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a b s t r a c t
Mutations in canine superoxide dismutase 1 (SOD1) have recently been shown to cause canine degenerative
myelopathy, a disabling neurodegenerative disorder affecting speciﬁc breeds of dogs characterized by progressive motor neuron loss and paralysis until death, or more common, euthanasia. This discovery makes
canine degenerative myelopathy the ﬁrst and only naturally occurring non-human model of amyotrophic
lateral sclerosis (ALS), closely paralleling the clinical, pathological, and genetic presentation of its human
counterpart, SOD1-mediated familial ALS. To further understand the biochemical role that canine SOD1
plays in this disease and how it may be similar to human SOD1, we characterized the only two SOD1
mutations described in affected dogs to date, E40K and T18S. We show that a detergent-insoluble species
of mutant SOD1 is present in spinal cords of affected dogs that increases with disease progression. Our
in vitro results indicate that both canine SOD1 mutants form enzymatically active dimers, arguing against a
loss of function in affected homozygous animals. Further studies show that these mutants, like most
human SOD1 mutants, have an increased propensity to form aggregates in cell culture, with 10–20% of
cells possessing visible aggregates. Creation of the E40K mutation in human SOD1 recapitulates the normal
enzymatic activity but not the aggregation propensity seen with the canine mutant. Our ﬁndings lend strong
biochemical support to the toxic role of SOD1 in canine degenerative myelopathy and establish close parallels
for the role mutant SOD1 plays in both canine and human disorders.
© 2013 Elsevier Inc. All rights reserved.

Introduction
For two decades, data from human studies and transgenic animal
models have shown that mutations in superoxide dismutase 1 (SOD1)
cause a form of dominantly-inherited amyotrophic lateral sclerosis
(ALS), a progressive neurodegenerative disorder resulting in motor
neuron loss, paralysis, and death 3–5 years after symptom onset
(Kiernan et al., 2011; Rosen et al., 1993; Turner and Talbot, 2008). To
date, over 160 mutations have been identiﬁed in SOD1, which normally
functions as a Cu,Zn-metalloenzyme that converts superoxide anions to
molecular oxygen and H2O2 (for a list of mutations, see http://alsod.iop.
kcl.ac.uk/). Although SOD1 mutations occur throughout the protein and
result in a range of disease durations, they are united in their reduced
stability and increased ability to aggregate. In fact, SOD1 aggregates in

Abbreviations: ALS, amyotrophic lateral sclerosis; DM, degenerative myelopathy;
GWAS, genome-wide association study; IPTG, isopropyl-β-D-1-thiogalactopyranoside;
SOD1, superoxide dismutase 1; TFE, triﬂuoroethanol.
⁎ Corresponding author at: Washington University Neurology Department, 115 Biotech
Bldg., Box 8111, 660 S. Euclid, St. Louis, MO 63110, USA. Fax: +1 314 362 3279.
E-mail address: millert@neuro.wustl.edu (T.M. Miller).
0014-4886/$ – see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.expneurol.2013.05.009

