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Abstract

Background: Pathologic aggregates of superoxide dismutase 1 (SOD1) harboring mutations linked to familial amyotrophic
lateral sclerosis (fALS) have been shown to contain aberrant intermolecular disulfide cross-links. In prior studies, we
observed that intermolecular bonding was not necessary in the formation of detergent- insoluble SOD1 complexes by
mutant SOD1, but we were unable to assess whether this type of bonding may be important for pathologic inclusion
formation. In the present study, we visually assess the formation of large inclusions by fusing mutant SOD1 to yellow
fluorescent protein (YFP).

Methodology/Principal Findings: Experimental constructs possessing mutations at all cysteine residues in SOD1 (sites 6, 57,
111, and 146 to F,S,Y,R or G,S,Y,R, respectively) were shown to maintain a high propensity of inclusion formation despite the
inability to form disulfide cross-links. Interestingly, although aggregates form when all cysteines were mutated, double
mutants of the ALS mutation C6G with an experimental mutation C111S exhibited low aggregation propensity.

Conclusions/Significance: Overall, this study is an extension of previous work demonstrating that cysteine residues in
mutant SOD1 play a role in modulating aggregation and that intermolecular disulfide bonds are not required to produce

large intracellular inclusion-like structures.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurode-
generative disease characterized by the loss of upper and lower
motor neurons. The disease typically presents with unknown
etiology (sporadic ALS), but about 20% of ALS cases are caused
by the inheritance of genetic mutations. In recent years, mutations
in a number of different genes have been implicated as causative
for ALS or motor neuron disease, including the genes encoding
AR (androgen receptor), TDP-43 (TAR DNA binding protein),
FUS (a component of a fusion protein in malignant liposarcoma),
OPTN (optineurin), ANG (angiogenin), ALS2 (alsin — a G-protein
exchange factor), FIG4 (FIG4 homolog - phosphatase), SETX
(senetaxin — RNA helicase), UBQLN2 (ubiqulin 2 — ubiquitin
binding protein), and VCP (Valosin-containing protein) {http://
alsod.iop.kcl.ac.uk/default.aspx}. One of the first true ALS genes
to be identified was Cu-Zn superoxide dismutase (SODI) [1],
which predominantly shows a dominant inheritance pattern. To
date, more than 140 mutations in SOD1 have been identified in
cases of fALS ({http://alsod.iop.kcl.ac.uk/default.aspx}. The
majority of these fALS-linked SODI1 mutations are point
mutations. A subset of fALS mutations cause shifts in the reading
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frame or introduce early termination codons, resulting in the
production of C-terminally truncated proteins.

The normal function of SODI is to metabolize oxygen radicals
that are produced by cellular metabolism. The active enzyme is a
homodimer of two 153 amino acid subunits with each subunit
containing eight B-strands, an active site that binds copper, a
binding site for zinc, an electrostatic loop that funnels in the
substrate, and an intramolecular disulfide bond between cysteines
57 and 146 [2,3]. The effects of fALS mutations on the normal
enzyme activity vary considerably [4-6]. In cell culture and  vitro
models, enzyme activity ranges from undetectable to near normal
[4,7-10]. Although some mutants are extremely unstable [11,12]
and some mutants are inactive [8,13], others retain high levels of
activity [4,10,14-16]. Thus, it is generally accepted that mutations
in SODI do not cause ALS as a result of lost function. Notably,
the targeted deletion of SODI in mice does not induce ALS-like
symptoms [17]. Overall, the preponderance of evidence indicates
that fALS-associated mutations in SODI1 cause disease as a
consequence of an acquired toxic property.

Multiple studies have demonstrated that one consequence to
fALS mutations to SODI is that the protein becomes much more
prone to aggregate [18-22]. Indeed, we have yet to identify an
fALS-associated mutant that does not show heightened propensity
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to form aggregates that are insoluble in nonionic detergent [22].
Studies from several groups have demonstrated that these
detergent-insoluble aggregates of SOD1 protein contain molecules
that are cross-linked by intermolecular disulfide bonds [23-25].
Within each SOD1 subunit, there are four cysteine residues at
amino acids 6, 57, 111, and 146 that could potentially form
intermolecular disulfide bonds [23,26], but other evidence suggests
that cysteines 6 and 111 may be primarily involved in oxidation-
mediated aggregation [27]. However, in prior studies involving
culture cell models of aggregation, we have found that disulfide
cross-linking is not a critical event in aggregation as artificial
mutants that lack cysteine can still form detergent insoluble
structures [28].

