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Toxicity of ALS-Linked SOD1
Mutants

Estévez et al. (I) focused on a potential
mechanism through which dominantly inher-
ited mutation in superoxide dismutase 1
(SOD1), an abundant, ubiquitously expressed
antioxidant protein, triggers the selective
death of motor neurons in amyotrophic lateral
sclerosis (ALS). Each subunit of SOD1 binds
one zinc and one copper atom. Dismutation
of the superoxide radical to H,O, or O,
requires enzyme-bound copper, which alter-
nates between reduced (Cu'") and oxidized
(Cu?™) forms during two asymmetric cataly-
sis steps. Evidence from transgenic mice
showed that the mutants confer disease inde-
pendently of the level of SOD1 activity (2—
6), findings widely interpreted to indicate
that the mutations acquire one or more toxic
properties. Several previous proposals have
focused on potential sources of toxicity
linked to aberrant copper-mediated catalysis
(7-9), and all mutants examined do bind the
copper in vivo (10).

Estévez et al. (1) proposed that, relative to
wild-type SOD1, mutant subunits fail to bind
or retain the zinc atom, thereby allowing
rapid reduction of mutant SOD1 to the Cu'*
form by abundant intracellular reductants.
The reduced SOD1 mutant would then run
the normal catalytic step backwards, convert-
ing oxygen to superoxide; the superoxide so
produced would combine with freely diffus-
ing nitric oxide (NO), producing peroxyni-
trite, which would promote intracellular dam-
age including protein nitration. The primary
evidence supporting this view was that intro-
duction by liposome fusion of purified, zinc-
depleted SOD1 provoked rapid death of cul-
tured motor neurons. Toxicity required both
zinc depletion and bound copper.

This evidence, although persuasive in
vitro, may have little relevance to the in vivo
pathway of motor neuron death. Zinc-deplet-
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Fig. 1. FALS-SOD1 subunits buffer zinc as ef-
fectively as wild-type SOD1 in vivo. Growth of
sodTA cupTA yeast (JS2004) harboring yeast
SOD1-promoted FALS-SOD1 mutant expres-
sion plasmids (70) was monitored in media
with varying levels of zinc.
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ed wild-type SOD1 was just as toxic as the
ALS-linked SOD1 mutants, even though the
wild-type protein should be competent to ac-
quire zinc in vivo and thereby moderate tox-
icity. Also, evidence for altered zinc bind-
ing—accelerated zinc release by four mutants
relative to wild-type SODI1—required the
presence of a protein denaturant and was not
found at physiological ionic conditions (9).
Although zinc-depleted mutant subunits have
been found to compete less effectively with
metal chelators for binding to free zinc (9),
this in vitro measure should not be taken as
evidence of the in vivo situation, because
both protein folding and metal acquisition are
facilitated in vivo. And none of the 67 iden-
tified disease-related mutations in the gene
encoding the 153 amino acid SOD1 polypep-
tide (/7) lies in any of the four residues that
directly coordinate the zinc.

In the cell culture model of Estévez et al.
(1), inhibitors of neuronal NO synthase
(nNOS) and immunocytochemical detection
of nitrotyrosine, a footprint left by peroxyni-
trite, were used to demonstrate a dependence
of toxicity on NO. Limiting NO production
by loss of nNOS would therefore be predicted
to ameliorate disease. Yet, in SOD1 mutant—
mediated disease in mice, disruption of the
gene for nNOS, accompanied by 14-fold re-
duction in detectable NOS activity, does not
affect disease onset or progression (/2).

Perhaps most compelling, neurofilaments,
the subunits of which bind zinc in vitro, are
an abundant component of motor neurons. As
proposed by Estévez et al. (I), competition
with neurofilaments would lower mutant
SOD1-bound zinc; thus, raising the neurofila-
ment content should exacerbate disease if
reduction in SOD1-bound zinc produces tox-
icity. Just the opposite happens, however—in
by far the most robust amelioration of ALS to
date, raising the content of neurofilaments in
motor neuron cell bodies by increasing the
synthesis of neurofilament H (NF-H) slowed
disease onset by six months (/3).

We put the Estévez et al. (1) proposal to
two additional in vivo tests, the first using
yeast in which the yeast SOD1 gene had been
replaced with human wild-type SOD1 or any
of a series of ALS-linked mutants. When the
mutant and wild-type proteins were allowed
to accumulate to comparable levels (/0), mu-
tant strains protected yeast from toxicity of
environmental zinc about as efficiently (and,
thus, bound zinc about as effectively) as the
wild type (Fig. 1). Second, a good target for
SOD1-mediated nitration has been demon-
strated in vitro to be neurofilament subunits

(14). If peroxynitrite were generated by mutant
SODV, as in the Estévez et al. model, tyrosine
residues on each of the three subunits should
be robust targets for accumulated nitration,
because the neuron-specific neurofilaments
have biological half lives of at least several
months and are especially abundant in motor
neurons. We have tested this prediction using
mass spectrometry to sequence neurofilament
subunits isolated from end-stage animals that
have developed motor neuron disease from ex-
pressing either the SOD19°7R or SOD]198R
mutants. With coverage of 100% of the 20
tyrosine-containing tryptic fragments of neuro-
filament L (NF-L), we have been unable to
detect any nitrated peptide; nor were we able at
any point in the course of disease in these two
animal models to detect nitrotyrosine on any
target protein using a variety of immunologic
methods, including the one used in (/).