motor neurons are the histopathological hallmark of SOD1 ALS, a property that extends to animal models, cell culture overexpression systems,
and experiments with recombinant protein. As SOD1-mediated ALS is a
dominantly-inherited disease, this toxic gain of function becomes important in the setting of the remaining functional copy of wild-type
(WT) SOD1, yet the mechanism responsible for how this toxic gain of
function contributes to disease is unknown.
Until recently, with the exception of the artiﬁcial G86R and G93R
mutations created in mouse and zebraﬁsh SOD1, respectively, humans
were the only organisms in which ALS occurred, and the only organisms
where mutations in SOD1 responsible for causing this disease have been
described (Ramesh et al., 2010; Ripps et al., 1995). That changed with
GWAS data linking a mutation in canine SOD1 (cSOD1) to canine
degenerative myelopathy (DM), a progressive neurodegenerative disorder in dogs with striking similarities to the clinical progression of
human ALS (Awano et al., 2009). Speciﬁcally, canine DM affects multiple dog breeds toward the latter half of their lifespan and is characterized by an often asymmetric onset of paraparesis and ataxia in the
hind limbs that progresses to paraplegia and muscle atrophy within
one year from onset of signs. Although elective euthanasia occurs for a
majority of these dogs by this stage, those that have been allowed to
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progress show ascension of the disease to include the forelimbs, ultimately resulting in ﬂaccid tetraplegia and dysphagia. The entire course
of the disease can last as long as 3 years (Coates and Wininger, 2010).
Histopathology of spinal cords from affected dogs show a similar pattern
of myelin and axonal loss replaced with astrogliosis seen in human ALS,
and immunohistochemistry reveals the same SOD1 aggregates in motor
neurons that are present in humans and rodent models with human
SOD1 (hSOD1) mutations (Awano et al., 2009; Bruijn, 1998).
Dog models of human disease offer speciﬁc advantages over traditional rodent models. For example, many human diseases occur naturally in dogs that would otherwise need to be artiﬁcially induced
in rodent models. Furthermore, the limited genetic diversity of dog
breeds, faster aging, shared environment with humans, and availability of advanced medical care facilitate expedited clinical trials for
promising pharmacological agents targeting human disease. One example is that many canine models of human cancers, which develop
sporadically in dogs, have been found to share several genetic similarities with human cancers and have been successfully used in clinical
trials (Rankin et al., 2012; Rowell et al., 2011). Therefore, with these
advantages in mind, further characterization of the canine model of
ALS is warranted. Here, we report the ﬁrst biochemical characterization of the only two cSOD1 mutations known to be associated with
canine DM—the E40K mutation originally described in a number of
breeds and the T18S mutation from a case report detailing a Bernese
Mountain dog with canine DM (Awano et al., 2009; Wininger et al.,
2011). We show that spinal cords of DM dogs contain detergentinsoluble mutant SOD1 that correlates with disease severity and
that both mutants are enzymatically active dimers that possess an
increased aggregation propensity in vitro. Our results elucidate important similarities between human and canine SOD1 with respect
to enzymatic function and aggregation propensity, adding a biochemical dimension to the clinical and histopathological similarities between canine DM and SOD1-mediated human ALS.

cSOD1 were ampliﬁed via PCR using primers with engineered
restriction endonuclease sites at the 5′ ends. To subclone cSOD1
cDNA into pGEX4T-1 (GE Healthcare) using EcoRI and NotI, the forward primer was 5′-agtcgaattcATGGAGATGAAGGCCGTGTGC-3′ and
the reverse primer was 5′-atcggcggccgcTTATTGGGCGATCCCAATG
ACA-3′. To subclone into pEYFP-C1 (Clontech) using EcoRI and
BamHI, the forward primer was 5′-agtcgaattcaATGGAGATGAAGGC
CGTGTGC-3′ and the reverse primer was 5′-atcgggatccTTATTGG
GCGATCCCAATGACA-3′. The T18S mutant was obtained by sitedirected mutagenesis of the wild-type SOD1 using the primers
5′-GTGGAGGGCTCCATCCACTTCGTGCAGAAG-3′ and 5′-CTTCTGCAC
GAAGTGGATGGAGCCCTCCAC-3′. Positive clones were veriﬁed by sequencing and subcloned into pGEX4T-1 and pEYFP-C1 using primers
previously described. The human E40K mutant was generated via
site-directed mutagenesis of wild-type hSOD1 using the primers
5′-GCATTAAAGGACTGACTAAAGGCCTGCATGGATTC-3′ and 5′-GAAT
CCATGCAGGCCTTTAGTCAGTCCTTTAATGC-3′. The human E40G mutant was similarly generated using the primers 5′-GCATTAAAGG
ACTGACTGGAGGCCTGCATGGATTC-3′ and 5′-GAATCCATGCAGGCCT
CCAGTCAGTCCTTTAATGC-3′. Positive clones were veriﬁed by sequencing and subcloned into pEYFP-C1 with the primers 5′-agtcgaattcaGCC
ACGAAGGCCGTGT-3′ and 5′-atcgggatccTTATTGGGCGATCCCAATTACA
CC-3′ and the restriction endonucleases EcoRI and BamHI.
Untagged versions of the above plasmids for mammalian expression were created by subcloning human and canine SOD1 constructs
into pCI-NEO (Promega) with a forward primer containing an EcoRI
site and a Kozak sequence and a reverse primer containing a NotI
site. For cSOD1, the primers were 5′-agtcgaattcgccaccATGGAGAT
GAAGGCCGTGTGC-3′ and 5′-atcggcggccgcTTATTGGGCGATCCCAATG
ACA-3′. For hSOD1, the primers were 5′-agtcgaattcgccaccATGGCG
ACGAAGGCCGTG-3′ and 5′-atcggcggccgcTTATTGGGCGATCCCAATTAC
ACC-3′. Positive clones were veriﬁed by sequencing.
Cell culture, transfection, and microscopy

