mutant hSOD1 is consistent
with a recently a proposed mechanism of WT and mutant SOD1 co-aggregation that
suggested a role for inter-subunit disulfide crosslinking between cysteine residues at position
111 (Cozzolino et al. 2008). In a heterodimer of WT and mutant SOD1 subunits, these
cysteines would be in close proximity near the dimer interface and thus could mediate an
inter-subunit bridge. Mouse SOD1 encodes serine at position 111 and would be incapable of
forming such a disulfide bridge. To test the role of disulfide linkages between cysteine 111
residues in the co-aggregation of WT and mutant hSOD1, we mutated cysteine 111 of WT
hSOD1 to serine and then co-transfected this construct with G85R hSOD1; finding that we
could still detect co-aggregation of this modified WT hSOD1 with mutant protein. We
cannot rule out the possibility that cysteine 111 of the mutant hSOD1 mediates a disulfide
linkage with another cysteine in C111S hSOD1 (cysteines at positions 6, 57, or 146);
however, it is clear that the linkage cannot be between cysteine 111 of the two proteins.
Additionally, we have noted that we can supplement the buffers used in our detergent
extraction protocols with as much as 30% β-mercaptoethanol (β-ME, a strong reducing
agent) without noting significant reductions in the amount of mutant SOD1 that fractionates
to detergent-insoluble fractions (Supplemental Fig. 2). These data provide compelling
evidence that disulfide cross-linking is not a primary mechanism by which the structure of
aggregates are maintained [also see (Karch and Borchelt 2008)]; and we think it unlikely
that disulfide-linkages are responsible for the co-sedimentation of WT hSOD1 with mutant
hSOD1. Rather, we suggest that the co-sedimentation of WT hSOD1 with mutant hSOD1 is
likely to involve more intimate protein-protein interactions.

Role of WT and mutant SOD1 interactions in disease
In a study by Deng and colleagues (Deng et al. 2006), the co-expression of WT and mutant
hSOD1 in transgenic animals, produced by mating two distinct lines of mice, showed earlier
onset of disease and earlier age to paralysis; with the symptomatic mice showing high levels
of detergent-insoluble forms of both WT and mutant protein. If aggregation of mutant SOD1
were one of the driving forces in age to disease onset, then increasing the concentration of
total SOD1, through the addition of WT hSOD1 protein, could potentially decrease the
“nucleation” phase of protein aggregation; which is well established to be highly
concentration-dependent (Jarrett and Lansbury, Jr. 1992). However, in our cell culture
model, we find that the presence of WT hSOD1 slows the aggregation of mutant protein.
The most informative data in our experiment is a comparison of mutant SOD1 aggregate
loads in cells co-transfected with mutant SOD1 constructs and constructs for GFP to cells
co-transfected with mutant and WT SOD1 constructs. As compared to GFP, WT SOD1 co-
expression reduced overall amounts of aggregated mutant SOD1 that accumulated in 24
hours. We interpret this finding as evidence that WT hSOD1 does not provide a
concentration-dependent enhancement of mutant SOD1 aggregation. Whether the effect of
WT SOD1 on mutant SOD1 aggregation occurs at the level of aggregate nucleation is
difficult to address in our cell culture system. It is possible that WT SOD1 interferes with
the growth phase of aggregation in which small oligomers of protein assemble into larger
sedimentable aggregates.

If our cell culture studies accurately model events that occur in vivo, then our data would
argue that the basis for accelerated disease onset in the mouse studies of Deng and
colleagues (Deng et al. 2006) is not attributable to accelerated rates of mutant SOD1
aggregation. However, the foregoing study demonstrated that mice expressing low levels of
A4V hSOD1 never develop disease and do not develop SOD1 aggregates, whereas mice that
co-express high levels of WT hSOD1 with low levels of A4V hSOD1 develop disease with
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spinal cords that contain aggregated SOD1 protein (undetermined whether WT, A4V, or
both) (Deng et al. 2006). This latter outcome suggests a direct involvement of SOD1
aggregation in disease pathogenesis.

However, other recent studies have demonstrated that aggregation of mutant SOD1 may be
dissociable from the toxic events that drive disease onset. Co-expression of high levels of
the copper chaperone for SOD1 (CCS) with G93A SOD1 greatly accelerates the onset of
disease while reducing the level of G93A SOD1 aggregation (Son et al. 2007). Moreover,
we have recently determined that the accumulation of the larger sedimentable aggregates of
mutant SOD1 in fALS mouse models occurs largely after disease onset (Karch and Borchelt,
manuscript in preparation). These recent findings indicate that disease onset may not be
governed by the rate of mutant protein aggregation. Whether other aspects of disease, such
as progression, are related to the rates of mutant protein aggregation is a subject of study.

Although the cell model we use here has high utility in assessing the aggregation propensity
of mutant SOD1, it is not well suited for studies of toxicity. The advantage of the model is
that aggregation occurs without an exogenous stimulus, such as inhibition of proteasomes or
other toxic insult. However, the levels of expression achieved are admittedly well above
physiologic levels and thus we are hesitant to conclude that any toxicity observed in this cell
model over a 24 or 48 hour period would equate to events occurring over a much longer
time frame in either mouse models or humans. Deciphering the mechanism by which WT
hSOD1 overexpression heightens the toxicity of mutant SOD1 will require development of
more physiologically relevant cell models, or innovative approaches to studying molecular
events in animal models.

