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Abstract
Mutations in SOD1 cause FALS. The Cu binding capacity of SOD1 has spawned hypotheses that
implicate metal-mediated production of reactive species as a potential mechanism of toxicity. In
past experiments, we have tested such hypotheses by mutating residues in SOD1 that normally
coordinate the binding of Cu, finding that such mutants retain the capacity to induce motor neuron
disease. We now describe the lack of disease in mice that express a variant of human SOD1 in
which residues that coordinate the binding of Cu and Zn have been mutated (SODMD). SODMD
encodes 3 disease-causing and 4 experimental mutations that ultimately eliminate all histidines
involved in the binding of metals; and includes one disease-causing and one experimental
mutation that eliminate secondary metal binding at C6 and C111. We show that the combined
effect of these mutations produces a protein that is unstable but does not aggregate on its own, is
not toxic, and does not induce disease when co-expressed with high levels of wild-type SOD1. In
cell culture models, we determine that the combined mutation of C6 and C111 to G and S,
respectively, dramatically reduces the aggregation propensity of SODMD and may account for the
lack of toxicity for this mutant.
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Introduction
Mutations in superoxide dismutase 1 cause a subset of cases of familial amyotrophic lateral
sclerosis (FALS) (Rosen et al. 1993). The enzymatic function of superoxide dismutase 1
(SOD1, EC 1.15.1.1) is to catalyze the antioxidant reaction that converts superoxide radicals
(O2

·-) into hydrogen peroxide (H2O2) and oxygen (O2) (McCord and Fridovich 1969). This
enzymatic activity is dependent upon the presence of bound Cu ions (Forman and Fridovich
1973). SOD1 also binds Zn, which functions primarily to increase structural stability (Elam
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et al. 2003;Potter and Valentine 2003). In the functionally mature enzyme, two SOD1
proteins dimerize with each protein binding one atom of Cu and one atom of Zn. Histidine
residues at four positions coordinate the binding of Cu (H46, H48, H63, and H120) with one
of these histidines (H63) and three other residues (H71, H80, D83) coordinating the binding
of zinc. The two monomers of SOD1 protein in the homodimer bind through non-covalent
forces, while an intramolecular disulfide bond between cysteines 57 and 146 confers
structural stability within each monomer (Tainer et al. 1982;Hart et al. 1998). Of the 145+
mutations in SOD1 that have been associated with ALS, only a small portion reduces the
binding of Cu or Zn in manner that would reduce activity or severely destabilize the protein
(Valentine and Hart 2003). Indeed disease-causing mutations do not necessarily have
obvious effects on enzymatic activity, leading to the conclusion that disease-associated
mutations in the protein cause the protein to acquire a toxic property (Borchelt et al.
1994;Borchelt et al. 1995) .

In vitro studies suggest that normally folded SOD1 can misfold and aggregate upon the loss
of metals and/or reduction of its intramolecular disulfide bond (Chattopadhyay et al.
2008;Furukawa et al. 2008). Further studies demonstrate that metal binding prevents the
dissociation of the intramolecular disulfide bond, suggesting that metal binding is required
to prevent aggregation (Tiwari et al. 2005). Transgenic mouse models expressing SOD1
mutant proteins that abolish either two (H46R/H48Q) or four (H46R/H48Q/H63G/H120G or
QUAD) of the normal copper binding sites develop motor neuron disease, which is
accompanied by the characteristic formation of detergent-insoluble SOD1 aggregates (Wang
et al. 2002;Wang et al. 2003). These mutants are unable to bind copper in their catalytic site;
thus, copper binding does not appear to be required for aggregation (Wang et al. 2007).
However, additional studies suggest that copper can interact with free cysteines, in particular
cysteine 111 (Watanabe et al. 2007). More recently, Kishigami and colleagues suggested
that FALS mutations in SOD1 promote monomerization of the enzyme, exposing an
adventitial binding site in the dimer interface that does not appear to include cysteine 111
(Kishigami et al. 2010). Thus, the potential for Cu mediated free radical chemistry in the
toxicity of mutant SOD1 cannot be completely excluded as the metal may bind adventitially
at other sites.

