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When replete with zinc and copper, amyotrophic lateral scle-
rosis (ALS)-associated mutant SOD proteins can protect motor
neurons in culture from trophic factor deprivation as efficiently
as wild-type SOD. However, the removal of zinc from either
mutant or wild-type SOD results in apoptosis of motor neurons
through a copper- and peroxynitrite-dependent mechanism. It
has also been shown that motor neurons isolated from trans-
genic mice expressing mutant SODs survive well in culture but
undergo apoptosis when exposed to nitric oxide via a Fas-depen-
dent mechanism. We combined these two parallel approaches
for understanding SOD toxicity in ALS and found that zinc-
deficient SOD-induced motor neuron death required Fas acti-
vation, whereas the nitric oxide-dependent death of G93A SOD-
expressing motor neurons required copper and involved
peroxynitrite formation. Surprisingly, motor neuron death dou-
bled when Cu,Zn-SOD protein was either delivered intracellu-
larly to G93A SOD-expressing motor neurons or co-delivered
with zinc-deficient SOD to nontransgenic motor neurons.
These results could be rationalized by biophysical data showing
that heterodimer formation of Cu,Zn-SOD with zinc-deficient
SOD prevented the monomerization and subsequent aggrega-
tion of zinc-deficient SOD under thiol-reducing conditions.
ALS mutant SOD was also stabilized by mutating cysteine 111 to
serine, which greatly increased the toxicity of zinc-deficient
SOD. Thus, stabilization of ALS mutant SOD by two different
approaches augmented its toxicity to motor neurons. Taken
together, these results are consistent with copper-containing
zinc-deficient SOD being the elusive “partially unfolded inter-
mediate” responsible for the toxic gain of function conferred by
ALS mutant SOD.
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Mutations to copper/zinc superoxide dismutase (SOD)* are
the most common genetic cause of the familial form of amyo-
trophic lateral sclerosis (ALS) (1, 2). Although transgenic
expression of these mutant SOD genes in mice and rats is suf-
ficient to produce a progressive motor neuron disease that
mimics human pathology (3), the toxic mechanisms remain
obscure. Primary motor neuron cultures have proven to be a
powerful model to elucidate the toxic gain of function con-
ferred by ALS mutations to SOD and to determine the under-
lying cell death pathways. Motor neurons isolated from trans-
genic mice carrying ALS mutant SOD are fully viable in culture
(4, 5) but undergo apoptosis after incubation with low, physio-
logically relevant concentrations of exogenous nitric oxide
(50—100 nMm). This remains the most direct evidence that
mutant SOD can become directly toxic to motor neurons but
also demonstrates that expression of mutant SOD alone may
not be sufficient to be toxic to motor neurons.

The concentrations of nitric oxide used to induce death of
ALS-SOD-expressing motor neurons were not injurious to
motor neurons isolated from transgenic mice expressing wild-
type SOD and are even trophic to nontransgenic motor neu-
rons (6). Over the past decade, we have accumulated consider-
able evidence that the reaction of nitric oxide with superoxide
(O;) to form peroxynitrite (ONOO™) is responsible for initiat-
ing apoptosis in motor neurons. Superoxide generation can be
stimulated in motor neurons by activation of the p75 low affin-
ity neurotrophic receptor, which in turn stimulates a ceramide-
dependent pathway (7). Motor neurons themselves can pro-
duce sufficient endogenous nitric oxide to activate the death
cascade by inducing neuronal nitric-oxide synthase (6, 8, 9).
Activation of the Fas receptor strongly up-regulates neuro-
nal nitric-oxide synthase before inducing motor neuron
death (4). Alternatively, nitric oxide can also be generated by
surrounding cells such as astrocytes in co-culture and diffuse
into motor neurons to activate apoptosis. The evidence for
superoxide reacting with nitric oxide comes from multiple
studies showing that motor neuron death can be prevented

*The abbreviations used are: SOD, superoxide dismutase; ALS, amyotrophic lat-
eral sclerosis; ANOVA, analysis of variance; DETANONOate, (2)-1-[2-(2-amino-
ethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate; MnTBAP, man-
ganese(lll) 4,49,40,4-(21H,2H-porphine-5,10,15,20-tetrayl)tetrakis(benzoic
acid); FeTCPP, iron 5,10,15,20-tetrakis-4-carboxyphenylporphyrin.
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either by superoxide scavengers, inhibitors of nitric oxide
synthesis, or peroxynitrite scavengers (6, 9—11). In addition,
tyrosine nitration, a biomarker of peroxynitrite formation,
closely correlates with motor neuron death and is prevented
by the same compounds that inhibit the activation of the
death cascades (5, 8, 10, 12). We have recently shown that
nitration mediated by peroxynitrite may be directly involved
in activating motor neuron death (12). Tyrosine nitration
has been found in the spinal cord of both transgenic models
of ALS and in its human victims (13-17).

As the most efficient scavenger of superoxide in the cyto-
plasm, Cu,Zn-SOD is an important defense against peroxyni-
trite-induced motor neuron death. Delivery of Cu,Zn-SOD
intracellularly into cultured motor neurons protects them from
death induced by trophic factor deprivation. Notably, the intra-
cellular release of eight different ALS mutant Cu,Zn-SODs was
found to be just as protective as Cu,Zn-SODY? in preventing
motor neuron death induced by trophic factor deprivation (11).
Metal binding to the SOD protein is essential for its biological
function. Many mutant SODs bind copper and zinc and main-
tain full superoxide scavenging activity when expressed as
recombinant proteins or in vivo (18, 19). However, ALS mutant
SODs have a 5-50-fold lower affinity for zinc than the wild-type
enzyme (20, 21). Copper remains tightly bound, favoring the
formation of zinc-deficient SOD. The loss of zinc disorganizes
two loops that form the active site, leaving the copper more
accessible to cellular molecules and able to catalyze adverse
oxidative reactions including tyrosine nitration (11, 22). We
previously showed that zinc-deficient SOD induces a peroxy-
nitrite-dependent death cascade in motor neurons that closely
paralleled trophic factor deprivation (11). The primary distinc-
tion was that the toxicity of zinc-deficient SOD could be
prevented by the copper chelators neocuproine and batho-
cuproine, whereas these compounds do not protect non-
transgenic motor neurons from death induced by trophic
factor withdrawal.

Although overexpression of wild-type Cu,Zn-SOD (SODY™)
in animal models generally provides protection against cerebral
ischemia and excitotoxicity (23, 24), recent studies have shown
that SODY™ increases mutant SOD toxicity in vivo (25-27),
even in the SODS®*® transgenic mice (28), although it was pre-
viously reported that the expression of Cu,Zn-SODY" had no
effect on disease progression in a different SODS®*°® line (29).
The mechanism for how co-expression of Cu,Zn-SODY™
increases the toxicity of mutant SOD is controversial, with
some groups arguing that aggregation plays a role (27, 30) and
with others concluding that increased solubility of the enzyme
contributes to the enhanced toxicity (26, 31, 32).