Materials and methods
Detergent extraction of SOD1 aggregates
Frozen thoracic spinal cord sections were obtained from agematched control dogs and dogs with increasing severity of canine
DM. Detergent extraction of SOD1 aggregates was preformed as previously described (Prudencio et al., 2010). Brieﬂy, 100 mg of frozen
tissue was thawed on ice and homogenized via hand blender in
10 w/v TEN buffer (10 mM Tris, pH 8, 1 mM EDTA, and 100 mM
NaCl) with protease inhibitors (Sigma). The homogenate was then
mixed with an equal volume of 2 × Extraction Buffer (10 mM Tris,
pH 8, 1 mM EDTA, 100 mM NaCl, 1% NP-40, and protease inhibitors),
mixed via sonication, and spun cold at 100,000 ×g for 10 min in a
Beckman Ultracentrifuge. The supernatant, representing the detergent soluble fraction S1, was transferred to a new tube. The pellet
was washed twice by resuspension in 1 × extraction buffer via sonication and spun at 100,000 ×g for 10 min, cold. After the ﬁnal wash,
the supernatant was discarded and the pellet, designated as P2,
resuspended via sonication in Buffer 3 (10 mM Tris, pH 8, 1 mM
EDTA, 100 mM NaCl, 0.5% NP-40, 0.25% SDS, 0.5% Na-deoxycholate,
and protease inhibitors). Protein concentration for the S1 and P2
fractions was determined by BCA assay (Pierce). The experiment
was repeated once.
Generation of SOD1 constructs
Total RNA was extracted with TRIzol (Invitrogen) from frozen brain
tissue obtained from control and DM-affected dogs according to the
manufacturer's protocol. Total RNA was then reverse transcribed
using oligo dT primers to generate cDNA (SuperScript III First-Strand
Synthesis System for RT-PCR, Invitrogen). Wild-type (WT) and E40K