One of the shortcomings of our prior work is that we relied
heavily on a biochemical assay for aggregation in which cell lysates
were subjected to extraction in nonionic detergents and centrifu-
gation [28]. This method, although useful, does not provide
information on the morphology of the aggregates or how loss of
disulfide crosslinking might affect the generation of higher order
structures, such as intracellular inclusions. In our hands, with our
antibody reagents, visualization of inclusions in cells has proven
difficult due to poor accessibility of antibody epitopes [29,30]. To
overcome this problem we adopted a strategy used by others in
which SOD1 ¢DNA was fused in-frame with fluorescent proteins
[31-37]. In our studies, we used yellow-fluorescent protein (YIP)
as a C-terminal fusion protein and we were able to easily visualize
the formation of fluorescent inclusions in cells expressing fusions of
mutant SOD1 with YFP [30,33,38]. In the present study, we have
applied this approach to the study of a series of experimental
SOD! mutants in which cysteine residues have been systematically
mutated. Our findings confirm and extend our previous work in
demonstrating that disulfide cross-linking is not required for the
aggregation of mutant SODI and that mutant SODI lacking
cysteine residues can form large intracellular inclusions.

Methods

Generation of mutant SOD plasmids

HSOD1 ¢DNA’s containing the mutations C111Y, CI118S,
C6G/C111Y, C6G/CI111S, C6G/C573/C111Y/C146R
(GSYR), and C6F/C57S/C111Y/C146R (FSYR), previously
described by Karch et al [28] were subcloned into modified
pEF-BOS vector containing YFP ¢cDNA [30] using the In-Fusion
Cloning kit (Clontech, Mountain View, CA; Cat. No. 639617).
Each mutant was amplified by standard PCR strategies. The PCR
product was then analyzed on a 1% agarose gel in order to
confirm a single PCR product. Next, an infusion cloning
procedure was used to insert the DNA into pEF-BOS vector that
already contained the YFP ¢cDNA. These plasmids were trans-
formed into NEB-10B competent cells (New England Biolabs)
following standard protocols. Large scale preparations of plasmid
DNA for transfection were prepared by CsCl gradient purification.
All plasmids were verified by DNA sequence analysis.

Transient Transfections

Expression plasmid DNA was transiently transfected into
Chinese hamster ovary (CHO) cells. The day before the
transfection, the CHO cells were split into 60-mm poly-D-lysine-
coated dishes (I plate for each DNA construct). Upon reaching
95% confluency, cells were transfected with Lipofectamine ™™
2000 (Invitrogen). The cells were then incubated at 37°C in a CO,
incubator for 24 hours. Representative pictures were then taken
using an AMG EVOS; digital inverted microscope for fluores-
cence and transmitted light applications. Pictures of both typical
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cells and cells with aggregates were taken at both 20x and 40x
magnification at both 24 and 48 hours. The transient transfections
were repeated two more times for each construct with represen-
tative pictures taken of random fields. The images from multiple
transfections were analyzed with cells showing YFP fluorescence,
fluorescent inclusions, and fluorescent cells showing condensed
morphology counted in a blinded fashion.

Results

This study utilized expression of SOD1:YFP fusion proteins as a
means to examine the role of disulfide cross-linking in the
formation in intracellular inclusions. The ability of various SOD1
mutants fused to YFP to form inclusions was compared to a set of
controls that included the SOD1-A4V mutant (Fig. 1A and B, high
propensity to form inclusions) and WT SOD1 (Fig. 1C and D, no
inclusion formation). In previous work, we have established that
YFP alone shows only a diffuse distribution similar to the SOD1-
WT:YFP fusion proteins [30,38]. Three consecutive transient
transfections were done for each construct and representative
images were captured at both 24 and 48 hours for quantification
of aggregate formation (Table 1). Throughout the study, we noted
that a percentage of cells expressing the YFP fusion protein
adopted a very condensed abnormal morphology (see Figure 1B,
arrow). These condensed cells were generally round, much smaller
in size, and often were only weakly attached to the plate. Cells
exhibiting this morphology were also quantified.