Conclusions
In a cell culture model of mutant SOD1 aggregation, we find evidence that WT SOD1 is a
direct modulator of mutant hSOD1 aggregation, with the predominant effect being to slow
aggregation rates. More than 100 mutations in SOD1 have been associated with fALS; given
the variability in the biophysical properties of these mutants, we think it is highly likely that
the magnitude of the effect of WT protein on the aggregation rate of mutant hSOD1 will
vary. Indeed in our small sample of mutants in the present study, we find that that the effect
of WT SOD1 on the aggregation of A4V hSOD1 appears to be distinct from that of the
G85R or G93A variants. In human SOD1-linked fALS, disease occurs in a setting of
equivalent expression of WT and mutant SOD1 subunits. We propose that the modulation of
mutant hSOD1 aggregation by WT enzyme may introduce another factor that influences the
age to onset, or rate of progression, of disease in humans.
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Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

fALS familial amyotrophic lateral sclerosis

SOD1 superoxide dismutase 1

hSOD1 human SOD1

mSOD1 mouse SOD1

WT wild-type

β-ME β-mercaptoethanol.
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Fig. 1.
Human WT SOD1 modulates the aggregation of mutant SOD1 in cultured cells. A, B & D.
Immunoblots of detergent-insoluble (P2 fraction, upper panels) and detergent-soluble
fractions (S1 fraction, lower panels) from HEK293FT cells co-transfected with expression
plasmids for WT hSOD1 (or GFP) and mutant SOD1 for 24 (A & B) or 48 hours (D). UT:
untransfected cells. hWT: cells transfected with WT hSOD1 construct. Mutant SOD1
constructs noted by A4V, G85R, and G93A notation. C & E. Quantification of the relative
aggregation potentials of the studied SOD1 mutants when expressed alone and with WT
hSOD1. Bars represent mean ± SEM (n = 3–9). Statistical analysis compares the aggregation
of WT hSOD1 to each mutant or mutant co-transfected with WT; *p < 0.05, #p < 0.005, n.s.
indicates non-significant differences. F. Quantification of the relative aggregation propensity
of WT hSOD1 when co-expressed with G85R hSOD1 mutant for 48 hours. The levels of
insoluble mutant SOD1 and WT hSOD1 in cells co-transfected with G85R hSOD1 were
significantly different from control WT hSOD1 alone *p < 0.05, #p < 0.005.
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Fig. 2.
Comparison of SOD1 molecular mass profiles from soluble (S1) and insoluble (P2) extracts
of HEK293FT cells co-expressing human WT and G93A hSOD1. SOD1 was recovered
from spinal cord extracts, solubilized and purified by reverse-phase chromatography for
electrospray-ionization mass spectrometry (see methods). An appropriate chromatographic
fraction containing the co-eluting WT and mutant hSOD1 proteins was analyzed by nano-
electrospray using a hybrid linear ion-trap Fourier-transform mass spectrometer (LTQ-FT;
Thermo Fisher) operating with resolution 100,000 at m/z=400. Zero charge molecular mass
profiles were deconvoluted from raw Fourier-transform mass spectra of SOD1 recovered
from pellet (A, P2 top) and supernatant (B, S1 bottom) fractions using Xtract software
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(Thermo Fisher). The bars represent the individual 13C isotopomers with the most intense
approximating the average mass of the protein. Minor sodiated adducts are typical in these
experiments and are seen with both WT and mutant hSOD1 proteins equally.
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Fig. 3.
SOD1 mutants with high propensity to aggregate (A4V and G93A SOD1) do not interfere
with aggregation of G85R SOD1. A. Immunoblot of P2 (upper panel) and S1 (lower panel)
fractions of singly and doubly transfected HEK293FT cells. UT: untransfected cells. WT
and mutant SOD1 notations are the same as in Fig 1. B. Quantification of the relative
aggregation potentials of the G85R SOD1 when expressed alone and with other SOD1
constructs. Bars represent mean ± SEM (n = 4–8). Statistical analysis compares the
aggregation of WT hSOD1 to G85R or G85R co-transfected with another construct *p <
0.05, #p < 0.005. Only G85R + WT was significantly different from G85R alone *p < 0.05;
n.s. indicates non-significant differences.
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Fig. 4.
Mouse WT SOD1 modulates the aggregation of mutant hSOD1 in cultured cells without
evidence of co-aggregation. A & C. Immunoblots of detergent-insoluble (P2 fraction, upper
panels) and detergent-soluble fractions (S1 fraction, lower panels) from 24 (A) and 48 hour
(C) incubations of HEK293FT cells co-transfected with WT mSOD1 (or GFP in A) and
mutant hSOD1. UT: untransfected cells. mWT: cells transfected with WT mSOD1
construct. Mutant SOD1 constructs noted as indicated in Fig. 1. B & D. Quantification of the
relative aggregation potentials of the studied SOD1 mutants when expressed alone and with
WT mSOD1. Bars represent mean ± SEM (n = 3–6). Statistical analysis compares the
aggregation of WT mSOD1 to each mutant, or mutant co-transfected with WT mSOD1; *p <
0.05, #p < 0.005, n.s. indicates non-significant differences.
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Fig. 5.
Cysteine 111 is not required for the co-aggregation of WT hSOD1 with G85R hSOD1. A.
Immunoblots of detergent extracted cells that co-expressed C111S and G85R hSOD1
proteins for 48h. UT: untransfected cells. hWT: cells transfected with WT hSOD1 construct.
Mutant SOD1 constructs noted by G85R, and C111S notation. B. Quantification of the
elative aggregation propensity of mutant hSOD1 proteins. Bars represent mean ± SEM.
N=4. Statistical analysis compares the aggregation of WT hSOD1 to each mutant as
indicated on the figure (A4V, G85R, or C111S), *p < 0.05, #p < 0.005. Comparison is also
made between C111S alone to C111S in cells co-transfected with G85R, *p < 0.05.
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