NSC34 cells (CELLutions Biosystems, Inc., Burlington, ON) were
grown in DMEM containing 10% fetal bovine serum with 10 U/mL penicillin and 10 μg/mL streptomycin. Cells were split into 12-well plates at
5 × 105 cells/well 18 h prior to transfection with media lacking antibiotics. Cells were transiently transfected with 900 ng of midi-prep DNA
(Promega) and 6 μL Lipofectamine 2000 (Invitrogen) according to the
manufacturer's protocol. Twenty four hours later, cells were split into
24-well plates at varying densities for microscopy, with a small aliquot
taken for protein analysis. Forty eight hours after transfection, cells
were washed once with phosphate buffered saline (PBS) and ﬁxed in
4% paraformaldehyde for 30 min at room temperature, followed by
three PBS washes. Cells were counterstained with DAPI in PBS
containing 0.1% Triton X-100 for 10 min, followed by three PBS washes.
Images were captured on a Nikon Eclipse TE300 inverted microscope
using Metamorph software (Molecular Devices). Observers were
blinded during cell counts, and at least 120 cells were counted for
each condition in three separate experiments.
Recombinant SOD1 production
Rosetta 2 E. coli (Novagen) containing GST-tagged cSOD1 WT,
E40K, and T18S and hSOD1 WT, G85R, or E40K in pGEX4T-1 were
grown in LB media with 100 μg/mL ampicillin and 25 μg/mL chloramphenicol at 37 °C overnight, then diluted 1:10 in pre-heated LB with
antibiotics and grown for 2 h at 37 °C. Protein production was induced for a further 4 h after the addition of 1.0 mM IPTG. Cells were
pelleted by centrifugation at 3500 ×g for 25 min, washed with 1 ×
PBS, centrifuged again, and frozen until needed for puriﬁcation.
Cell pellets were thawed on ice and resuspended in lysis buffer
(10 mM Tris, 1 mM EDTA, 150 mM NaCl, 1% Triton X-100, and 5 mM
DTT, pH 8.0). Cells were incubated with 4 mg/mL lysozyme (Sigma)
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for 15 min at room temperature, followed by sonication and centrifugation at 10,000 ×g for 15 min. 600 μL of a 50% slurry of pre-equilibrated
glutathione sepharose 4B beads (GE Healthcare) was then added to
each supernatant and incubated with end-over-end rotation for 18 h
at 4 °C. Beads were then washed three times with PBS and the bound
SOD1 proteins cleaved from GST with the Thrombin Cleavage Capture
Kit (Novagen) as per the manufacturer's instructions. SOD1 proteins
were metallated by dialysis against 100 mM Tris (pH 8.0), 300 mM
NaCl, and 200 μM CuCl2 for 3.5 h, followed by dialysis against 100 mM
Tris, 300 mM NaCl, and 200 μM ZnCl2 for 3.5 h as previously described
(Chia et al., 2010). Metallated proteins were then dialyzed overnight at
4 °C against 20 mM Tris (pH 7.8), 10 mM NaCl, and concentrated using
Amicon Ultra centrifugal ﬁlters with a 10 K membrane. SOD1 concentrations were determined using the Bradford assay.
SOD1 dismutase activity assay
SOD1 enzymatic activity was determined using the SOD Determination Kit (Sigma) according to manufacturer's protocol. Recombinant cSOD1 WT, E40K, T18S and hSOD1 WT, G85R, and E40K were
diluted to 50 ng/μL with 20 mM Tris (pH 7.8), and 10 mM NaCl,
then 10-fold serially diluted down to 50 pg/μL. SOD1 from bovine
erythrocytes (Sigma) was used to generate a standard curve from
0.1 U/mL to 50 U/mL. The assay was performed a total of three times.
Denaturing and partially denaturing SDS-PAGE and immunoblotting
For denaturing gels, boiled samples were run on a 14% acrylamide
Tris gel and transferred to nitrocellulose membranes. Membranes
were blocked in PBS with 0.05% Tween (PBS-T) containing 5% milk
for 1 h at room temperature and incubated with anti-SOD1 (FL-154)
antibody (Santa Cruz) in 5% milk PBS-T overnight at 4 °C. Following
three washes, membranes were incubated with donkey anti-rabbit
IgG, horseradish peroxidase-linked whole antibody (GE Healthcare)
at 1:5000 in 5% milk PBS-T for 2 h at room temperature. Blots were
developed with ECL 2 Western Blotting Substance (Pierce) and visualized on a G:Box Chemi XT4 imager (Syngene). Unless otherwise
indicated, Western blots were repeated twice.
Partially denaturing PAGE was performed as previously described
(Tiwari and Hayward, 2003). Brieﬂy, 1 μg of recombinant cSOD1 WT,
E40K, T18S and hSOD1 WT and G85R were mixed with partially
denaturing sample buffer without a reducing agent (62 mM Tris,
10% glycerol, 0.05% bromophenol blue, and 0.4% SDS, pH 6.8) and
incubated at 37 °C for 30 min. Samples were then run on a 14%
acrylamide Tris gel (both the gel and the running buffer contained
0.1% SDS) and stained with Gel Code Blue (Pierce) according to the
manufacturer's protocol. This protocol was repeated for recombinant
hSOD1 E40K. The experiments were repeated once with a fresh preparation of recombinant canine SOD1.
Filter trap assay
For TFE-treated recombinant protein, 2 μg of recombinant
cSOD1 WT, E40K, and T18S were incubated in 0%, 10%, and 20%
triﬂuoroethanol (TFE) for 6 h at 37 °C with agitation. Samples
were then dialyzed against 20 mM Tris (pH 7.8), and 10 mM NaCl
overnight at 4 °C. For untagged human and canine SOD1 constructs
expressed in NSC34 cells, cells were washed once in PBS, collected,