In order to determine the role of Cu and Zn binding by mutant SOD1 in inducing motor
neuron disease, we created mice expressing a SOD1 protein (termed SODMD) in which we
mutated all of the histidine residues that are normally involved in the binding of Cu and Zn
(H46R, H48Q, H63G, H71R, H80R, H120G); additionally we mutated histidine H43
(H43R, an FALS mutation) and the two free cysteine residues located at positions 6 and 111
(C6G, C111S). The mutations at positions 6, 43, 46, 48, and 80 are substitutions associated
with ALS. The mutations at 63, 71, 111, and 120 are experimental mutations. This construct,
termed SODMD, effectively abolished the binding of copper and zinc in their normal
binding sites, and should abolish secondary binding that could occur at a histidines residue
near the normal Cu binding site and the two free cysteines. We here describe mice that
express SODMD at levels that are equivalent to existing lines of mice that develop ALS-like
paralysis; however, finding no evidence of motor neuron disease or associated pathology.
Additionally, we demonstrate that SODMD protein possesses properties more similar to WT
SOD1, exhibiting a low tendency to aggregate. In cell culture models, we determine that the
combined mutation of cysteines 6 and 111 to G and S, respectively, dramatically reduces the
aggregation propensity of the SODMD protein and may account for the lack of toxicity for
this mutant.
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Materials and Methods
Creation of genomic SODMD construct

Mutations in the genomic sequence of human SOD1 were introduced using PCR strategies
similar to those previously described (Wang et al. 2003). The starting construct for SODMD
was a previously described version of genomic human SOD1 DNA that encodes the
following mutations (H46R/H48Q/H63G/H120G) (Wang et al. 2003). The final collection
of mutations is indicated in Supplementary Material, Fig. S1. Following the introduction of
mutations, all coding exons were sequenced along with adjacent intronic regions. The
resulting 12 kb genomic mutant DNA fragment was then injected into mouse embryos, as
previously described (Wang et al. 2002). Mice were genotyped as described in
Supplementary Materials. All procedures involving animals were approved by the
University of Florida Institutional Animal Care and Use Committee.

Immunohistochemistry of spinal cord sections
A detailed description of the methods used in immunostaining is provided in Supplemental
Materials.

Creation of SODMD and SODMD cDNA variants
The SODMD cDNA was obtained from the genomic version of this mutant protein by RT-
PCR of mRNA isolated from cells transfected with the genomic construct used to make
transgenic mice. The RT-PCR product was then reamplified with primers that introduced
XhoI sites at the 3’ and 5’ ends of the cDNA, which allowed for subcloning into a
previously described version of pEF-BOS vector (Wang et al. 2003).To create variants of
SODMD that restored cysteine residues at positions 6 and 111 or altered position 111 to
encode tyrosine, the SODMD cDNA was used as a template and new mutations were
introduced by PCR techniques, in which the primers contain the desire mutation.
Additionally, we added to this new versions new restriction sites for cloning into our most
updated version of the pEF-BOS vector: NcoI at 5’ end and SalI at 3’ end (Prudencio et al.
2009b). All cDNA variants of SODMD and derivatives were sequenced to confirm
mutations and sequence integrity.

Cell Transfections and 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). Cells, cultured in 60
mm lysine-coated dishes (BD Biosciences Bedford, MA, USA), were transiently transfected,
at 90-95% confluency, with either one SOD1 construct (4 μg) or equimolar amounts of two
SOD1 constructs (~2 μg each). Transfections were performed using Lipofectamine 2000,
following the manufacturer's protocol (Invitrogen, Carlsbad, CA, USA). Cells were
harvested 24 or 48 hours after transfection and extracted in nonionic detergent by a
procedure described in detail by Karch and Borchelt (Karch and Borchelt 2008). The
procedure generated two fractions termed S1 (detergent-soluble cellular protein) and P2
(detergent-insoluble cellular protein) which were then analyzed by 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 analyzed 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 m/hSOD1 antibody or the hSOD1 antibody at a 1:2500
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dilutions for one hour at room temperature or overnight at 4°C. 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).

Estimation of aggregation propensity
The relative aggregation propensity of the SOD1 mutants was assess by comparing the ratio
of immunolabeled SOD1 protein in the P2 vs. S1 fractions as previously described
(Prudencio et al. 2009a). 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) which was used to normalize the data by setting the
ratio of S1 to P2 for A4V 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.

Analyses of SOD1 solubility in transgenic mouse tissues
Spinal cords from transgenic animals were extracted in buffers containing non-ionic
detergents as previously described above [for a detailed description see (Karch and Borchelt
2008)]. S1 and P2 fractions were analyzed by immunoblotting with hSOD1 antibodies.