Understanding the basis for early onset and faster disease
progression is important because the vast majority of familial
SOD patients are heterozygotes, and the SOD mutations gen-
erally exhibit dominant inheritance. Here, we used motor neu-
rons isolated for ALS mutant-expressing rats and mice to inves-
tigate whether the death cascade induced by nitric oxide was
similar to that induced by intracellular delivery of zinc-deficient
SOD. The investigation was extended to determine whether sub-
units of Cu,Zn-SOD can increase the toxic gain-of-function of
mutant SOD as well as the toxicity of zinc-deficient SOD.
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MATERIALS AND METHODS

Isolation of Motor Neurons—Motor neurons were prepared
as described previously (8, 33). Briefly, isolated ventral spinal
cords from embryonic day 15 rat embryos were trypsinized, and
the tissue was disaggregated by trituration. The cell suspension
was centrifuged on top of a 6% OptiPrep cushion (Sigma), and
the motor neurons were removed from the interface. Motor
neurons were further purified by magnet-assisted cell separa-
tion (Miltenyi Biotec, Auburn, CA) using the IgG 192 antibody
against p75 low affinity neurotrophin receptor (Chemicon-Mil-
liport, Billerica, MA). Motor neurons were plated on 4- or
96-well plates coated with poly-pDL-ornithine and laminin
(Sigma) at a density of 1500 and 500 cells/well, respectively. The
motor neurons were maintained in Neurobasal™ medium
supplemented with B27, heat-inactivated horse serum, gluta-
mine, glutamate, 2-mercaptoethanol (all from Invitrogen), and
trophic factors (1 ng/ml brain-derived neurotrophic factor, 0.1
ng/ml glial-derived neurotrophic factor, 10 ng/ml cardiotro-
phin-1) and incubated in a 5% CO, humidified atmosphere at
37 °C.

Treatment of Motor Neurons with SOD—SOD was delivered
utilizing either Chariot (Active Motif, Carlsbad, CA) or pH-
sensitive liposomes. Cu,Zn-SOD or zinc-deficient SOD was
diluted in sterile H,O at a final concentration of 5 ug/ml at
room temperature. If Cu,Zn-SOD and zinc-deficient SOD were
added together, they were incubated at room temperature for
30 min to allow heterodimer formation. Chariot (3.75 wl/ml)
was diluted in H,O and added to the SOD protein for 30 min to
allow complexes to form. After 24 h in culture, the medium was
aspirated and replaced with 100 ul of Opti-MEM transfection
medium at 37 °C (Invitrogen) containing the mixture Chariot
and SOD to be delivered. The cells were incubated at 37 °C for
1 h, at which time 100 ul of 2X Neurobasal ™ medium (Invitro-
gen) plus or minus trophic factors was added to each well and
then further incubated for 24 h at 37 °C.

Liposomes were prepared by extrusion using an extruder
from Lipex Biomembranes Inc. (Vancouver, Canada), as
described (10). Briefly, dioleoylphosphatidyl-ethanolamine (35
pmol) and dioleoylglycerosuccinate (35 wmol; Avanti Polar
Lipids, Alabaster, AL) were dried under nitrogen followed by
vacuum and then hydrated with 1 ml of 210 mMm sucrose in 7 mm
HEPES, pH 8.5, for 24—48 h at 37 °C. Human SOD (5 mg in 50
wl) was added to 250 ul of the hydrated lipids. The mixture was
vortexed, and the extrusion was performed for 10-15 cycles
through a 0.6-um Nucleopore membrane (Millipore Corp.,
Bedford, MA). The liposomes were centrifuged at 150,000 X g
for 1 h, rinsed once with fresh sucrose-HEPES buffer, and resus-
pended in 250 pl of the same solution. Typically 2.5-3 mg of
SOD were incorporated into liposomes, and 1 ul of liposomes
were added per well, which corresponds to 50 mmol of lipids
and 10 pg of SOD. The liposomes were added to 24-h-old
motor neuron cultures after replacing the culture medium with
fresh Neurobasal™ containing B27 supplement, glutamine,
2-mercaptoethanol, and the corresponding trophic factors.
Horse serum and glutamate were omitted from the medium.

Immunofluorescence—The motor neurons were stained as
described previously (8). Briefly, the medium was removed and
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replaced with L15 plus 4% paraformaldehyde for 2 min on ice.
The cells were rinsed three times with L15 and incubated for 20
min with 4% paraformaldehyde. After rinsing, the slides were
incubated with 50 mu lysine, 0.1% Triton X-100 in PBS for 15
min at room temperature. The cells were blocked using 5% BSA
at room temperature for 1 h. Primary antibodies were incu-
bated in blocking solution in a humidified chamber at 4 °C over-
night and rinsed three times for 5 min with PBS. Fluorescent
secondary antibodies were added in blocking solution for 1 h at
room temperature protected from light. The cells were rinsed
three times for 5 min with PBS and with water once before
being mounted using ProLong Gold with 4',6-diamidino-2-
phenylindole (Molecular Probes-Invitrogen).

Motor Neuron Survival—Motor neuron survival was deter-
mined either by counting cells with neurites longer than four
soma diameters under a phase contrast microscope in four-well
plates as described previously (8) or by high throughput
image capture and analysis in 96-well plates using a Flash
Cytometer™ (Trophos, Marseilles, France) as reported before
(34). For high throughput image capture, motor neurons plated in
black 96-well plates coated with poly-p-ornithine and laminin
(Greiner Bio-one, Monroe, NC) were treated with calcein-AM
(Molecular Probes-Invitrogen) in L15 medium (Invitrogen) for
1hat 37 °C. Fifteen ul/well of 100 mg/ml of hemoglobin in PBS
was added to quench extracellular calcein, and the plates were
read using a Flash Cytometer. Cell counts were obtained and
are represented as percentages of survival relative to the sur-
vival in the presence of neurotrophic factors (1 ng/ml brain-
derived neurotrophic factor, 0.1 ng/ml glial-derived neurotro-
phic factor, and 10 ng/ml cardiotrophin-1) used as 100%
survival to standardize between experiments as described pre-
viously (8). Image analysis was performed using the Tina'™
software (Trophos) or the Metamorph™ software (Molecular
Devices, Downingtown, PA). The results for the different treat-
ments were equivalent using liposomes or Chariot and either
method of quantifying motor neuron survival.

Kinetics of SOD Dimer Formation—Sedimentation velocity
ultracentrifugation experiments were performed in a Beckman
Optima XL-A analytical ultracentrifuge as described previously
(22). Buffer densities and viscosity corrections were made as
described previously (35). The protein sequence was used to
estimate the partial specific volume of SOD (0.725 cm® g™ ') (22,
36). Sedimentation velocity centrifugation was performed at
20 °C using an AN-60Ti rotor and double-sector charcoal/
Epon-filled centerpieces. SOD samples (10 uMm, A,;, = 0.8)
were centrifuged at 42,000 rpm. Typically, three 360-ul sam-
ples of 20 um SOD (or 10 um Cu,Zn-SOD plus 10 pum zinc-
deficient D124N SOD) were centrifuged. Scans were collected
with absorbance optics at wavelengths between 230 and 280
nm. The radial step size was 0.001 cm, and each ¢ versus r data
point was the average of 15 independent measurements. Wave-
lengths were chosen such that the absorbance never exceeded
1.0. Using UltraScan software, equilibrium data were fit to mul-
tiple models using global fitting. The most appropriate model
was chosen based on the goodness-of-fit and inspection of the
residual patterns.

Gel filtration experiments were performed by incubating
SOD for 1 or 24 h with increasing concentrations of DTT
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(0—-100 mm). To ensure that the DTT was fully reduced, tribu-
tylphosphine (100 wl) was added to 0.5 M DTT (400 ul). The
solution was mixed gently, and then 1-bromo-3-chloropropane
(100 wl) was added. The reduced DTT was collected after sep-
aration into an upper phase. The concentration of SOD used
was 20 uM for all cases, whereas the heterodimer samples con-
sisted of 10 um zinc-deficient D83S/C111S SOD plus 10 um
wild-type Cu,Zn-SOD. After incubation for either 1 or 24 h
at room temperature, the samples were separated using a
TosoHaas™ G3000SWXL column with 100 mm NaPO,, pH
7.0, as the running buffer and a flow rate of 1.0 ml/min. Elution
of protein was monitored at 214 nm, and the percentage of
monomer was determined by dividing the area of the monomer
by the total area of dimer and monomer.