and lysed via sonication in PBS containing protease inhibitors. Samples were spun at 800 ×g for 10 min to remove large cell debris
without removing SOD1 aggregates. Protein concentration was determined via Bradford assay and adjusted to 1 μg/μL. The dialyzed
TFE-treated recombinant SOD1 proteins or 150 μg of cell lysate was
then run over a 0.2 μM cellulose acetate membrane on a Minifold II
Slot Blot System (Whatman) and washed once with PBS. Membranes
were blocked in 5% milk PBS-T for 1 h at room temperature and
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incubated with anti-SOD1 (FL-154) antibody (Santa Cruz) in 5% milk
PBS-T overnight at 4 °C. Following three washes, membranes were incubated with donkey anti-rabbit IgG, horseradish peroxidase-linked
whole antibody (GE Healthcare) at 1:5000 in 5% milk PBS-T for 2 h at
room temperature. Blots were developed with ECL 2 Western Blotting
Substance (Pierce) and visualized on a G:Box Chemi XT4 imager
(Syngene). Experiments were repeated a total of three times.
Results
Spinal cords of DM dogs contain detergent-insoluble mutant SOD1 that
increases with disease severity
The presence of detergent-insoluble mutant SOD1 species in spinal
cords of SOD1 transgenic mice and patients with SOD1 A4V mutations
has been well characterized (Deng et al., 2006; Wang et al., 2003). To
determine if this biochemical property was also found in DM, we fractionated spinal cords from two non-affected dogs and four homozygous
SOD1 E40K dogs with DM of increasing disease grade (see Shelton et al.,
2012 for details on DM grade) into detergent-soluble (designated S1)
and -insoluble (designated P2) fractions. We included non-affected
dogs of different ages to control for age-related SOD1 accumulation,
which has been shown in SOD1 WT transgenic mouse and rat models,
as many dogs with Grade 3 and 4 DM are >14 years old (Prudencio
et al., 2009a). Spinal cords from transgenic rats overexpressing SOD1
WT or G93A were used as controls. Western blot analysis revealed the
presence of detergent-insoluble SOD1 in DM-affected dog spinal cords
that increased with disease severity, despite approximately identical
levels of detergent-soluble SOD1 between control and DM-affected
dogs (Fig. 1). As expected, a small amount of detergent-insoluble WT
cSOD1 was found in the older non-affected spinal cord, but this level
was below that of even Grade 1 DM. While advanced age may result
in some degree of detergent-insoluble SOD1 accumulation in canine
spinal cords, it does not account for the signiﬁcant increase seen in
DM-affected spinal cords. Thus, we conclude that the E40K mutation
shares the same accumulation of detergent-insoluble aggregates as
seen in human ALS and rodent models.
Properties of canine SOD1 mutations
To date, only two mutations in cSOD1 have been described in the
literature, as compared to the >160 mutations known for hSOD1
(Awano et al., 2009; Wininger et al., 2011). The sequence for cSOD1
was originally determined from a study looking for mutations in
dogs with a form of spinal muscular atrophy and is hypothesized to
contain eight beta sheets and a metal-binding active site similar to
its human counterpart (Green et al., 2002). As can be seen from
the primary amino acid sequence, the E40K mutation falls within
connecting loop III and results in a + 2 charge shift, while the T18S
mutation occurs in the second beta strand and does not change overall protein charge (Fig. 2). Both mutations result in minor changes in
hydrophobicity. Such varying characteristics reﬂect the inconsistencies seen in trying to correlate protein charge, hydrophobicity,
and even aggregation propensity to disease onset and progression
in familial ALS (Prudencio et al., 2009b). As neither canine mutation
disrupts the metal binding region of the enzyme, we predicted that
both mutations retain dismutase activity, which lends credibility to
a gain of toxic function and not loss of function in the dog model
where a majority of dogs homozygous for mutant SOD1 show the
DM phenotype.
To measure enzymatic activity, a commercially available superoxide dismutase activity kit was used with recombinant cSOD1 WT,
E40K, and T18S proteins. As controls, we compared dismutase activity
with recombinant hSOD1 WT and G85R, a metal binding region
mutant with signiﬁcantly reduced activity (Borchelt et al., 1994). As
predicted from the structural location of these mutants (i.e. outside
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Fig. 1. Canine DM spinal cords contain detergent-insoluble SOD1 that correlates with disease severity. Detergent extraction of cSOD1 from thoracic spinal cord sections of
non-affected dogs (Ctrl) and DM-affected dogs of increasing disease severity (Grades 1–4, with Grade 1 mild and Grade 4 severe) shows increasing levels of detergent-insoluble
mutant SOD1 (P2 fraction) with increasing DM Grade. Age is indicated in parentheses. As controls, transgenic rats overexpressing hSOD1 WT or SOD1 G93A were included. The
S1 lanes contain 16 μg protein, except for the transgenic rat samples at 4 μg, and the P2 lanes contain 18.6 μg protein.