SOD1 antibodies
Two antibodies specific to SOD1 were used. The hSOD1 antibody was raised against the
human SOD1 sequence between amino acids 24-36 (CYASGEPVVLSGQIT) and is specific
for human SOD1 (Bruijn et al. 1997). The m/hSOD1 antibody was raised against peptide
sequences 124-136 (CYDDLGKGGNEESTK) of human SOD1, which is conversed
between mouse and human SOD1 and thus recognizes both species (Pardo et al. 1995).

Statistical analyses
All statistical analyses were performed in GraphPad Prism Software 5.0 as explained in
figure legends.

Results
To study the role of metal binding in aggregation and disease, we created transgenic mice
expressing SODMD from the 12 kb human genomic SOD1 construct. In order to produce
this construct, mutations were introduced in all 5 coding exons (Supplementary Material,
Fig. S1). Mutations that target each of the histidine residues known to be involved in metal
binding (H46, H48, H63, H71, H80, H120) were introduced by building from a previously
described genomic construct in which histidines at positions 46, 48, 63, and 120 were
mutated as follows H46R/H48Q/H63G/H120G (termed the SOD-Quad) (Wang et al. 2003).
The additional mutations added were H71R and H80R (charge conserving experimental
mutation at H71 and FALS mutation at H80). Additionally H43, which is located adjacent to
the normal Cu binding site, was mutated to H43R, a FALS mutation. Finally, we mutated
the two free cysteine residues at positions 6 and 111. Cysteine 6 was mutated to Gly (G) to
encode an FALS mutation. Cysteine 111 was mutated to Ser (S), which is the amino acid at
this position in mouse SOD1 and most other mammals (Wang et al. 2006). Collectively
these mutations eliminate all known primary and secondary Cu and Zn binding sites.

A total of seven founder lines were initially produced, from which we selected the highest
expressing line (U-69) to expand (Supplementary Material, Fig. S2). To compare the
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expression of mutant SOD1 in the U-69 SODMD mice to previously established lines of
mutant SOD1 mice, we determined the levels of transgene mRNA by Northern blotting (Fig.
1). For each line of mice we harvested 3 animals of similar ages. Mice expressing the
mutations G93A [Line Gur 1 (Gurney et al. 1994)] or double histidine (H46R/H48Q)
mutants [Line 139 (Wang et al. 2002)] showed the highest mRNA levels, followed by WT
L76, mice expressing the G37R mutant [Line 29 (Wong et al. 1995)] and two different lines
of L126Z SOD1 mice [Lines 44 and L45 (Wang et al. 2005a)]. A line of L126Z mice [L171
(Wang et al. 2005a)] expresses mutant SOD1 at levels that were equivalent to SODMD Line
U69 mice (Figs. 1A and B).

Previous studies have observed that the levels of transgene expression relate to disease
development in mutant SOD1 mice (Wong et al. 1995;Wang et al. 2002;Wang et al. 2005b).
To relate expression levels to onset we compiled data on the age at which different lines of
mice reach endstage –defined by paralysis of the hindlimbs. When we compared such data
with transgene expression levels, we observed that mice reaching end-stage at earlier ages,
present higher levels of transgene expression (Fig. 1B). For example, G93A mice express
the highest levels and develop paralysis at the earliest times, around 5 months old [159.1 ±
4.03 days; data from our colony (Supplementary Material, Fig. S3)], while the lowest
expressing mice (L126Z L171) did not develop paralysis until they were 13 months old
(400.3 ± 22.56 days; Fig. 1B; Supplementary Material, Fig. S3). Additionally, correlation
analysis demonstrated that the age to paralysis in transgenic mice is dependent on the level
of mutant SOD1 mRNA (Supplementary Material, Fig. S4). Thus, although the levels of
transgene mRNA in the U-69 SODMD mice was on the lower end of the spectrum, we
concluded that SODMD mice from line U-69 expressed the mutant within the range to
induce an ALS phenotype if the mutation is pathogenic.