Statistical Analysis—The statistical analysis was performed
using Prism™ 5.0b software (GraphPad Software, Inc.). Multi-
ple comparisons were performed using one- or two-way
ANOVA, depending on the experimental design, followed by
post-hoc test. In specific groups that did not pass the homosce-
dasticity test, the statistical analysis was performed using the
Kruskal-Wallis test. The values were considered significantly
different when p < 0.05. Dose-response curves were fitted to a
sigmoid curve when possible using nonlinear regression with-
out restrictions. All of the experiments were repeated at least
three times with each condition performed at least in duplicate
in each experiments.

RESULTS

Copper Chelation Protects Motor Neurons Expressing ALS
Mutant SOD** from Death Induced by Nitric Oxide—Motor
neurons isolated from G93A transgenic rats (37) were exposed
to low steady state concentrations of nitric oxide (~100 nm)
produced by the nitric oxide donor DETANONOate (20 um)
for 24 h in the presence or absence of the specific Cu' " chelator
bathocuproine (50 uMm). Bathocuproine significantly reversed
SOD%%** transgenic motor neuron death induced by nitric
oxide (Fig. 14). The metalloporphyrin peroxynitrite and super-
oxide scavengers MnTBAP (100 um) and FeTCPP (10 um) both
prevented nitric oxide-induced transgenic motor neuron death
(Fig. 1A). Similar results were obtained using motor neurons
isolated from SODS** transgenic mice (not shown). Incuba-
tion of motor neurons carrying the G93A SOD mutation with
exogenous nitric oxide showed increased nitrotyrosine immu-
noreactivity, which was reversed by treatment with bathocu-
proine or with MnTBAP (Fig. 1B).

Cu,Zn-SOD Increases the Toxic Effect of Nitric Oxide on
G93A Mutant SOD Transgenic Motor Neurons—To further test
the role of superoxide on nitric oxide toxicity, Cu,Zn-SODY™*
(1 ng) was released intracellularly into motor neurons from
SODS3*4 transgenic as well as nontransgenic rat motor neu-
rons. SOD was delivered with the membrane-permeating agent
Chariot, and the treated motor neurons were also incubated
with the nitric oxide donor DETANONOate (20 um). The
intracellular delivery of SOD protein into motor neurons was
verified by immunofluorescence (supplemental Fig. S1). The
prediction of the experiment was that if superoxide was
involved, Cu,Zn-SOD should protect against nitric oxide-in-
duced toxicity in transgenic motor neurons. Paradoxically,
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FIGURE 1. A, SODG93A motor neurons are protected by superoxide scaven-
gers. Motor neuronsisolated for G93A transgenic rats were plated in four-well
plates and incubated with and without the nitric oxide donor DETANONOate
(20 um) for 24 h in the presence of trophic factors (NTF). At the time of plating
the copper chelator, bathocuproine (50 wwm; Batho) and the superoxide and
peroxynitrite scavengers FeTCPP (10 um) and MnTBAP (100 um) were added
to the culture medium. The values are the means = S.D. of at least three
independent experiments performed in quadruplicate. Statistical analysis
was performed using the Kruskal-Wallis test followed by Dunn’s multiple
comparison test. *, p < 0.05 versus NTF. **, p < 0.05 versus DETANONOate.
B, nitrotyrosine formation after incubation of transgenic motor neurons with
exogenous nitric oxide. Enriched motor neurons prepared from transgenic
rats carrying the G93A SOD mutant or nontransgenic littermates by density
centrifugation (motor neuron purity higher than 80%) were plated in 35-mm
dishes ata density of 75,000 cells/dish as described before. Twenty-four hours
after plating the cultures of transgenic motor neurons were incubated with
DETANONOate (+NO, 20 um) alone or in combination with bathocuproine
(Ba; 5 um) or MnTBAP (Mn; 100 um) for 16 h. Nontransgenic motor neurons
were incubated in the presence (NTF) or absence (TFD) of neurotrophic fac-
tors for 16 h. Trophic factor-deprived motor neurons were incubated alone or
with L-NAME (NA; 100 um) and MnTBAP (Mn; 100 um). Protein was harvested,
and 100 pg of protein was separated per lane using SDS-PAGE. After transfer-
ring the proteins to a PYDF membrane, the nitrotyrosine was visualized using
a monoclonal antibody to nitrotyrosine as described previously (12).

intracellular delivery of Cu,Zn-SODY" enhanced nitric oxide-
induced transgenic motor neuron death in a dose-dependent
manner but had no effect on motor neuron survival in the
absence of nitric oxide (Fig. 24). SOD added to the medium
without Chariot, intracellular release of apoSOD, BSA, or cop-
per-loaded BSA did not affect motor neuron survival, whether
or not the cells were exposed to nitric oxide (not shown). In
agreement with previous reports (5, 8, 10, 38), nitric oxide
did not decrease survival of nontransgenic motor neurons
even with intracellular delivery of Cu,Zn-SODY" (Fig. 2B).
Conversely, scavenging of superoxide and peroxynitrite with
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FIGURE 2. Cu,Zn-SOD"Y™ enhances nitric oxide-induced SOD%?** motor
neuron death. Motor neurons purified from transgenic rat for SOD®**# and
nontransgenic littermates were plated in four-well plates and treated as indi-
cated, and survival was determined 24 h later. A, motor neurons from trans-
genicrats for SOD%?** were incubated with growing concentrations of Cu,Zn-
SODYT alone (M) or in combination with DETANONOate (20 um) (A). The
values representing the means = S.D. of at least three independent experi-
ments performed in duplicate were fitted to a sigmoid curve with EC5, =
1.5 = 0.15 ug (95% confidence interval (C.l.) 1.20 to 1.80) and R*> = 0.934.
B, motor neurons isolated form SOD%?3** (open bars) and from nontransgenic
littermates (filled bars) were incubated with 20 um DETANONOate (NO),
Cu,Zn-SODMT (1 g), or the combination of both treatments. The values are
the means = S.D. of at least three independent experiments performed in
quadruplicate. The values were analyzed by two-way ANOVA followed by
Bonferroni’s multiple comparison test. *, p < 0.01 versus transgenic NTF. **,
p < 0.01 versus transgenic incubated with NO alone. C, motor neurons from
transgenic rat were incubated with SOD"" released using Chariot, alone or in
combination with 20 um DETANONOate (NO). Cultures treated with SOD""
and DETANONOate were also incubated with the cupper chelator bathocu-
proine (50 um, Batho), and the superoxide and peroxynitrite scavengers MnT-
BAP (100 wm) and FeTCPP (10 um). The values are the means = S.D. of three
independent experiments performed in duplicate. The values were analyzed
by ANOVA followed of Bonferroni’s multiple comparison test. *, p < 0.05
versus NTF. **, p < 0.05 versus NO alone. ***, p < 0.05 versus NO plus SOD.
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FIGURE 3. Cu,Zn-SOD enhances zinc-deficient SOD toxicity. Rat motor neurons were plated in four-well
plates and incubated for 24 h in the presence of trophic factors (NTF) before any treatment. The addition of
zinc-deficient SOD and Cu,Zn-SOD was performed using pH-sensitive liposomes to motor neurons incubated
with trophic factors. A, motor neurons were incubated with Cu,Zn-SOD"" (10 ug, Cu,Zn, open bar), zinc-
deficient SOD™' (10 wg, Zn(—)SOD, dotted bar), and Cu,Zn-SOD™" (5 ug) plus zinc-deficient SOD"T (5 ug) in
separate liposomes (slashed bar). The values are the means =+ S.D. of at least three independent experiments
each performed in duplicate. The data were analyzed by ANOVA followed by Bonferroni’s multiple comparison
test. *, p < 0.05 versus NTF. **, p < 0.05 versus Zn(—)SOD. B, motor neurons were incubated with Cu,Zn-SODWT
(10 g, Cu,Zn, open bar), zinc-deficient SODP'2*N (10 g, Zn(—)SOD, dotted bar), and Cu,Zn-SOD"" (5 ug) plus
zinc-deficient SODP'2*N (5 ug, slashed bar), and the enzymes were mixed before the preparation of the lipo-
somes and added in the same liposomes (Same) or liposomes for Cu,Zn-SOD"" and zinc-deficient SODP'2*N
were separately prepared and mixed just before addition to the motor neurons (Sep). The values are the
means = S.D. of at least three independent experiments performed in duplicate. The data were analyzed by
ANOVA followed by Bonferroni’s multiple comparison test. *, p < 0.05 versus NTF. **, p < 0.05 versus Zn(—)SOD.
C, motor neurons were incubated as described previously with Cu,Zn enzyme (10 g; open bars), zinc-deficient
enzyme (10 ug; dotted bars), and a mixture of Cu,Zn (5 ng) and zinc-deficient (5 ng) enzyme prepared in
separated liposomes (slashed bars). WT, SODWT; A4V, SOD**V; D124N, SODP'?*N, (—) indicates zinc-deficient.
SODP'2*N is 3 spontaneously low zinc-binding enzyme and in the experiment conditions is zinc-deficient (11).
The values are the means = S.D. of at least three independent experiments performed in duplicate. The data
were analyzed by ANOVA followed by Bonferroni's multiple comparison test.*, p < 0.05 versus NTF. **, p < 0.05
versus zinc-deficient SODA*Y,