of the metal binding region), both cSOD1 mutants retain full enzymatic activity (Fig. 3A), providing evidence in favor of a toxic gain
of function in dogs homozygous for these mutations.
Since both canine mutants were dismutase active, we predicted that
they would remain as structural dimers under partially denaturing
polyacrylamide gel electrophoresis as consistent with previous reports
of human mutations (Tiwari and Hayward, 2003). Using a lower SDS
concentration (0.4%) and no reducing agent or boiling, this prediction
was conﬁrmed (Fig. 3B). Both the E40K and T18S cSOD1 mutants
migrated predominantly as dimers, while the hSOD1 G85R mutant
migrated mostly as a monomer, reﬂecting its well documented monomeric state (Zetterstrom et al., 2007). The shifted position of the E40K
mutant on the gel reﬂects its +2 charge shift as compared to the WT
or T18S proteins (Fig. 2B). This is in agreement with our data reﬂecting
full enzymatic activity in these mutants indicating the existence of a
functional dimer. Thus, our data conﬁrm that both cSOD1 mutants
form enzymatically active dimers and, more importantly, that affected
dogs homozygous for either mutant do not experience a loss of
dismutase activity.

Canine SOD1 mutations are unstable and prone to aggregation
As has been conﬁrmed with hSOD1 mutants, we hypothesized
that mutations in the cSOD1 protein would result in reduced stability
and increased aggregation potential (Münch and Bertolotti, 2010).
We observed that treatment of the canine mutants, but not WT,
with 20% TFE resulted in signiﬁcant aggregation as detected by ﬁlter
trap assay, indicating that the E40K and T18S mutants more readily
expose their hydrophobic surfaces and aggregate than WT (Fig. 4).
Also, at lower concentrations of TFE, not only do both E40K and
T18S show greater signal on the ﬁlter trap assay than WT, but E40K
shows the most signal at 0% TFE indicating that it is relatively
more unstable than T18S. This increased aggregation signal correlates
with its greater degree of aggregation in cell culture (Fig. 5A).
To visualize the degree of aggregation of cSOD1 mutants, we tagged
WT, E40K, and T18S with an N-terminal YFP tag and transiently
transfected each construct into NSC34 cells, an immortalized motor
neuron-like cell line (Cashman et al., 1992). After 48 h, similar expression levels resulted in signiﬁcant aggregation in 10–20% of cells for

Fig. 2. Canine SOD1 primary sequence and known SOD1 mutations. (A) Similar to hSOD1, cSOD1 contains 8 beta sheets interspersed by connecting loops and surrounding an active
site that binds copper. Known cSOD1 mutations are depicted in red below the primary sequence. (B) Location, Δcharge, and Δhydrophobicity for known cSOD1 mutations. ΔCharge
calculation performed with PROTEIN CALCULATOR v3.3 (Scripps). ΔHydrophobicity calculated according to Chiti et al. (2003).
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Fig. 4. Canine SOD1 mutants are prone to aggregation in vitro. Filter trap assay of
recombinant cSOD1 proteins exposed to increasing concentrations of TFE. The E40K
and T18S mutants show heightened sensitivity to 20% TFE compared to WT, indicating
an increased ability to aggregate.

Fig. 3. Canine SOD1 mutants form enzymatically active dimers. (A) Dismutase activity
assay performed on recombinant canine and human SOD1 proteins. No signiﬁcant
difference between cSOD1 WT and E40K or T18S. *p b 0.05 (unpaired t-test). (B) Partially
denaturating PAGE gel showing that cSOD1 WT, E40K, and T18S predominantly migrate
as dimers, while the metal binding hSOD1 mutant G85R exists as a monomer.

both mutants, while the WT protein remained soluble (Fig. 5). Data
show that the degree of aggregation for the E40K mutant was signiﬁcantly more than the T18S mutant, which reﬂects its increased aggregation as seen by ﬁlter trap assay. The aggregates closely resemble SOD1
aggregates for hSOD1 proteins in cell culture (Gomes et al., 2010).
The E40K mutation in hSOD1 fails to recapitulate the aggregation seen in
the canine mutant
Since human and canine SOD1 share 79.1% identity, and since
> 160 mutations have been described for the human protein, it was
no surprise that the canine E40K mutation occurred at a residue
shared with hSOD1. In fact, an older review of SOD1 mutants points
out the existence of an E40G mutation, but no primary description exists (Turner and Talbot, 2008). To address any biochemical overlap
between this mutation in humans and dogs, we created the E40K mutation in hSOD1 via site directed mutagenesis. As the location of this
mutation in both human and canine SOD1 falls within one of the
connecting loops and does not interfere with metal binding, we predicted that the human E40K mutant would, like its canine counterpart, be an enzymatically active dimer. A partially denaturing PAGE
gel and dismutase activity conﬁrmed these predictions (Figs. 6A,B).
However, when we transiently transfected human SOD1 E40K into
NSC34 cells, no aggregates were observed, even up to 72 h after
transfection (Fig. 6C and data not shown). This is despite ample
YFP-cSOD1 protein production in cells by Western blot (Fig. 6D).
To rule out any inhibitory effects that the YFP tag may have on aggregation, we transiently-transfected untagged hSOD1 WT, G85R, and
E40K, as well as cSOD1 WT, E40K, and T18S, into NSC34 cells and
looked for the presence of aggregates via a ﬁlter trap assay (Fig. 6E).
In agreement with previous observations with YFP-tagged SOD1