In our experience the levels of transgene mRNA in mouse spinal cords do not necessarily
correlate with the steady-state levels of mutant SOD1 protein present in spinal cords because
some mutants are relatively unstable. For example, the L126Z mutant accumulates to lower
levels than predicted by mRNA levels (Wang et al. 2005a). Thus, to determine protein levels
in the U-69 mice relative to other mutants, we evaluated total SOD1 protein levels by
immunoblotting of spinal cord extracts from young animals. Compared to the L126Z Line
171 mice, the levels of SODMD protein were similar (Fig. 2). Note, however, that the levels
are much lower than that of WT SOD1 mice (Line 76) or mice that express the H46R/H48Q
mutant (Line 139). These results, together with our analysis in mRNA SOD1 levels, suggest
that disease development in SODMD would be predicted to occur around the age of onset of
L126Z L171 mice. However, unexpectedly, the SODMD mice remained free of ALS-like
symptoms, such as obvious hind limb weakness, gait disturbances, or paralysis out to 2 years
of age. As the mice approached 2 years of age, we began to observe death due to other
morbidities, but no symptoms of weakness or paralysis were noted. To alleviate un-
necessary stress to the aged animals, no animals were aged longer than 24 months and no
SODMD mice developed ALS-like symptoms by this age.

As noted above, the levels of transgene expression are critical in transgenic animal models.
For example, mice expressing the G37R mutation under the mouse prion promoter do not
develop motor neuron disease unless levels of expression are raised through breeding to
homozygosity (Wang et al. 2005b). Similar examples occur for a line of mice that express
the D90A mutant of SOD1 (Jonsson et al. 2006) and the G93A mutant via a vector that
utilizes a Thy1 promoter (Jaarsma et al. 2008). Thus, we self-crossed SODMD mice with the
intention to increase SOD1 protein levels through homozygosity, which should translate into
a more rapid disease development. A total of 20 transgene positive mice were produced
from homozygous matings with the expectation that approximately 33% of the transgene
positive animals (25% overall) should be homozygous. The number of transgene positive
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animals from these matings was not suggestive of any loss of viability of homozygous
animals. However, we still failed to observe disease symptoms in any of these mice out to
24 months of age.

Several previous studies have established that co-expressing high levels of WT SOD1 with
mutant SOD1 can accelerate disease onset and, moreover, induce disease in animals that
express mutant protein at levels that are below threshold to develop ALS-like symptoms
(Deng et al. 2006;Jaarsma et al. 2008;Deng et al. 2008;Prudencio et al. 2010). In an attempt
to induce disease development in SODMD mice, we mated these mice to the Gur WT strain
of mice that express WT SOD1 at very high levels. Out of 59 animals that resulted from
such mating, 11 harbored both WT and SODMD transgenes. Animals were aged out to 24
months with none developing paralysis. Mice from the Gur WT strain develop a gait
disturbance late in life and we observed this phenotype, but none progressed to overt motor
neuron disease and paralysis. For comparison, we also mated our low expressing L126Z
(line 171) mice to Gur WT mice, generating 4 mice that harbored both transgenes.
Compared to mice expressing only the L126Z Line 171 transgenes, mice harboring with the
WT and L126Z transgenes developed motor neuron disease 20-25 weeks earlier
(Supplementary Material, Fig. S5). Thus, the low level of expression of the SODMD
transgene cannot explain the lack of effect by the co-expression of WT SOD1. Therefore,
we conclude that, although the MD and L126Z variants exhibit similar stability profiles
(ratio of steady-state protein to transgene mRNA is similar), the SODMD mutant is much
less pathogenic than the L126Z mutant.

Histologic analysis of the SODMD mice
To determine whether the SODMD mice may have early pathologic signs of ALS that are
known to occur at time points previous to obvious symptoms, we conducted a histologic
analyses of tissues from old SODMD animals. Axonal degeneration is an early disease
feature observed in G93A SOD1 transgenic mice (Fischer et al. 2004). A consequence of
this phenomenon is axon demyelination. Thus, we performed myelin staining in sciatic
nerve sections from non-transgenic, symptomatic H46R/H48Q, and old SODMD mice
(Supplementary Material, Fig. S6). In transverse sciatic nerve sections, only symptomatic
H46R/H48Q mice appeared to present a lower number of myelinated axons as well as
smaller diameter of myelin sheaths, while nerve sections from the SODMD mice did not
differ from those of non-transgenic mice (Supplementary Material, Fig. S6, A to I).
Similarly, longitudinal sciatic nerve sections showed reduced numbers of myelinated fibers
in paralyzed H46R/H48Q SOD1 mice, while old SODMD mice appeared largely normal
(Supplementary Material, Fig. S6, J to R). Thus, even at relatively old ages, SODMD mice
did not present any obvious abnormality in myelinated fibers of sciatic nerve.