deficient, and Cu,Zn-SODs were
added to cells in separately prepared
liposomes (Fig. 3B). The enhanced
toxicity was also independent of
whether the zinc-deficient SOD was
a wild-type or an ALS mutant pro-
tein (Fig. 3C). Thus, Cu,Zn-SOD**Y
plus zinc-deficient SODY T was just
as toxic as Cu,Zn-SODY T plus zinc-
deficient SOD**V (Fig. 3C).

The same results were obtained
using human SOD in which the
aspartate residue in position 83 was
mutated to serine (SODP#%). This
mutation disrupts the binding of
zinc without affecting the binding of
copper (22). Because this mutant
protein will not rebind zinc in cul-
ture medium, it could be delivered
with Chariot. The effects of releas-
ing the zinc-deficient SODP#S and
Cu,Zn-SOD with Chariot were
indistinguishable from those using
liposomes for intracellular delivery
(see Fig. 5 and supplemental
Fig. S2).

To determine whether superox-
ide and peroxynitrite production
were necessary for the enhanced
toxicity of zinc-deficient SOD in the
presence of Cu,Zn-SOD, we investi-
gated the effect of metalloporphy-
rins on motor neuron survival. Both
MnTBAP (100 um) and FeTCPP (10
uM) reversed motor neuron death
induced by trophic factor depriva-
tion, intracellular release of zinc-de-
ficient SOD, and zinc-deficient

MnTBAP (100 um) and FeTCPP (10 um) and copper chelation
with bathocuproine (50 um) reversed SODS*** transgenic motor
neuron death induced by nitric oxide plus Cu,Zn-SOD™" (Fig.
2C) to the same extent as with nitric oxide alone (Fig. 1).
Cu,Zn-SOD Increased Zinc-deficient SOD Toxicity on Non-
transgenic Motor Neurons—To investigate the effect of Cu,Zn-
SOD on zinc-deficient SOD-induced motor neuron death,
experiments were performed using pH-sensitive liposomes
rather than Chariot to deliver the enzyme (10, 39). The use of
liposomes was necessary to prevent the surreptitious binding of
zinc to zinc-deficient SOD that would occur in the culture
medium if the Chariot method was used (11). Liposomes loaded
with 10 ug of either zinc-deficient SODY?T, SODA*Y, or
SODP!2*N all induced ~50% motor neuron death after 24 h in
culture (Fig. 3) as previously reported (11). When half of the
zinc-deficient SODY™T was replaced with Cu,Zn-SODY™ (5 pg
of each enzyme), motor neuron death increased from ~50% to
>85% (Fig. 3A). The enhanced toxicity was independent of
whether zinc-deficient SODYT and Cu,Zn-SOD¥T were
encapsulated in the same liposome preparation or the zinc-

OCTOBER 29, 2010+VOLUME 285+NUMBER 44

SOD plus Cu,Zn-SOD (Fig. 4). These results show that motor
neuron death triggered by combining zinc-deficient SOD with
Cu,Zn-SOD involved the same mechanism as the enhanced cell
death observed when Cu,Zn-SOD was delivered to transgenic
SODS3* motor neurons treated with nitric oxide.
Zinc-deficient SOD Toxicity Is Mediated by Activation of the
Fas Pathway—Nitric oxide-induced mutant SOD transgenic
motor neuron death requires activation of the Fas death recep-
tor and peroxynitrite production (4, 5). Because copper chela-
tion as well as scavenging of superoxide and peroxynitrite pre-
vented the susceptibility of transgenic mutant SOD motor
neurons to nitric oxide as shown in Fig. 1, we asked whether
activation of the Fas pathway was necessary for zinc-deficient
SOD to induce motor neuron death. Incubation of motor neu-
rons with the Fas receptor decoy Fas:Fc (1 ug/ml) prevented
motor neuron death induced by trophic factor deprivation (Fig.
5A), as previously reported (33). The same concentration of
Fas:Fc prevented zinc-deficient SOD#35-induced motor neu-
ron death (Fig. 5B). Furthermore, the enhanced motor neuron
death triggered by simultaneous incubation with both zinc-de-
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FIGURE 4. Superoxide and peroxynitrite scavengers prevent Cu,Zn-SOD
plus zinc-deficient SOD toxicity. Motor neurons were plated in 96-well
plates for 24 h before replacing the medium with fresh medium without glu-
tamate, and survival was determined 24 h later by high throughput image
capture and analysis. Motor neuron survival was quantified by high through-
put image capture and analysis (supplemental Fig. S3). The number of motor
neurons in the presence of trophic factors was considered as 100% survival to
standardize between experiments. Using this approach, and releasing 1
ng/ml of SOD/well, there were no differences in motor neuron survival as
compared with the experiments performed using pH-sensitive liposomes.
The incubation of motor neurons with equivalent concentrations of extracel-
lular wild-type, mutant, Cu,Zn, or zinc-deficient SOD in the absence of Chariot
had no effect on survival in the presence or absence of trophic factors (not
shown). A, after replacing the medium, the cultures were incubated with
(NTF) or without trophic factors (TFD), and Chariot was added in the presence
of trophic factors to determine potential toxicity. Trophic factor-deprived
motor neurons were incubated with the superoxide scavengers MnTBAP (100
um) and FeTCPP (10 um). The values are the means *+ S.D. of three indepen-
dent experiments performed eight times. The data were analyzed by ANOVA
followed by Bonferroni’s multiple comparison test. *, p < 0.05 versus NTF. **,
p < 0.05 versus TFD. B, motor neurons incubated with trophic factors (NTF)
were exposed to zinc-deficient SODP®3S (1 ug/well, Zn(—)SODP®3S; dotted
bars) in Optimem for 1 h after the addition of complete culture medium sup-
plemented for all the volume. MnTBAP (100 um) and FeTCPP (10 um) were
added to motor neurons incubated with zinc-deficient SOD. The values are
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ficient SODP®*3% and Cu,Zn-SODY?T was also prevented by
incubation with Fas:Fc (Fig. 5C). It has been previously shown
that Fasreceptoractivation in motor neuronsleads to phosphor-
ylation and activation of the p38 MAPK, which is necessary for
neuronal NOS induction and nitric oxide production (5). Inhi-
bition of p38 MAPK with SB203580 (5 um) prevented the
induction of motor neuron death by zinc-deficient SOD”®%%
and zinc-deficient SODP#% plus Cu,Zn-SODYT (Fig. 6), which
is consistent with the activation of the Fas pathway previously
reported in the death of ALS mutant transgenic motor neurons
(4, 5). The JNK MAPK pathway has been implicated as an
upstream regulator of FasL expression (40). Two structurally
different JNK inhibitors, JNK II inhibitor (1 wMm) and JNK III
inhibitor (1 um), prevented motor neuron death induced by
trophic factor deprivation (Fig. 7A), as expected from previous
reports using motor neurons isolated from ALS mutant SOD
transgenic mice (5, 41, 42). These same inhibitors prevented
motor neuron death induced by zinc-deficient SOD”**% (Fig.
7B) and zinc-deficient SODP# plus Cu,Zn-SOD¥? (Fig. 7C).