Based on prior study [28,39], we were particularly interested in
the role of the cysteine residue located at position 111. Previous
work determined that mutation of cysteine 111 to serine does not
induce the misfolding of SODI1 to form detergent-insoluble
aggregates [28,40]. As expected, in cells expressing a CI111S
variant of human SODI fused to YFP, we observed no obvious
inclusion formation in cells transiently transfected for 24 or
48 hours (Fig. 2A and B) (Table 1). By contrast, cells expressing
the fALS-associated mutation C111Y SODI fused to YFP we
observed obvious inclusion formation by 24 hours (Fig. 2C) with
persistent inclusion formation out to 48 hours (Fig. 2D) (Table 1).
Cells expressing WT' SODI1:YFP fusion protein did not contain
inclusions-like structures at either time point (Fig. 2E and F). This
outcome was consistent with our previous study in which the
C111Y mutant was found to produce detergent-insoluble aggre-
gates [28].

The cysteine at position 6 of SOD1 has also been implicated in
the formation of disulfide linked aggregates [27,40]. In previous
study, we found that mutation of cysteine 6 to the fALS mutation
glycine produced a protein that is prone to form detergent-
insoluble aggregates [28]. However, introduction of a second
mutation at cysteine 111 to serine suppressed aggregation [28].
Here we examined the same construct as a fusion to YFP along
with a second construct combining the C6G mutation with
C111Y. At 24 hours, we observed no obvious inclusions in cells
expressing SOD1 C6G-C111S:YFP and a relatively low percent-
age of cells with inclusions by expression of SOD1 C6G-C111Y
fusion proteins (Fig. 3A and C) (Table 1). By comparison, cells
expressing SOD1 A4V:YFP fusion protein showed obvious
inclusions at 24 hours (Fig. 3E). By 48 hours, cells expressing
SOD1 C6G-C111S:YFP fusion protein still lacked obvious
inclusion-like structures, but there were cells in which the
fluorescence appeared to be less than completely uniform
(Fig. 3B). At the same time point, cells expressing SOD1 C6G-
C111Y:YFP fusion protein showed obvious inclusion-like struc-
tures (Fig. 3D); comparable in appearance to cells expressing
SOD1 A4V:YFP fusion protein (Fig. 3F). Overall the relative

October 2012 | Volume 7 | Issue 10 | e47838



Disulfide Crosslinking in Mutant SOD1 Aggregation

24 Hours 48 Hours

A4V

Figure 1. Mutant SOD1:YFP fusion proteins form obvious intracellular inclusions. As described in Methods, CHO cells were transiently
transfected with expression plasmids for WT or A4V SOD1 fused to YFP. After 24 or 48 hours the cells were fixed with 4% paraformaldehyde and then
images were captured to assess the frequency of inclusion formation. Cells expressing the A4V SOD:YFP fusion protein contain inclusion-like
structures at a high frequency.

doi:10.1371/journal.pone.0047838.g001

frequency of inclusion formation in cells expressing SOD1- C6G- In prior work, we had generated two experimental constructs in
C111S:YFP was very low (Table 1). which all four cysteine residues (C6G or F, C57S, C111Y, and
C146R) were mutated [28]. Of the 4 positions mutated, only the

Table 1. Aggregation of SOD1 mutants in transfected cells.

SOD1 Construct Production of inclusions in 24 h # of cells with YFP counted # of cells with inclusions # of condensed cells

WT - 128 0 (0%) 9 (7%)

A4V + 314 83 (27%) 36 (11%)

c111Y F 850 252 (29%) 68 (8%)

C111S - 747 0 (0%) 142 (19%)

C6G/C111Y aF 632 43 (6%) 50 (8%)

C6G/C111S - 898 0 (0%) 106 (12%)

FSYR + 229 117 (51%) 13 (6%)

GSYR + 257 36 (14%) 21 (8%)

Production of inclusions in 48 h # of cells with YFP counted # of cells with inclusions # of condensed cells

WT - 83 0 (0%) 43 (52%)

A4V + 33 23 (70%) 25 (76%)

cany + 163 107 (67%) 82 (50%)

C111S = 79 0 (0%) 39 (49%)

C6G/C111Y + 55 14 (25%) 27 (49%)

C6G/C111S — 118 0 (0%) 47 (40%)