Within the spinal cord, hematoxylin and eosin staining indicated reduced presence of motor
neurons in the ventral horn of symptomatic H46R/H48Q SOD1 mice (Figs. 3A and 3B).
However, the number of motor neurons in WT and SODMD mice did not obviously differ
(Figs. 3A and 3C). Silver staining demonstrated that, symptomatic mice expressing mutant
SOD1 proteins present reduced number of fibers compared to WT or SODMD mice (Figs.
3D to 3F). Gliosis is another of the earliest characterized abnormalities in SOD1 transgenic
mice (Wong et al. 1995). However, GFAP immunoreactivity was only markedly increased
in symptomatic H46R/H48Q SOD1 mice with no obvious difference observed between WT
and SODMD mice (Figs. 3G to 3I). Thus, our histological analysis demonstrated that mice
expressing the SODMD variant are free of any of the preclinical pathologic changes
characteristic mutant SOD1 mice that develop paralysis.
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Lastly, we looked for biochemical signatures of disease onset in the SODMD mice by using
detergent extraction, sedimentation, and immunoblotting to look for detergent-insoluble
aggregates of SODMD protein in spinal cord of aged mice (Supplementary Material, Fig.
S7). Similar to the data from immunoblot analysis of total spinal cord protein of young
SODMD mice, the levels of SODMD protein in the detergent-soluble (S1) fraction of older
SODMD were low. Moreover, we did not observe accumulation of SODMD protein in the
detergent-insoluble (P2) fraction. For comparison, detergent-insoluble L126Z mutant protein
was readily detected in spinal cords of paralyzed L126Z mice (Supplementary Material, Fig.
S7) and mice expressing H46R/H48Q mutant (Supplementary Material, Fig. S7). Although
the level of detergent insoluble L126Z protein in the spinal cords of paralyzed L126Z mice
was much lower than that of H46R/H48Q mice, the level of detergent-insoluble mutant
protein in spinal cords of old SODMD mice was below the level of detection.

Cell culture models of SOD1 aggregation
One question that might rise from these studies is whether the 9 single-point mutations in the
SODMD protein render the protein a completely disordered molecule. To address this issue
we created expression plasmids for SODMD cDNA genes for transfection of cultured cells,
using vectors that produce high levels of expression. In cell culture, SODMD is more highly
expressed such that it is clearly detected in the detergent-soluble S1 fractions (Fig. 4A,
lower panel); however, as in our mouse model, we do not observe significant accumulation
of detergent-insoluble forms of SODMD protein (Figs. 4A and B); no difference from WT at
48 hours following transfection (Fig. 4B). Based on previous study (Karch and Borchelt
2008), we suspected that the mutations in the cysteine residues of SODMD (C6G, C111S)
might be responsible for lowering aggregation propensity. To define the role of mutations in
cysteine 6 and 111 in SODMD in reducing aggregation propensity, we systematically
changed each residue in a series of constructs. Changing position 6 from glycine back to
cysteine increased aggregation propensity, but the level remained lower than that of the A4V
mutant, which served as a positive control (Figs. 4A and B). Changing position111 from
serine back to cysteine had minimal impact on aggregation propensity (Figs. 4A and B).
Similarly, changing position 111 from serine to an FALS mutation (C111Y [http://
alsod.iop.kcl.ac.uk/Index.aspx], had minimal impact (Figs. 4A and B). Changing positions 6
and 111, together, back to cysteine produced a protein with an aggregation propensity
similar to A4V SOD1 (Figs. 4A and B). We also tested, in cultured cells, whether co-
expression of WT SOD1 with SODMD would induce aggregation of either protein. As
predicted by the mouse mating studies above, SODMD was not induced to aggregate when
co-expressed with WT SOD1 (Figs. 5A and B). Collectively, these data demonstrate that the
mutations introduced at positions 6 and 111 of the SODMD construct reduced its propensity
to aggregate.