Nitric Oxide, Peroxynitrite, and Tyrosine Nitration Are Neces-
sary for Zinc-deficient SOD-induced Motor Neuron Death—
Activation of the Fas pathway in motor neurons leads to the
induction of NOS, nitric oxide production, and peroxynitrite
formation (5), as is the case for zinc-deficient SOD (11) and
SODS34 transgenic motor neurons treated with exogenous
nitric oxide (4). Inhibition of nitric oxide production with
L-NAME protected motor neurons treated with zinc-deficient
SODP#3% alone (Fig. 84) or in combination with Cu,Zn-SOD™™
(Fig. 8B). The protective effect of .L-NAME was abolished by low
steady state concentrations of nitric oxide (100 nm) produced
by DETANONOate (20 um), which supports the conclusion
that the protection afforded by .-NAME was due to inhibition
of nitric oxide production (Fig. 8, A and B).

We have previously shown that tyrosine-containing peptides
inhibit peroxynitrite-mediated apoptosis and tyrosine nitration
but do not directly scavenge peroxynitrite or prevent thiol oxi-
dation (12). These peptides also do not prevent apoptosis
induced by hydrogen peroxide or staurosporine (12). Incuba-
tion of motor neurons with the most effective of the nitration-
inhibiting peptides RYEYA (0.5 mm) and EYTA (0.5 mm) pre-
vented motor neuron death induced by zinc-deficient SODY™
(Fig. 8C). The same peptides containing phenylalanine (RFEFA
or EFTA) were not protective; these analogs were previously
shown to not be effective competitive inhibitors of tyrosine
nitration (12). These results extend our previous observations

the means * S.D. of three independent experiments performed eight times.
The data were analyzed by ANOVA followed by Bonferroni’s multiple compar-
ison test. *, p < 0.05 versus Chariot. **, p < 0.05 versus zinc-deficient SODP®35,
C, motor neurons incubated with trophic factors (NTF) were exposed to zinc-
deficient SODP#* (0.5 ug/well) plus Cu,Zn-SODWT (0.5 ug/well; Zn(—) +
Cu,ZnSOD; slashed bars) in Optimem for 1 h after the addition of complete
culture medium supplemented for all the volume. MnTBAP (100 um) and
FeTCPP (10 um) were added to motor neurons incubated with the mixture of
zinc-deficient and Cu,Zn-SOD. The values are the means * S.D. of three inde-
pendent experiments performed eight times. The data were analyzed by
ANOVA followed by Bonferroni’s multiple comparison test. ¥, p < 0.05 versus
Chariot. **, p < 0.05 versus the mixture of zinc-deficient plus Cu,Zn-SOD. Two-
way ANOVA analysis followed by Bonferroni’s multiple comparison test of the
groups in Band Cindicate that Zn(—) + Cu,Zn-SOD (C) is significantly differ-
ent from Zn(—)SODP®3* p < 0.05.
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FIGURE 5. Zinc-deficient SOD stimulates Fas-dependent motor neuron
death. Motor neurons were plated and treated as described in the legend to
Fig. 4. A, motor neurons were incubated with trophic factors alone (NTF) or
with Chariot, without trophic factors (TFD), and without trophic factor sup-
plemented with 1 ng/ml of the Fas ligand decoy Fas:Fc. The values are the
means = S.D. of three independent experiments performed eight times. The
data were analyzed by ANOVA followed by Bonferroni’s multiple comparison
test. *, p < 0.05 versus NTF. **, p < 0.05 versus TFD. B, motor neurons were

OCTOBER 29, 2010+VOLUME 285-NUMBER 44

125+
S |
= 100+
e
=
(7]
c 75-
[
3
2
< 504
(=]
S
s
e 254
0- "
NTF Chariot SB203580 SB203580
Zn(-)SOD Zn(-)+CuZnSOD

FIGURE 6. Inhibition of p38 MAPK prevented zinc-deficient SOD toxicity.
Motor neurons were plated and treated as described in the legend Fig. 4.
A, motor neurons were incubated with trophic factors (NTF) or trophic factors
supplemented with Chariot alone or with Chariot plus zinc-deficient SODP#3°
(1T g, Zn(—)SOD; dotted bars) with or without the p38 MAPK inhibitor
SB203580 (5 um). The values are the means = S.D. of three independent
experiments performed eight times. The data were analyzed by ANOVA fol-
lowed by Bonferroni’s multiple comparison test. *, p < 0.05 versus Chariot. **,
p < 0.05 versus zinc-deficient SODP®3°, B, motor neurons were treated as in A
but with zinc-deficient SODP®** (0.5 ug) plus Cu,Zn-SODY'™ (0.5 ug;
Zn(—)+CuZnSOD; slashed bars). The values are the means = S.D. of three
independent experiments performed eight times. The data were analyzed by
ANOVA followed by Bonferroni's multiple comparison test. *, p < 0.05 versus
Chariot. **, p < 0.05 versus zinc-deficient SODP®3° plus Cu,Zn-SOD"".

that tyrosine nitration plays a role in the induction of motor
neuron death by trophic factor deprivation to include death
induced by zinc-deficient SOD.

Cu,Zn-SOD Dimers with Zinc-deficient SOD Increases Pro-
tein Stability—Zinc-deficient SOD®3% forms heterodimers
with Cu,Zn-SODY" subunits with a half-life of 17 min at 37 °C
(22). In the absence of a sulthydryl-reducing agent, both Cu,Zn-
SODYT and zinc-deficient SODP®3® existed solely as dimers
during sedimentation velocity ultracentrifugation (Fig. 94). In
the presence of the thiol-reducing agent DTT (1 mwm), zinc-
deficient SODP#3S existed as 60% monomer, 30% dimer (30%),
and 10% in a dynamic exchange state that was intermediate
between monomer and dimer (Fig. 9B). Under the same condi-
tions, Cu,Zn-SODY" existed as 90% dimer, 10% was in a
dynamic exchange state, and monomer was undetectable.
When Cu,Zn-SOD and zinc-deficient SOD were combined,
10% was monomeric with 50% in the dynamic exchange state
(Fig. 9B). The susceptibility to form monomers of Cu,Zn-
SODYT, zinc-deficient SODP®35, and the mixture of Cu,Zn-
SODY™ and zinc-deficient SODP#3® in the presence of a reduc-
ing agent was further investigated by size exclusion
chromatography. A 670-fold lower concentration of DTT was
necessary to dissociate 50% of the zinc-deficient SODP*3% into
monomers compared with Cu,Zn-SODY 7 after 24 h of incuba-