FSYR + 50 29 (58%) 40 (80%)

GSYR + 29 13 (45%) 22 (78%)

doi:10.1371/journal.pone.0047838.t001
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24 Hours 48 Hours

Cc111y

Figure 2. Mutation of cysteine 111 to serine or tyrosine differentially affects inclusion formation. CHO cells were transiently transfected
with expression plasmids for each mutant and imaged 24 or 48 hours later as described in Figure 1. Mutation of cysteine 111 to serine does not
induce inclusion formation whereas the disease associated mutation of cysteine to tyrosine produces inclusion-like structures at a high frequency. For
comparison, cells expressing WT SOD1:YFP fusion proteins are also shown.

doi:10.1371/journal.pone.0047838.9g002

24 Hours 48 Hours

C6G-C111S

C6G-C111Y

A4V

Figure 3. Simultaneous mutation of cysteines 6 and 111. CHO cells were transiently transfected with expression plasmids for each mutant and
imaged 24 or 48 hours later as described in Figure 1. For the C6G-C111S and C6G-C111Y mutants (Panels A-D), the rate of inclusion formation was
slower than that of the positive control mutant A4V (Panels E and F). At 48 hours, the frequency of inclusion-like structures in cells expressing the
double mutant C6G-C111S remained low compared to C6G-C111Y (see Table 1).

doi:10.1371/journal.pone.0047838.9003
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C57S mutation has not been associated with fALS. We created
fusions of the cDNA for these mutants with YFP and expressed
them for 24 or 48 hours by transient transfection. The SODI-
FSYR:YFP construct showed a high propensity to form inclusions
at 24 hours (Fig. 4A) with persistent inclusion formation out to
48 hours (Fig. 4B). At 24 hours about 50% of the fluorescent cells
contained inclusions (Table 1). The GSYR construct, in which
cysteine 6 was mutated to glycine, also produced cells with
fluorescent inclusions by 24 hours, but the frequency was less than
either the FSYR:YFP fusion protein or the A4V:YFP fusion
protein (Fig. 4C) (Table 1). By 48 hours, cells expressing SOD1-
GSYR:YFP frequently contained inclusions (Fig. 4D). These
experimental constructs indicate that the presence of cysteine
residues is not essential in the formation of large intracellular
inclusions by mutant SODI.

Discussion

Our study examined the relationship between intermolecular
disulfide bonds and the development of large visible inclusions by
mutant superoxide dismutase 1 (SODI) fused to a YFP reporter
protein. Our findings confirm and extend our previous work in
which we demonstrated that mutant SODI1 lacking all four
cysteine residues can form detergent-insoluble complexes; mutants
C6G/C575/C111Y/C146R (GSYR) and C6F/C57S/C111Y/
C146R (FSYR) [28]. However, we had not been able to determine
the physical morphology of these aggregates by standard
immunostaining approaches. Our new findings demonstrate that
large inclusion structures of mutant SOD1 can form in the absence
of intermolecular disulfide bonding.

Previous studies have shown that the cysteine residue at position
111 in SODI plays an important role in the formation of
aggregates [28,40]. Mutation of Cl11 to serine has a strong
inhibitory influence on the formation of detergent insoluble

24 Hours

FSYR

48 Hours

Disulfide Crosslinking in Mutant SOD1 Aggregation

protein aggregates [28,39,40]. However, when C111 is mutated
to tyrosine, the mutant SODI1 formed detergent insoluble
aggregates [28]. Our findings here confirm this result as we
observe that SOD1-C111S fused to YFP does not form obvious
inclusions whereas inclusions are readily observed in cells
expressing SODI1-C111Y fused to YFP. Indeed, the CI111Y
variant showed inclusion formation (29% of YFP positive cells)
similar to that of the A4V positive control at both 24 and 48 hours
(Table 1). In comparison, no inclusions were observed in cells
expressing the C111S variant. Thus we confirm that mutation of
cysteine 111 to tyrosine produces a protein that can form large
intracellular aggregates, indicating that disulfide crosslinking
through cysteine 111 is not crucial to aggregate formation.