In previous studies of mutant SOD1 aggregation in cell culture models, we have shown that
co-expression of WT SOD1 with mutant protein slows the aggregation rates of the mutant
protein (Prudencio et al. 2009a). When two mutant SOD1 proteins are co-expressed, both
readily aggregate (Prudencio et al. 2009a). Therefore, we asked whether SODMD behaved
like WT or mutant protein in co-transfection with the previously characterized G93A mutant
(Fig. 5). Cells were transfected with vectors for WT and A4V mutants to provide negative
and positive controls, along with vectors for G93A, G93A+WT, G93A+MD, (Figs. 5C and
D). Similar to WT SOD1, co-expression of SODMD with G93A resulted in less aggregation
of the G93A mutant. Thus, SODMD mutant proteins conserve features of the WT SOD1
protein, suggesting that the amino acid substitutions in SODMD have not resulted in a
completely disordered protein.
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Discussion
We present here an experimental SOD1 mutation that eliminates both primary and
secondary Cu and Zn sites in SOD1. Despite the presence of 5 amino acid substitutions
associated with FALS, mice expressing this mutant did not develop motor neuron disease.
Moreover, we found no evidence of insidious disease in aged SODMD mice such as
reductions in axon numbers in sciatic nerve, spinal cord gliosis, or accumulation of
detergent-insoluble mutant protein in spinal cord. Attempts to induce disease by mating
SODMD mice to homozygosity or by mating the SODMD mice to mice that over-express
WT SOD1 also failed to induce disease. In cell culture models, we show that SODMD
protein possesses a low propensity to aggregate and through additional mutagenesis we
attribute the low aggregation of SODMD to changes of cysteine residues at position 6 and
111 to glycine and serine respectively. Thus, the SODMD mice represent a model in which
we have expressed an experimental SOD1 mutant protein that encodes intragenic mutations
that suppress aggregation and simultaneously render the protein non-toxic.

SODMD mice, expression of mutant SOD1, and motor neuron disease
It is well established that the appearance of disease in mice that express mutant SOD1 is
highly dependent upon levels of transgene expression. There are examples in which two-fold
changes in transgene mRNA expression have a major impact on age to paralysis; strains of
mice have been described in which disease is not present when mice are heterozygous for a
transgene, but develop disease when homozygous (Wang et al. 2005b;Jaarsma et al. 2008).
As compared to lines of mice that develop disease when heterozygous for mutant SOD1
transgenes, the expression levels of the SODMD variant were in the lower end of
expression. However, the levels of transgene mRNA in the SODMD line U-69 mice were
not statistically different from those of L126Z Line 171 mice, which develop disease at ~1
year of age. Additionally the levels of mutant protein in SODMD and L126Z Line 171 were
quite similar. Thus, we can confidently conclude that the SODMD variant is significantly
less toxic than the L126Z mutant, which shares the characteristic of being relatively
unstable.

To increase levels of expression, we intercrossed transgenic SODMD mice to obtain
homozygous SODMD mice. Although we did not specifically identify the homozygous
animals from this cross, we estimate from the frequency of transgene positive animals in
these litters that we should have had ~5 homozygous SODMD mice out of the transgene
positive offspring that were produced. However, none of the mice in this cohort developed
disease symptoms. Additionally, we examined all 20 of these mice pathologically to look for
early pathologic signs of disease (Kennel et al. 1996;Borchelt et al. 1998;Watanabe et al.
2001;Fischer et al. 2004;Hegedus et al. 2007), such as gliosis (Wong et al. 1995). However,
we found no evidence of gliosis, no obvious change in motor neuron numbers or
appearance, and no obvious change in axonal myelination or axonal numbers in sciatic
nerve. Thus, we can find no evidence that SODMD protein is neurotoxic.

An additional means to raise total SOD1 levels and induce disease in mutant SOD1 mice is
to produce bigenic mice that co-express high levels of WT SOD1 with mutant protein (Deng
et al. 2006). Thus we attempted to use this tactic to elaborate toxicity of SODMD protein,
using the Gur WT strain that has a more robust impact on mutant SOD1 toxicity (Prudencio
et al. 2010). However, again, we failed to detect motor neuron disease in SODMD mice that
co-expressed WT SOD1.

Although a negative study can be subject to mis-interpretation because an absence of
phenotype is decidedly less desirable than induction of disease, we have done all that we can
to elaborate toxicity by the SODMD variant and yet fail to observe even the earliest
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pathologic features of motor neuron disease. With the disclaimer that it remains possible that
a much higher level of SODMD expression might induce disease, we can say with
confidence that the SODMD mutant is significantly less toxic that the L126Z mutant. We
can also say that the SODMD mutant does not interact with WT SOD1 in a manner to
increase toxicity and induce disease.