constructs, we found a signiﬁcant aggregation signal from canine
E40K and T18S and human G85R, but not human E40K. We subsequently created the hSOD1 E40G mutation to see if the lack of aggregation in human E40K was amino acid speciﬁc, but also found no
aggregation in NSC34 or HEK293 cells (data not shown). Thus, despite
the high sequence similarity between species, the aggregation propensity of the E40K mutation is unique to cSOD1 under the conditions
and with the cell types studied here.
Discussion and conclusions
The discovery that mutations in SOD1 are linked to canine DM
opens many avenues for comparative studies between this disorder
and human ALS, as well as a multitude of questions on the degree of
similarity between these phylogenetically separated proteins. An important starting point for comparing the two disorders is understanding the biochemical characteristics of the only two known cSOD1
mutations linked to this disease as compared to hSOD1. Our results
conﬁrm that, like hSOD1 mutants, mutant cSOD1 forms detergentinsoluble aggregates in spinal cords of affected dogs that increase
with disease severity. Further data show that both E40K and T18S
mutations in cSOD1 are not loss of function mutations, but form enzymatically active dimers that are prone to aggregation in vitro. Finally,
despite a high degree of sequence similarity to hSOD1, we show that
the aggregation propensity of the conserved E40K mutation is unique
to cSOD1.
One of the most striking differences between canine DM and
human ALS is that, unlike the well documented toxic gain of function
in dominantly-inherited SOD1-mediated human ALS, homozygosity
at the SOD1 locus is frequently observed in most cases of canine DM
(Awano et al., 2009; Wininger et al., 2011). Thus, unlike the heterozygous state found in the majority of ALS patients, a loss of function
contributing to disease in these animals was a real possibility. In
fact, SOD1 knock-out mice display mild age-related muscle denervation and degeneration that, depending on the genetic background,
translate into impaired performance on motor tests (Flood et al.,
1999; Kostrominova, 2010; Muller et al., 2006; Shefner et al., 1999).
Therefore, we ﬁrst needed to rule out SOD1 loss of function in these
animals. As our data show that the canine E40K and T18S mutations
form enzymatically active dimers, we are conﬁdent that the canine
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Fig. 5. Canine SOD1 mutants aggregate in cell culture. (A) NSC34 cells transiently transfected for 48 h with 900 ng of YFP-tagged cSOD1 WT, E40K, or T18S. Scale bar = 20 μm.
(B) Quantiﬁcation of A. At least 120 cells were counted in three separate experiments. *p b 0.05; **p b 0.01 (unpaired t-test). (C) Western blot of transfected NSC34 cell lysates (17.6 μg
initial protein with 1:5 serial dilutions) probed with α-SOD1 (FL-154) or α-GAPDH antibodies. YFP-cSOD1 and the endogenous mouse SOD1 (mSOD1) at 17 kDa are indicated on the blot.

DM model reﬂects the same toxic gain of function phenotype described for hSOD1 mutants. However, if it is true that a DM phenotype
is most common in the presence of two copies of mutant SOD1, and
if the > 160 mutations in hSOD1 foreshadow the possibility of additional mutations in cSOD1 that render it enzymatically inactive,
then an overlapping DM and SOD1 knock-out phenotype in dogs
with such mutation remains an interesting possibility.
In hSOD1, one common feature among all mutants is increased
aggregation propensity in vitro and in vivo. This is accompanied by
decreased protein stability as measured by differential scanning ﬂuoroscopy, susceptibility of many, but not all, mutants to proteinase
K digestion, and abnormal migration under reducing conditions when
compared to the remarkably stable WT protein (Münch and Bertolotti,
2010; Ratovitski et al., 1999; Tiwari and Hayward, 2003). Our results
with cSOD1 conﬁrm that the E40K and T18S mutations are no exception. We consistently observed SOD1 aggregates in transientlytransfected NSC34 cells that, in our eyes, exceeded the degree of
aggregation for many human SOD1 mutants. Coupled with its increased aggregation in the presence of TFE and the accumulation of