In a previous study, we had noted that experimental combina-
tions of mutations in which C6G and C111S were combined or
when C6G and C111Y were combined, the resultant double
mutants produced very low amounts of detergent-insoluble
aggregates [28]. In the present study, we find similar results in
that C6G-C111S fusion protein showed no inclusion formation at
24 or 48 hours, similar to the WT and C111S constructs. Cells
expressing the C6G-C111Y fusion protein showed low levels of
inclusion formation at 24 hours (6% of YFP expressing cells) but
inclusions became more obvious by 48 hours. Although these
findings are consistent with the notion that cysteines 6 and 111 are
in some manner involved in the assembly of mutant SOD1 into
large multimeric structures, their role is difficult to define because
mutants lacking all 4 cysteines readily form inclusion-like
structures. Indeed, the SODI1 FSYR:YFP fusion construct is
similar to WT SODI in terms of aggregation propensity and
morphology. Thus, overall, these studies demonstrate that
although there are some potentially interesting modulatory roles
for cysteines at position 6 and 111 in SOD1 aggregation, mutant
SODI lacking all 4 cysteines can form large inclusion structures.

Figure 4. Simultaneous mutation of all four cysteines in SOD1. CHO cells were transiently transfected with expression plasmids for each
mutant and imaged 24 or 48 hours later as described in Figure 1. Mutants lacking cysteine formed obvious inclusion-like structures. FSYR; C6F/C57S/

C111Y/C146R. GSYR; C6G/C57S5/C111Y/C146R.
doi:10.1371/journal.pone.0047838.g004
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Thus, intermolecular disulfide crosslinking is not required to
produce large assemblies of mutant SOD1.

Throughout this study, we noted that by 24 hours between 5
and 20% of cells expressing SOD1:YFP fusion protein adopted a
very condensed abnormal morphology (see Figure 1B, arrow)(see
Table 1). By 48 hours, the percentage of cells expressing the YFP
fusion protein that showed a condensed morphology was as high
as 50%. Similar condensed cells have been noted in prior studies of
CHO cells expressing mutant SOD1:YFP fusion proteins [30]. In
this prior work, we noted that these cells do not display markers of
dead or dying cells [30] and the basis for the morphological
change is presently unknown. Notably, there was no obvious
correlation between expression of mutant SOD1 and the
frequency of condensed cells at 24 hours. Thus, we cannot
attribute this change in morphology to a consequence of inclusion
formation.

In past efforts to determine whether ALS associated mutations
in SODI1 cause the protein to aggregate, we have relied on
biochemical — assays of detergent insolubility — [12,20-
22,25,28,38,39,41-44]. In these biochemical tests, we relied on
sonication as a method of cell lysis in order to shear nucleic acid to
a size that did not interfere with protein sedimentation by
ultracentrifugation. Without some method to shear nucleic acid,
the viscosity of the cell lysate can greatly interfere with velocity
sedimentation. One issue with this approach is that sonication has
the potential to cause protein aggregation if the lysate is
overheated during the process. In our past experience in using
sonication to lyse cells, WT SODI1 was not induced to aggregate
whereas the mutants were all variably prone to aggregate [22].
However, the potential remained that mutant SODI1 was
somehow primed to aggregate with this property becoming
evident upon sonication. Recently, we have re-examined the
aggregation of mutant SOD1 by fusing the mutant protein to YFP
[30]. Five different ALS associated mutants were all shown to
spontancously adopt an inclusion like morphology and these
mutants all showed increased accumulation of detergent insoluble
SODI:YFP fusion protein [30]. Notably, several studies of cells

References
1. Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, et al. (1993)

Mutations in Cu/Zn superoxide dismutase gene are associated with familial
amyotrophic lateral sclerosis. Nature 362: 59-62.

2. Parge HE, Hallewell RA, Tainer JA (1992) Atomic structures of wild- type and
thermostable mutant recombinant human Cu,Zn superoxide dismutase. Proc
Natl Acad Sci USA 89: 6109-6113.

3. Ogihara NL, Parge HE, Hart PJ, Weiss MS, Goto JJ, et al. (1996) Unusual
trigonal-planar copper configuration revealed in the atomic structure of yeast
copper-zinc superoxide dismutase. Biochemistry 35: 2316-2321.

4. Borchelt DR, Lee MK, Slunt HH, Guarnieri M, Xu Z-S, et al. (1994)
Superoxide dismutase 1 with mutations linked to familial amyotrophic lateral
sclerosis possesses significant activity. Proc Natl Acad Sci USA 91: 8292-8296.