Intragenic suppression of SODMD toxicity
To eliminate all histidines involved in the binding of Cu or Zn required mutations at 7
positions. In making the SODMD mutant, the starting construct was a genomic DNA
construct that we generated to eliminate the Cu binding site of SOD1 (H46R/H48Q/H63G/
H120G) that we have previously used to produce mice that develop motor neuron disease
(Wang et al. 2003). In this mutant H46 and H48 carry FALS mutations, whereas the
mutations at 63 and 120 are experimental. In the SODMD mutant we add additional FALS
mutations at H43 (H43R) and H80 (H80R) with an experimental mutation of H71 (H71R).
Collectively, these mutations obliterate the Cu and Zn binding sites; the H43R mutation
removes a histidine that is adjacent to the Cu-binding histidines at positions 46 and 48. In
cell culture, we show that this mutant (which is designated MD-G6C-S111C in Fig. 4)
shows a relatively high aggregation propensity. Thus, mutant SOD1 lacking all the normal
Cu and Zn binding sites retains the ability to aggregate.

To remove two potentially ancillary sites of metal binding, we included in the SODMD
mutant changes of cysteines 6 and 111 to glycine and serine. Because these studies were
initiated several years ago, the SODMD mutant was constructed and injected into mice
before studies from our laboratory and others demonstrated that mutation of cysteine 111 to
serine has a marked effect on mutant SOD1 aggregation (Banci et al. 2007;Niwa et al.
2007;Karch and Borchelt 2008;Cozzolino et al. 2008). In cell culture, we demonstrate that
mutating positions 6 and 111 of SODMD cDNA to revert back to cysteine at these positions
converts the SODMD variant from low to high aggregation propensity. Thus, we suspect
that the lack of toxicity by SODMD could be due, at least partially, to intragenic suppression
of aggregation by mutations of the two cysteine residues. We also note that the lack of
toxicity could also be due to some other structural changes in the protein induced by the loss
of cysteine 6 and 111. Studies by Kishigami and colleagues suggest that modification of
cysteine 111 produces structural changes in mutant SOD1 that promote monomerization and
the binding of a reactive Cu to the newly exposed dimer interface (Kishigami et al. 2010).
Such binding may not be possible in the SODMD variant.

These findings clearly indicate the need to further probe the role of t cysteines 6 and 111 in
human SOD1 in toxicity. Overall, these studies provide a new starting point from which to
decipher mechanisms of mutant SOD1 toxicity by defining a mutant that possesses low
toxicity with low aggregation propensity.

Metal binding, aggregation and disease
The original intent of our study was to test the toxicity of a variant of mutant SOD1 that
lacked both primary and secondary Cu and Zn binding sites. We verified that SODMD does
not bind Cu or Zn by analyzing the metal content of protein extracted from transfected cell
cultures (Supplementary Material, Fig. S8). When over expressed in cell culture, WT SOD1
shows low incorporation of Cu. However, SODMD was found to lack both Cu and Zn as
one would expect. Thus, we are confident that the SODMD variant binds Cu and Zn poorly.