detergent-insoluble SOD1 species in cases of canine DM, cSOD1 mirrors
many of the properties of its human counterpart, and is predicted to
recapitulate additional properties. However, the slight differences
between the clinical presentations in canine DM and human ALS may
reﬂect signiﬁcant differences between the two proteins. For example,
it has been shown that mutant hSOD1 aggregates possess prion-like
properties in their ability to accelerate the misfolding and aggregation
of additional SOD1 in vitro, as well as physically enter cells and cause
the misfolding and aggregation of intracellular mutant and WT SOD1
(Chia et al., 2010; Grad et al., 2011; Munch et al., 2011). With SOD1
playing a role in canine DM, does this same mechanism hold true in
dogs? One group elegantly elucidated the importance of the W32
residue in hSOD1 in maintaining species-speciﬁc cross-seeding of
misfolded SOD1 (Grad et al., 2011). As cSOD1 lacks this critical residue,
does this impact its ability to seed? These questions highlight the significance that canine DM offers as an additional tool to pursue disease
mechanisms of SOD1.
Canine and human SOD1 share approximately 80% identity. While
the T18S mutation occurs at a unique amino acid found only in
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Fig. 6. The human E40K mutation is a dismutase active dimer that fails to aggregate. (A) Partially denaturing PAGE gel showing that hSOD1 E40K migrates as a dimer with a positive
charge shift. (B) Dismutase assay of hSOD1 WT, E40K, and G85R mutations. No signiﬁcant difference is seen between WT and E40K. (C) Representative images of NSC34 cells
transiently transfected with 900 ng of YFP-tagged hSOD1 WT and E40K showing diffuse cytoplasmic and nuclear distribution with no aggregates. Scale bar = 20 μm. (D) Western
blot of transfected NSC34 cell lysates from C (1:5 serial dilutions) probed with α-SOD1 (FL-154) or α-GAPDH antibodies. YFP-hSOD1 and the endogenous mouse SOD1 (mSOD1) at
17 kDa are indicated on the blot. (E) Filter trap assay of NSC34 cell lysates transiently transfected with human or canine SOD1 constructs lacking the N-terminal YFP tag conﬁrms
that hSOD1 E40K does not form aggregates.

cSOD1, the E40K mutation occurs at a conserved residue between
canine and human SOD1. When we created the E40K mutation in
hSOD1 to explore the similarities with the canine mutant, we showed

that this mutation, like canine E40K, is a dismutase active dimer.
However, we were surprised to ﬁnd that mutating this residue in
hSOD1 does not result in an aggregation phenotype despite the
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prevalent aggregation seen in its canine counterpart and despite the
appearance of an hSOD1 E40G mutation in the SOD1 literature
(Turner and Talbot, 2008). We also did not observe aggregation
when we transiently transfected YFP-hSOD1 E40G into NSC34 cells
(data not shown). The most recent edition of the online ALSod database (http://alsod.iop.kcl.ac.uk/, accessed February 22nd, 2013) no
longer lists the hSOD1 E40G mutation, and no primary literature
source exists, thus E40G may not represent a disease causing mutation in humans. As over 160 causative mutations spanning over 70
residues have been identiﬁed for hSOD1, the discovery of a mutation
that causes aggregation in a species-speciﬁc manner is unique and
raises interesting questions concerning the relationship between protein sequence, tertiary structure, and aggregation propensity. Perhaps
hSOD1 contains a sufﬁciently different tertiary structure that ameliorates the instability conferred by E40K. Or perhaps the structure of
cSOD1 renders mutations at this residue particularly unstable.
What are the implications of another animal model of ALS, and
what are the advantages of the canine DM model as compared to
existing SOD1 models? Canine DM is not a perfect model of human
ALS (Table 1). So far, a majority of dogs homozygous for SOD1 mutations develop disease, although some heterozygous dogs do develop
canine DM and show intermediate levels of SOD1 aggregates in
motor neurons (Joan Coates, personal communication). Additionally,
the motor neuron loss that is the hallmark of human ALS is not seen
to the same degree histopathologically and DM also involves proprioceptive pathways (Table 1) (Awano et al., 2009; Coates and Wininger,
2010; Coates et al., 2007; Shelton et al., 2012). Despite these differences, canine DM offers a naturally occurring, non-artiﬁcial system
in which to study SOD1 and ALS. This differs from many of the
mouse and rat transgenic models created so far, many of which require hSOD1 overexpression to non-physiological levels (e.g. G93A).
In contrast, dogs with canine DM develop disease late in life with
physiological levels of mutant cSOD1, thus providing a better picture
of the natural disease progression. Our results show that, at the
biochemical level, canine and human SOD1 are remarkably similar.
Both aggregate readily when mutated, both display decreased protein
stability, and both contain mutants that are functionally indistinct
from WT protein (Table 1). Thus, it is reasonable to assume that
human and canine SOD1 cause disease via a similar mechanism.
In elucidating biochemical similarities between human ALS and canine DM, this study expands the research toolkit for understanding
ALS and opens the door for developing novel therapies for ALS.
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