5. Potter SZ, Valentine JS (2003) The perplexing role of copper-zinc superoxide
dismutase in amyotrophic lateral sclerosis (Lou Gehrig’s disease). J Biol Inorg
Chem 8: 373-380.

6. Valentine JS, Hart PJ (2003) Misfolded CuZnSOD and amyotrophic lateral
sclerosis. Proc Natl Acad Sci U S A 100: 3617-3622.

7. Nishida CR, Butler Gralla E, Selverstone Valentine J (1994) Characterization of
three yeast copper-zinc superoxide dismutase mutants analogous to those coded
for in familial amyotrophic lateral sclerosis. Proc Natl Acad Sci USA 91: 9906
9910.

8. Ratovitski T, Corson LB, Strain J, Wong P, Cleveland DW, et al. (1999)
Variation in the biochemical/biophysical properties of mutant superoxide
dismutase 1 enzymes and the rate of disease progression in familial amyotrophic
lateral sclerosis kindreds. Hum Mol Genet 8: 1451-1460.

9. Wiedau-Pazos M, Goto JJ, Rabizadeh S, Gralla EB, Roe JA, et al. (1996) Altered
reactivity of superoxide dismutase in familial amyotrophic lateral sclerosis.
Science 271: 515-518.

10. Hayward L], Rodriguez JA, Kim JW, Tiwari A, Goto JJ, et al. (2002) Decreased
Metallation and Activity in Subsets of Mutant Superoxide Dismutases
Associated with Familial Amyotrophic Lateral Sclerosis. J Biol Chem 277:
15923-15931.

PLOS ONE | www.plosone.org

Disulfide Crosslinking in Mutant SOD1 Aggregation

expressing fusion proteins of mutant SOD1 and fluorescent
reporter proteins have demonstrated that mutant SOD1 is more
prone to form aggregates [31-37,45]. Our present study provides
additional corroborative data in which the behavior of fluores-
cently tagged SODI variants essentially replicates previous
findings based on sonication lysis, detergent extraction, and
sedimentation. Thus, it is difficult to argue against the notion that
one consequence of mutations in SOD1 is to increase propensity
to misfold and aggregate. The role of mutant SOD1 aggregation
plays in toxicity remains an unanswered question, but the use of
fluorescently tagged proteins offers an additional tool in addressing
this question.

Conclusions

Through visual detection of intracellular inclusions and
quantitative analysis, we were able to confirm past research that
had concluded that intermolecular disulfide bonds are of limited
importance in formation of mutant SOD1 aggregates. A caveat to
prior work was that it relied completely on assessing detergent
insolubility and at the time we were not able to ascertain whether
the various manipulations of the cysteine residues may have
altered the formation of inclusion body aggregates by immuno-
cytochemistry. Our present study demonstrates that mutant SOD1
lacking all four cysteine residues can form large inclusion body
aggregates, indicating that aberrant disulfide bonding that occurs
as these mutant proteins aggregate is likely to be secondary to the
assembly of aggregate structures.

Acknowledgments

We are grateful to Drs. Joan Valentine, Julian Whitelegge, and P. John
Hart for thoughtful discussions of this work.

Author Contributions

Conceived and designed the experiments: DRB. Performed the experi-
ments: BLTR KP HHB. Analyzed the data: BLTR KP DRB. Wrote the
paper: DRB BLTR.

11. Jonsson PA, Ernhill K, Andersen PM, Bergemalm D, Brannstrom T, et al.
(2004) Minute quantities of misfolded mutant superoxide dismutase-1 cause
amyotrophic lateral sclerosis. Brain 127: 73-88.

12. Wang J, Xu G, Li H, Gonzales V, Fromholt D, et al. (2005) Somatodendritic
accumulation of misfolded SOD1-L126Z in motor neurons mediates degener-
ation: {alpha}B-crystallin modulates aggregation. Hum Mol Genet 14: 2335—
2347.

13. Wang J, Caruano-Yzermans A, Rodriguez A, Scheurmann JP, Slunt HH, et al.
(2007) Disease-associated mutations at copper ligand histidine residues of
superoxide dismutase 1 diminish the binding of copper and compromise dimer
stability. ] Biol Chem 282: 345-352.