In previous work, we have established that eliminating the copper ligands at positions 46,
48, 63, and 120 creates a mutant that retains a high propensity to aggregate when expressed
at high levels in culture cells and produces disease with mutant SOD1 aggregates in
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transgenic mice. The binding of zinc is known to confer structural stability, thus abolishing
zinc binding could in theory increase the potential of the protein to misfold and aggregate. In
cultured cells, the SODMD-C6C111, in which positions 6 and 111 were reverted to cysteine,
showed high aggregation propensity. Thus, metal-deficient forms of mutant SOD1 can
produce aggregates. However, since the SODMD mutant neither binds metal nor aggregates,
we cannot be certain whether the lack of metal binding, changes in structural features of the
protein, or the lack of aggregation reduced toxicity. It seems that it will be of interest to
determine whether experimental derivatives of the SODMD construct that retain high
aggregation propensity while also retaining poor binding of Cu and Zn can induce motor
neuron disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparison of transgene mRNA levels in spinal cords of mutant SOD1 transgenic
mouse lines
(A) Northern blot showing the mRNA levels of different lines of mice expressing WT or
mutant human SOD1 proteins. Top, ethidium bromide stained gel to visualize the 28S and
18S RNAs. Middle, Northern blot of the same RNA samples probed with cDNA for mouse
PrP mRNA, which served as a loading control. Bottom, Northern blot probed with human
SOD1 cDNA. (B) Quantifications of mRNA levels of three different Northern blots are
represented by the black bars. White bars indicate the mean survival times of SOD1 lines
calculated from data collected in our lab from animals harvested over more than 4 years (see
Supplemental Material, Fig. S3). The ‘o’ symbol over the survival time of SODMD line
indicates that the data bar represents mean of lifespan to sacrifice, however no disease
symptoms were noted in these mice.
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Figure 2. Protein levels in the spinal cord of SODMD mice resemble those of L126Z SOD1 mice
(A) Western blot of total protein levels of indicated mouse lines using an antibody that
specifically recognizes human SOD1 protein (hSOD1 antibody). Note that the L126Z
truncation mutant and SODMD proteins run slightly faster than other SOD1 proteins in
SDS-PAGE gels. (B) Quantification of the total human SOD1 protein levels. No significant
differences in protein levels in spinal cord were found between SODMD and L126Z mice.
NTg denotes non-transgenic animals, N.S. non-significant differences, statistical differences
between NTg and the different lines of mice are also indicated: *p ≤ 0.05, #p ≤ 0.005.
Protein levels were quantified from 3 independent immunoblots.
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Figure 3. SODMD mice do not develop gliosis or show evidence of motor neuron abnormalities
Mice expressing WT (A, D, G), H46R/H48Q (B, E, H) and MD (C, F, I) SOD1 proteins
were characterized histologically. (A-C) Hematoxylin and eosin stain on paraffin embedded
sections a low power (10x) demonstrates significantly lower numbers of motor neurons
(indicated with white arrowheads) in the ventral horn of symptomatic H46R/H48Q (B) mice
than in WT (A) and MD (C) mice. M: medial portion of the spinal cord, L: lateral portion of
the spinal cord). (D-F) Silver staining of paraffin embedded sections indicates reductions in
fiber density in the spinal cord of symptomatic H46R/H48Q (E) mice, while the cords of
WT (D) and MD (F) mice appear largely normal. Note that all staining was done
simultaneously for all sections. (G-I) GFAP immunostaining demonstrates low GFAP
immunoreactivity in WT (G) and MD (I) spinal cords, while strong gliosis is apparent in
symptomatic H46R/H48Q (H) SOD1 mice. Bars represent 50 μm in A-C and 20 μm in D-I,
and pictures were taken in the ventral portion of the spinal cord. The images shown are
representative of an analysis of at least 3 animals per genotype. SODMD and NTg SOD1
mice were harvested at 2 years of age, while H46R/H48Q mice were harvested at
symptomatic stages (~10 months).
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Figure 4. Restoration of cysteine at amino acids 6 and 11 in the context of SODMD mutations
increases the aggregation propensity
(A) Immunoblots of detergent-extracted HEK293FT cells expressing the indicated SOD1
proteins for 48 hours. (B) Quantification of the aggregation propensity. All values are
normalized to the aggregation propensity of A4V (set to 1). Student t-tests were performed
to compare aggregation propensities of SOD1 proteins to WT SOD1: *p ≤ 0.05, #p ≤ 0.005.
The graphed data represent quantification of at least 3 measurements of distinct
immunoblots similar to the image in panel A.
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Figure 5. Co-expression of the SODMD variant with G93A mutant SOD1 suppresses aggregation
Co-expression of SODMD with WT SOD1 does not induce a rapid increase of aggregation
of either protein (A, B). Additionally, SODMD can reduce aggregation of G93A when co-
expressed; a property shared with WTSOD1 (C, D). (A, C) Immunoblots of detergent-
insoluble (P2) and soluble (S1) fractions of indicated SOD1 proteins expressed in HEK293T
cells for 48 (A) or 24 (C) hours. UT denotes untransfected cells. (B, D) Quantification of the
aggregation propensity indicates that, in this set of transfections, only A4V and G93A SOD1
proteins are able to significantly aggregate. Student t-tests were performed to evaluate
significant differences: *p ≤ 0.05, #p ≤ 0.005; N.S.: non-significant differences. The graphed
data represent quantification of at least 3 measurements of distinct immunoblots similar to
the images shown in panels A and C.
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