cultured with trophic factors (NTF) and with Chariot alone or supplemented
with zinc-deficient SODP®3° (1 ug; Zn(—)SOD; dotted bars) or zinc-deficient
SODP®3% plus Fas:Fc (1 ug/ml). The values are the means =+ S.D. of three inde-
pendent experiments performed eight times. The data were analyzed by
ANOVA followed by Bonferroni's multiple comparison test. *, p < 0.05 versus
Chariot. **, p < 0.05 versus zinc-deficient SODP®*, C, motor neurons were
incubated as described in B but with a mixture of Cu,Zn-SOD"" (0.5 ug) plus
zinc-deficient SODP®3° (0.5 ug; Zn(—)+Cu,ZnSOD; slashed bars). The values
are the means = S.D. of three independent experiments performed eight
times. The data were analyzed by ANOVA followed by Bonferroni’s multiple
comparison test. ¥, p < 0.05 versus Chariot. **, p < 0.05 versus the mixture of
zinc-deficient SODP%3° and Cu,Zn-SODW'.
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FIGURE 7. Inhibitors of JNK MAPK prevented zinc-deficient SOD toxicity.
Motor neurons were plated and treated as described in the legend to Fig. 4.
A, motor neurons were incubated with trophic factors alone (NTF), trophic
factors plus Chariot, and without trophic factors (TFD). Trophic factor-de-
prived motor neurons were incubated with the JNK inhibitors SP600125 (1
uMm, JNK2); a peptidic, cell-permeable JNK inhibitor consisting of the c-Jun D
domain (1 uMm, JNK3); and the cell-permeable JNK3 negative control (1 um,
JNKneg). The values are the means = S.D. of three independent experiments
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tion (Fig. 9D and Table 1). When coincubated with Cu,Zn-
SODYT, 25-fold more DTT was needed at 24 h to form mono-
mers than when zinc-deficient SOD™3%® was incubated alone
(Fig. 9D and Table 1).

Mutation of Cysteines 6 and 111 Enhanced Zinc-deficient
SOD Toxicity—The toxic gain-of-function of mutant SOD and
the enhanced toxicity by overexpression of Cu,Zn-SOD™T
observed in animal models of ALS have been attributed to the
formation of intermolecular disulfide bounds between the SOD
monomers (27). We tested the role of thiol oxidation in the
toxicity of zinc-deficient SOD by mutating both cysteine 6 to
alanine and cysteine 111 to serine in SODY" and SOD**Y.
Removal of these two cysteines is known to make the unfolding
of SOD protein with denaturants reversible in vitro (43). When
C111S is mutated in the SOD**Y, the protein remains soluble,
whereas mutation of Cys® to alanine did not prevent the forma-
tion of inclusion bodies (Fig. 10). Mutation of Cys''" to serine
allowed the soluble expression of over a dozen different ALS-
associated mutant proteins in Escherichia coli (not shown).

Cu,Zn-SOD¥? carrying the C6A and C111S mutations did
not affect motor survival when delivered to motor neurons
using pH-sensitive liposomes. In contrast, zinc-deficient
SODSe4C1118 showed increased toxicity when compared with
zinc-deficient SODY™ (Fig. 114). Similarly, zinc-deficient
SODA4Y-COACLLLS wag substantially more toxic than zinc-defi-
cient SOD**Y and produced the same level of motor neuron
death as zinc-deficient SOD**Y plus Cu,Zn-SODYT (Fig. 11B).
As is the «case for Cu,Zn-SODCACMS Cy,Zn-
SODAMYVCOACLIS yas not toxic to motor neurons when
released using liposomes (Fig 11B). Scavenging of superoxide
and inhibition of NOS were both protective for motor neurons
treated with zinc-deficient SODA*Y" <6411 (Fig 11C). Fur-
thermore, simultaneous incubation of motor neurons with the
Cu,Zn-SODA*V-COACIIIS and  tyrosine-containing peptides
prevented motor neuron death (Fig. 11D).

DISCUSSION

A unique advantage of motor neuron cultures over animal
ALS models is the ability to deliver SOD proteins with well
defined metal contents to evaluate their potential toxic as well
as protective properties. This allowed the death pathways of
motor neurons isolated from SODS%**-expressing transgenic
rats to be directly compared with the death pathways induced
by the direct delivery of zinc-deficient SOD protein to non-
transgenic motor neurons (11). In both models of SOD mal-

performed eight times. The data were analyzed by ANOVA followed by Bon-
ferroni’s multiple comparison test. ¥, p < 0.05 versus NTF. **, p < 0.05 versus
TFD. B, motor neurons were cultured with trophic factors (NTF) and with Char-
iot alone or supplemented with zinc-deficient SODP#3* (1 ug; Zn(—)SOD; dot-
ted bars) or zinc-deficient SODP®3° plus SP600125 (1 um, JNK2), INK3 (1 um),
and JNKneg (1 um). The values are the means * S.D. of three independent
experiments performed eight times. The data were analyzed by ANOVA fol-
lowed by Bonferroni’s multiple comparison test. *, p < 0.05 versus Chariot. **,
p < 0.05 versus zinc-deficient SODP®3°, C, motor neurons were incubated as
described in B but with a mixture of Cu,Zn-SOD"" (0.5 ug) plus zinc-deficient
SODP®3% (0.5 ug; Zn(—)+ Cu,ZnSOD; slashed bars). The values are the means +
S.D. of three independent experiments performed eight times. The data were
analyzed by ANOVA followed by Bonferroni’s multiple comparison test. *, p <
0.05 versus Chariot. **, p < 0.05 versus the mixture of zinc-deficient SODP#3%
and Cu,Zn-SOD.
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oxide and peroxynitrite production. Motor neurons were plated and
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function, cell death could be blocked by specific chelators that
are able to selectively remove copper from zinc-deficient SOD
in vitro (11). Low concentrations of nitric oxide were also
required for cell death in both models, but these same concen-
trations were nontoxic for motor neurons isolated from wild-
type SOD-expressing motor neurons or nontransgenic motor
neurons treated with Cu,Zn-SOD. Exposure to nitric oxide in
both models resulted in increased tyrosine nitration, whereas
agents that either scavenge peroxynitrite or act as competitive
inhibitors of tyrosine nitration were protective. Fas is activated
and required for death in both models. These results are con-
sistent with the toxic gain-of-function in both models of SOD
malfunction activating the same death pathway. Furthermore,
the death pathway induced in both models converges with the
motor neuron death pathway triggered by trophic factor depri-
vation, by reactive astrocytes in co-culture, or by NGF activa-
tion of the p75 low affinity neurotrophin receptor through the
formation of peroxynitrite (8, 41, 44).

The parallels between motor neuron death induced by zinc-
deficient SOD and by SOD%*# expression extend to the para-
doxical observation that delivery of Cu,Zn-SOD protein dra-
matically enhanced death in both models. These results also
closely parallel results obtained from SOD transgenic mice,
where co-expression of SODY" with ALS mutant SOD has
been repeatedly observed to accelerate the onset of ALS symp-
toms and decrease survival (25-27). The A4V mutation
expressed in mice has only been reported to be toxic in mice
when co-expressed with wild-type SOD (27). Although co-ex-
pression of SOD™ T with one SOD<®*® mouse line was reported
to not affect disease progression (29), SODYT has since been
reported to accelerate disease development in a different
SODS#® transgenic mouse line (28). Understanding the basis
for wild-type SOD enhancing of mutant SOD toxicity is poten-
tially important for the human disease because all known SOD
mutations can be dominant, implying that a wild-type allele will
be expressed along with the mutant allele in the vast majority of
familial SOD patients.

The mechanisms for the increased toxicity resulting from
SODYT co-expression are controversial. Furukawa et al. (30)
found that co-expression resulted in greater thiol cross-linking
of SOD into higher molecular weight aggregates in the terminal
stages of the disease. Other recent studies have found SOD™"
increases the solubility of mutant SOD and reduced the number
of aggregates in vivo during the early stages of the disease (26,

three independent experiments performed eight times. The data were ana-
lyzed by ANOVA followed by Bonferroni’s multiple comparison test. *, p <
0.05 versus Chariot. **, p < 0.05 versus zinc-deficient SODP®3%, B, motor neu-
rons were incubated as described for A but with a mixture of Cu,Zn-SODW'
(0.5 ng) plus zinc-deficient SODP®3° (0.5 wg; Zn(—)+ Cu,ZnSOD; slashed bars).
The values are the means = S.D. of three independent experiments per-
formed eight times. The data were analyzed by ANOVA followed by Bonfer-
roni’s multiple comparison test. *, p < 0.05 versus Chariot. **, p < 0.05 versus
the mixture of zinc-deficient SODP®3* and Cu,Zn-SODY'. C, motor neurons
were plated in four-well plates, and zinc-deficient SODW' (5 g, Zn(—)SOD;
dotted bars) was released using pH-sensitive liposomes to motor neurons
previously incubated with the indicated peptides at a final concentration of
0.5 mm in the presence with Chariot. The values are the means = S.D. of at
least three independent experiments performed in duplicate. The data were
analyzed by ANOVA followed by Bonferroni’s multiple comparison test. *, p <
0.05 versus NTF. **, p < 0.05 versus zinc-deficient SODP®3%,
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rather than being a direct conse-
quence of the protein sequence
per se.