14. Gurney ME, Pu H, Chiu AY, Dal Canto MC, Polchow CY, et al. (1994) Motor
neuron degeneration in mice that express a human Cu,Zn superoxide dismutase
mutation. Science 264: 1772-1775.

15. Wong PC, Pardo CA, Borchelt DR, Lee MK, Copeland NG, et al. (1995) An
adverse property of a familial ALS-linked SOD1 mutation causes motor neuron
disease characterized by vacuolar degeneration of mitochondria. Neuron 14:
1105-1116.

16. Jonsson PA, Graffmo KS, Brannstrom T, Nilsson P, Andersen PM, et al. (2006)
Motor neuron disease in mice expressing the wild type-like D90A mutant
superoxide dismutase-1. J Neuropathol Exp Neurol 65: 1126-1136.

17. Reaume AG, Elliott JL, Hoffman EK, Kowall NW, Ferrante RJ, et al. (1996)
Motor neurons in Cu/Zn superoxide dismutase-deficient mice develop normally
but exhibit enhanced cell death after axonal injury. Nature Genetics 13: 43-47.

18. Johnston JA, Dalton MJ, Gurney ME, Kopito RR (2000) Formation of high
molecular weight complexes of mutant Cu, Zn-superoxide dismutase in a mouse
model for familial amyotrophic lateral sclerosis. Proc Natl Acad Sci USA 97:
12571-12576.

19. Shinder GA, Lacourse MC, Minotti S, Durham HD (2001) Mutant Cu/Zn-
superoxide dismutase proteins have altered solubility and interact with heat
shock/stress proteins in models of amyotrophic lateral sclerosis. J Biol Chem
276: 12791-12796.

October 2012 | Volume 7 | Issue 10 | e47838



20.

22.

23.

24.

26.

27.

28.

29.

30.

31.

Wang J, Xu G, Borchelt DR (2002) High molecular weight complexes of mutant
superoxide dismutase 1: age- dependent and tissue-specific accumulation.
Neurobiol Dis 9: 139-148.

. Wang J, Xu G, Gonzales V, Coonfield M, Fromholt D, et al. (2002) Fibrillar

inclusions and motor neuron degeneration in transgenic mice expressing
superoxide dismutase 1 with a disrupted copper-binding site. Neurobiol Dis 10:
128-138.

Prudencio M, Hart PJ, Borchelt DR, Andersen PM (2009) Variation in
aggregation propensities among ALS-associated variants of SOD1: correlation to
human disease. Hum Mol Genet 18: 3217-3226.

Deng HX, Shi Y, Furukawa Y, Zhai H, Fu R, et al. (2006) Conversion to the
amyotrophic lateral sclerosis phenotype is associated with intermolecular linked
insoluble aggregates of SOD1 in mitochondria. Proc Natl Acad Sci U S A 103:
7142-7147.

Jonsson PA, Graffmo KS, Andersen PM, Brannstrom T, Lindberg M, et al.
(2006) Disulphide-reduced superoxide dismutase-1 in CNS of transgenic
amyotrophic lateral sclerosis models. Brain 129: 451-464.

. Wang J, Xu G, Borchelt DR (2006) Mapping superoxide dismutase 1 domains of

non-native interaction: roles of intra- and intermolecular disulfide bonding in
aggregation. J Neurochem 96: 1277-1288.

Furukawa Y, Kaneko K, Yamanaka K, O’Halloran TV, Nukina N (2008)
Complete loss of post-translational modifications triggers fibrillar aggregation of
SODI in the familial form of amyotrophic lateral sclerosis. J Biol Chem 283:
24167-24176.

Banci L, Bertini I, Durazo A, Girotto S, Gralla EB, et al. (2007) Metal-free
superoxide dismutase forms soluble oligomers under physiological conditions: a
possible general mechanism for familial ALS. Proc Natl Acad Sci U S A 104:
11263-11267.

Karch CM, Borchelt DR (2008) A limited role for disulfide cross-linking in the
aggregation of mutant SOD] linked to familial amyotrophic lateral sclerosis.
J Biol Chem 283: 13528-13537.