The critical role of zinc in main-
taining the dimeric structure of
SOD offers a direct explanation for
how Cu,Zn-SOD subunits can sta-
bilize zinc-deficient SOD, because
the zinc binding to loop IV plays a
key role in stabilizing the dimer
interface of SOD. Loop IV extends
from residues 50 to 84, which com-
prises 23% of the SOD protein and is
the longest stretch without a regular
secondary structure. Loop IV can be
subdivided into three functional
segments: the zinc-binding pocket,
the dimer interface, and the in-
tramolecular Cys®’—Cys'*® disul-
fide bond. These segments interact
to modulate the stability of the SOD
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FIGURE 9. Cu,Zn-SOD stabilizes zinc-deficient SOD. A, sedimentation velocity ultracentifugation determina-
tion of the formation of SOD monomers in the absence of reducing agents. Three 120-ul samples of 10 um SOD
were centrifuged to equilibrium at three different speeds from 15,000 to 22,000 rpm. Scans were collected with
absorbance optics at V wavelengths between 230 and 280 nm. The radial step size was 0.001 cm, and each ¢
versus r data point was the average of 15 independent measurements. Cu,Zn-SOD, Cu,Zn-SOD""; Zn(—)SOD,
zinc-deficient SODP®3%; Cu,Zn + Zn(—)SOD, Cu,Zn-SOD + zinc-deficient SODP®3, Each bar represents the frac-
tion of the total protein as dimer (black), dynamic exchange intermediate (gray), and monomer (open). B, same
asin A but performed in the presence of 1 mm DTT. C, dose response of DTT-induced SOD monomer formation
after 1 h of incubation. Cu,Zn-SOD"" homodimer (V) and zinc-deficient SODP®3*/""S (A) at a 20 uM final
concentration and 10 um zinc-deficient SODP&3¥<1"15 plus 10 um Cu,Zn-SOD"" heterodimer were incubated
for 1 hatroom temperature with the indicated concentrations of DTT. The samples were then separated by gel
filtration at a flow rate of 1.0 ml/min. Elution of the protein was monitored at 214 nm, and the percentage of
monomer was determined by dividing the area of the monomer by the total area of dimer plus monomer.
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dimer as well as the binding of the
metal co-factors. Biophysical stud-
ies on SOD unfolding have also
established that zinc-deficient SOD
has a greater propensity to exist as a
monomer (46). Residues in loop IV
form 37% the dimer interface sur-
face area (22, 47). Because SOD is a
homodimer, the zinc loop from the
opposing monomer contributes
another third of the dimer interface.

D, same as in C but incubated by 24 h.

TABLE 1
Concentration of DTT that dissociated 50% of SOD into monomers

DTT concentration

1h 24h
mMm
Cu,Zn-SOD¥* 100 100
Zn(—)SODP#3s 191 0.15
Cu,Zn-SOD¥T + Zn(—)SODPs38 5.4 3.8

31, 32, 45). Our results with purified motor neurons are more
consistent with Cu,Zn-SOD subunits stabilizing the “toxic
intermediate” from SODS%3* expression as well as direct deliv-
ery of zinc-deficient SOD. Previously, we found that zinc-
deficient SODY" is just as toxic to motor neurons as zinc-
deficient mutant SODs, and conversely mutant Cu,Zn-SODs
protected motor neurons from trophic factor withdrawal as
well as Cu,Zn-SODYT (10, 11). In the present study, Cu,Zn-
SOD subunits enhanced the toxicity of zinc-deficient SOD,
even though only half the concentration of each was added,
keeping the total amount of SOD equivalent. Furthermore, it
did not matter whether the Cu,Zn-containing SOD subunits
were wild-type or mutant proteins. Thus, the paradoxical
enhancement of toxicity by Cu,Zn-SOD protein suggests
that the critical factor resulted from stabilization by zinc
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Thus, only a third of the interface

will be affected in a heterodimer of
zinc-deficient SOD with Cu,Zn-SOD, whereas two-thirds of
the dimer interface will be destabilized in a homodimer of zinc-
deficient SOD subunits. Consistent with this, the x-ray struc-
ture of zinc-deficient homodimeric SOD revealed the largest
distortion of the dimer interface that has been reported for any
human SOD structure (22).

The dimer interface portion of loop IV is strongly stabilized
by the highly unusual and extraordinarily stable intramolecular
Cys®’—Cys"'*® disulfide bond (48). It has been shown that either
the disulfide bond or zinc bound to loop IV is sufficient to
maintain the dimer interface, but the absence of both strongly
favors dissociation into monomers (49, 50). SOD is one of a few
intracellular proteins whose disulfide bonds remain oxidized
within the strong reducing environment of the cytoplasm. The
disulfide bond is unusually resistant to reduction in Cu,Zn-
SOD because it is buried in a rigid, inaccessible conformation
(22, 48, 51). It is more susceptible to reduction in ALS mutant
SODs (52-55). The x-ray structure of the zinc-deficient SOD
homodimer also revealed that the Cys®’—Cys'*® disulfide bond
becomes flexible and even assumes two distinct conformations
in the crystal structure (22). This greater flexibility appears to
make the bond more accessible to thiol reductants such as glu-
tathione, because SOD without zinc is well known to become
more susceptible to reduction the Cys*’—Cys'*® bond. The
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FIGURE 10. Mutation of cysteine 111 and 6 residues stabilizes zinc-defi-
cient SOD. SOD was expressed in E. coli as described previously (21). Bacterial
pellets were resuspended, sonicated, and centrifuged. The soluble (s) and the
insoluble fractions (p) were resolved in a 12% PAGE, and the protein was
visualized with Coomassie Blue stain. WT, SODWT; A4V, SOD**Y; A4V C111S,
SODAVCITIS . A4y C6A, SODAVCOR, A4V C6A CT111S, SODA4V/COALTTIS,

reduction of the disulfide in zinc-deficient SOD further desta-
bilizes loop IV, resulting in the dissolution of the enzyme into
monomers. Without the stabilization of the dimer interface,
monomeric SOD is known to be particularly susceptible to fur-
ther unfolding to eventually yield thiol-cross-linked aggregates
(3,56, 57).

From these considerations, the dimer interface of a het-
erodimeric SOD containing a zinc-deficient monomer plus a
Cu,Zn monomer should be substantially stabilized compared
with homodimeric zinc-deficient SOD. This was clearly
observed in the sedimentation velocity ultracentrifugation
experiments, where zinc-deficient SOD became monomeric in
the presence of thiol-reducing agents. The addition of Cu,Zn-
SOD to zinc-deficient SOD largely eliminated the monomeric
species but resulted in an intermediate form consistent with the
formation of a dynamic dimeric species with a more rapid sub-
unit exchange than Cu,Zn-SOD dimers. We have previously
measured the half-life for exchange between Cu,Zn-SOD
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FIGURE 11. Effect of the mutation of the C6A and C111S on zinc-deficient SOD toxicity. Rat motor neurons
were plated in four-well plates and incubated for 24 h in the presence of trophic factors (NTF) before any
treatment as described in the legend to Fig. 4. The addition of zinc-deficient SOD and Cu,Zn-SOD was per-
formed using pH-sensitive liposomes to motor neurons incubated with trophic factors. A, motor neurons were
incubated with Cu,Zn-SODW" and Cu,Zn-SOD<®A<""1S (10 ug, Cu,Zn, open bar) and zinc-deficient SOD" and
zinc-deficient SOD®*<"""* (10 wg, Zn(—)SOD, dotted bar). The values are the means *+ S.D. of at least three
independent experiments performed in duplicate. The data were analyzed by ANOVA followed by Bonferroni’s
multiple comparison test. ¥, p < 0.05 versus Cu,Zn-SOD. **, p < 0.05 versus Zn(—)SOD"'. B, motor neurons were
incubated as described in A but with Cu,Zn-SOD**V and Cu,Zn-SODA4V:C6A<11S (10 ug, Cu,Zn, open bar) and
zinc-deficient SODVT and zinc-deficient SODA*V-C6AC111S (10 g, Zn(—)SOD, dotted bar). The values are the
means = S.D. of at least three independent experiments performed in duplicate. The data were analyzed by
ANOVA followed by Bonferroni’s multiple comparison test. *, p < 0.05 versus Cu,Zn-SOD. **, p < 0.05 versus
Zn(—)SOD. C, motor neurons were incubated with zinc-deficient SOD**V"“6AC1115 (10 yg; dotted bars) and the
nitric-oxide synthase inhibitor L-NAME (100 um), the superoxide and peroxynitrite scavenger MnTBAP (100
uM), and the copper chelator bathocuproine (50 um, Batho). The values are the means = S.D. of at least three
independent experlments performed in duplicate. The data were analyzed by ANOVA followed by Bonferroni’s
multiple comparison test. *, p < 0.05 versus NTF. **, p < 0.05 versus zinc-deficient SODA*V'<AC111S b motor
neurons were incubated as described in B with zinc-deficient SOD**" and zinc-deficient SODA*<6AC11 15 the
presence or absence of the peptide RYEYA (0.5 mm). The values are the means = S.D. of at least three inde-
pendent experiments performed in duplicate. The data were analyzed by ANOVA followed by Bonferroni’s
multiple comparison test.*, p < 0.05 versus NTF. **, p < 0.05 versus SOD**V. ***, p < 0.05 versus SODA4V/C6ACT1S,
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and zinc-deficient SOD at 37 °C to
be 17 min by differential mobility
using gel electrophoresis and 14
min by FRET (22), which corre-
sponds to a rate-limiting step of
7-9 X 10°* s ' Making the
assumption that the slowest step
probably involves the dissociation
of Cu,Zn dimers, the rate of
exchange is ~10-fold faster than
the rate for the dissociation of
Cu,Zn-SOD¥T dimers of 9 X 10~ °
s ' reported by Rumfeldt et al.
(58) and ~30 times faster than the
rate of 3 X 10 ° s~ ! reported by
Khare et al. (59). Both of the latter
rates were measured at 25 °C,
which accounts for a substantial
part of the difference. The remain-
ing difference may have resulted
from the inclusion of 100 mm NaCl
to mimic physiological ionic
strength in our study. Interest-
ingly, the reassociation of Cu,Zn-
SOD monomers to form dimer
occurs at a rate of 1.3 X 10° M
s~!, whereas apoSOD monomers
are reported to reassociate at a dif-
fusion-limited rate of 2 X 10° m

! (43, 50). Thus, the greater dis-
order of the dimer interface in the
apoSOD appears to allow SOD
monomers to bind to each other
more rapidly even though the
dimer is not as stable. Similarly,
the additional flexibility of loop IV
in zinc-deficient SOD might allow
for the more rapid recombination
with Cu,Zn-SOD monomers that
favor heterodimer formation.
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SCHEME 1. Proposed mechanisms for the mutant SOD gain-of-function.

Further support for the role of the increasing stability of zinc-
deficient SOD in enhancing its toxicity came from substituting
the cysteine residues in positions 6 and 111 by alanine and ser-
ine in SODY™ and SOD**Y. These mutations were shown by
Getzoff and Tainer and co-workers (60) to increase the appar-
ent thermostability of human SOD, and these forms were used
to produce the first x-ray structures of human SOD. Further
biophysical studies have shown that removal of the two cys-
teines in fact slightly decreases the thermodynamic stability of
the SOD protein as shown by folding chevron plots (43, 50, 61).
Instead, the absence of these cysteines makes the unfolding of
the protein reversible by preventing the protein from becoming
trapped with non-native disulfide bridges that are more likely to
cause the SOD to rapidly aggregate (61). The expression exper-
iments in E. coli show that mutation of just Cys''! to serine was
sufficient to eliminate inclusion body formation when mutant
SODs are expressed at 37 °C (Fig. 9). In addition, reducing the
expression temperature to 18 °C allows for folding of soluble
and active mutant SODs without forming inclusion bodies (62).
It is also possible to refold mutant SOD trapped in inclusion
bodies during growth at 37 °C but only with high concentra-
tions of thiol reductants, supporting the role of nonnative disul-
fide bridges in promoting insoluble aggregation of SOD (62).
Mutation of Cys''' to serine also reduced aggregation of
mutant SOD expressed in human embryonic kidney cells (63),
showing that the Cys''" cross-links are not necessary for aggre-
gates to form.

One surprising result from the motor neuron experiments is
the observation that the zinc-deficient enzyme with the double
cysteine mutation was substantially more toxic than the equiv-
alent zinc-deficient SOD with the cysteine residues. When
replete with zinc and copper, SODA*Y"<64C1115 showed no tox-
icity to motor neurons and protected these cells from trophic
factor deprivation. The increased toxicity of zinc-deficient
SODAY-COACLLS quooests that the proposed copper binding to
Cys' ' is not necessary for mutant SOD toxicity. In motor neu-
ron cultures, removal of this cysteine increased toxicity of zinc-
deficient SOD rather than providing protection.

Recent biophysical studies have now provided a solid struc-
tural basis to understand how mutations increase the propen-
sity of SOD to become zinc-deficient, with five groups report-
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at moderately acidic pH (46). Desta-
bilization of SOD%%** investigated
by hydrogen/deuterium exchange
with NMR revealed a striking effect
on two of the zinc ligands in the
zinc-binding loop. The zinc ligand
histidine 80 in particular exchanges
a 1000-fold faster in SOD?*4 com-
pared with SODY?, whereas a sec-
ond zinc ligand exchanges 15-fold faster (65). These studies
offer important insights into how a distal mutation can alter the
overall protein dynamics of SOD to selectively decrease zinc
affinity.

In summary, many studies on mutant SOD proteins con-
clude that some indeterminate “partially unfolded intermedi-
ate” is responsible for the toxic gain of function conferred by
ALS mutant SOD. Our results with motor neurons expressing
mutant SOD®%** are remarkably consistent with the toxic par-
tially unfolded intermediate of SOD being copper-containing,
zinc-deficient SOD. Furthermore, the death cascade induced
by stabilizing this intermediate shares a common mechanism
with motor neuron death cascade induced by other insults such
as trophic factor deprivation of nontransgenic motor neurons.
Subunits of Cu,Zn-SOD enhanced toxicity in both models of
motor neuron death, which can be understood by the key role of
the dimer interface in stabilizing zinc-deficient SOD from fur-
ther unfolding (Scheme 1). The distinguishing prediction from
Scheme 1 is that stabilization of zinc-deficient SOD enhances
toxicity by preventing its further unfolding and the loss of cop-
per to produce aggregates. These results are consistent with
formation of apoSOD and subsequent aggregation being pro-
tective by removing zinc-deficient SOD rather than being
responsible for the toxic gain-of-function of ALS-linked
mutant SOD.
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