Watanabe M, Dykes-Hoberg M, Culotta VC, Price DL, Wong PC, et al. (2001)
Histological Evidence of Protein Aggregation in Mutant SOD1 Transgenic Mice
and in Amyotrophic Lateral Sclerosis Neural Tissues. Neurobiol Dis 8: 933-941.
Prudencio M, Borchelt DR (2011) Superoxide dismutase 1 encoding mutations
linked to ALS adopts a spectrum of misfolded states. Mol Neurodegener 6: 77.
Corcoran L], Mitchison TJ, Liu Q (2004) A novel action of histone deacetylase
inhibitors in a protein aggresome disease model. Curr Biol 14: 488-492.

. Turner BJ, Atkin JD, Farg MA, Zang DW, Rembach A, et al. (2005) Impaired

extracellular secretion of mutant superoxide dismutase 1 associates with
neurotoxicity in familial amyotrophic lateral sclerosis. J Neurosci 25: 108-117.

PLOS ONE | www.plosone.org

33.

34.

36.

37.

39.

40.

41.

42,

43.

44.

Disulfide Crosslinking in Mutant SOD1 Aggregation

Matsumoto G, Stojanovic A, Holmberg CI, Kim S, Morimoto RI (2005)
Structural properties and neuronal toxicity of amyotrophic lateral sclerosis-
associated Cu/Zn superoxide dismutase 1 aggregates. J Cell Biol 171: 75-85.
Zhang F, Zhu H (2006) Intracellular conformational alterations of mutant
SODI and the implications for fALS-associated SOD1 mutant induced motor
neuron cell death. Biochim Biophys Acta 1760: 404-414.

. Fei E, Jia N, Yan M, Ying Z, Sun Q, et al. (2006) SUMO-1 modification

increases human SODI stability and aggregation. Biochem Biophys Res
Commun 347: 406-412.

Urushitani M, Ezzi SA, Matsuo A, Tooyama I, Julien JP (2008) The
endoplasmic reticulum-Golgi pathway is a target for translocation and
aggregation of mutant superoxide dismutase linked to ALS. FASEB J 22:
2476-2487.

Witan H, Gorlovoy P, Kaya AM, Koziollek-Drechsler I, Neumann H, et al.
(2009) Wild-type Cu/Zn superoxide dismutase (SOD1) does not facilitate, but
impedes the formation of protein aggregates of amyotrophic lateral sclerosis
causing mutant SOD1. Neurobiol Dis 36: 331-342.

. Prudencio M, Durazo A, Whitelegge JP, Borchelt DR (2009) Modulation of

mutant superoxide dismutase 1 aggregation by co-expression of wild-type
enzyme. ] Neurochem 108: 1009-1018.

Karch CM, Borchelt DR (2010) Aggregation modulating elements in mutant
human superoxide dismutase 1. Arch Biochem Biophys 503: 175-182.
Cozzolino M, Amori I, Pesaresi MG, Ferri A, Nencini M, et al. (2008) Cysteine
111 affects aggregation and cytotoxicity of mutant Cu,Zn-superoxide dismutase
associated with familial amyotrophic lateral sclerosis. J Biol Chem 283: 866-874.
Wang J, Slunt H, Gonzales V, Fromholt D, Coonfield M, et al. (2003) Copper-
binding-site-null SOD1 causes ALS in transgenic mice: aggregates of non-native
SODI delineate a common feature. Hum Mol Genet 12: 2753-2764.

Wang J, Xu G, Slunt HH, Gonzales V, Coonfield M, et al. (2005) Coincident
thresholds of mutant protein for paralytic disease and protein aggregation caused
by restrictively expressed superoxide dismutase cDNA. Neurobiol Dis 20: 943~
952.

Karch CM, Prudencio M, Winkler DD, Hart PJ, Borchelt DR (2009) Role of
mutant SOD1 disulfide oxidation and aggregation in the pathogenesis of familial
ALS. Proc Natl Acad Sci U S A 106: 7774-7779.

Karch CM, Borchelt DR (2010) An examination of alpha B-crystallin as a
modifier of SODI aggregate pathology and toxicity in models of familial
amyotrophic lateral sclerosis. ] Neurochem 113: 1092-1100.

. Prudencio M, Durazo A, Whitelegge JP, Borchelt DR (2010) An examination of

wild-type SOD1 in modulating the toxicity and aggregation of ALS-associated
mutant SOD1. Hum Mol Genet 19: 4774-4789.

October 2012 | Volume 7 | Issue 10 | e47838