In sum, although in vitro evidence strong-
ly suggests peroxynitrite-mediated nitration
as a component of cell death arising from
wild-type or mutant SOD1 introduced in a
zinc depleted form (7), available in vivo tests
offer no support for this mechanism as the
one through which the mutants cause motor
neuron disease.
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Response: Williamson et al. question the in
vivo relevance of our hypothesis (1), relying
mainly on results from transgenic mice. Al-
though transgenic mice are powerful tools, their
limitations necessitate a combination of differ-
ent experimental approaches to unravel the
pathogenesis of ALS. Indeed, our hypothesis
actually helps rationalize many conflicting re-
sults obtained in transgenic mice, such as the
failure of overexpressed wild-type SOD to pro-
tect mice against overexpressing ALS-SOD1
mutants—interpreted by Bruijn et al. (2) as
ruling out a role for superoxide and oxidative
stress in ALS. Using both in vitro biochemical
studies and cultured motor neurons, we showed
that zinc-deficient SOD1 could cause oxidative
stress and motor neuron death even in the pres-
ence of large amounts of metal-replete Cu,Zn
SOD (J).

Several points raised by Williamson ef al.
may actually support our proposed mecha-
nism; others highlight the need for further
investigation. First, Williamson et al. assert
that, because zinc-deficient SOD can rebind
zinc in vitro, the zinc-deficient forms of
SOD1 should rebind zinc once inside the
motor neurons and thus become non-toxic.
Our results showed that this does not happen:
If the SOD1s had become repopulated with
zinc, they would have protected the motor
neurons from trophic-factor deprivation.
Even wild-type SOD did not protect, though
both it and the ALS-SOD1 mutants are com-
petent to bind zinc in vitro in seconds. Thus,
motor neurons apparently limit the availabil-
ity of free zinc—possibly an important clue
to why toxicity of SOD1 mutants is manifest-
ed primarily in these cells in vivo.

Williamson et al. question the conditions
used to measure relative zinc-binding affini-
ties of mutant and wild-type SOD1. We re-
ported previously that SOD1 mutants bound
zinc less avidly than wild-type SOD1 under
native conditions and, in a second set of
experiments, used 2 M urea to hasten the
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equilibration between enzyme-bound and ch-
elator-bound zinc and copper to quantify met-
al dissociation constants (3). SOD is an ex-
tremely stable protein retaining full enzyme
activity in 6 M urea. Even in 2 M urea, there
was a maximum 30-fold difference in the
affinity of zinc between the most severe mu-
tant (A4V) and wild-type SOD1. Indeed, both
wild-type SOD1 and ALS-associated mutants
can lose (or fail to acquire) zinc under a wide
range of buffer conditions if a strong chelator
is present—a phenomenon that could allow
even wild-type SOD1 to become toxic under
certain pathological conditions. Our motor
neuron experiments offer compelling evi-
dence that the absence of zinc in SODI,
rather than the mutation per se, is responsible
for killing motor neurons by an oxidative
mechanism.

Williamson et al. also ask why none of the
67 known SOD1 mutations associated with
ALS involve the four amino acid ligands for
zinc. Our model predicts that such SODI
mutants would be constitutively toxic even in
non-neuronal cells; consequently, such muta-
tions would not allow carriers to survive long
enough to develop ALS, or would result in
widespread tissue damage producing disease
symptoms unrelated to ALS.

Our results showed that nitric oxide
greatly increased the toxicity of zinc-defi-
cient SOD1 to motor neurons— consistent
with a biochemical mechanism whereby
zinc-deficient SOD1 catalyzes the forma-
tion of peroxynitrite from ascorbate, oxy-
gen, and nitric oxide. Facchinetti et al. (4)
reported that crossing G93A transgenic
mice with an incomplete neuronal nitric
oxide synthase (nNOS) knockout mouse
failed to increase survival of G93A SOD1
mice, but also reported that a selective
nNOS inhibitor produced a significant sur-
vival effect (4). Furthermore, nNOS is not
the only source of NO in motor neurons, as
they also express endothelial NOS (5, 6). In
the presence of zinc deficient SOD1, even
nanomolar concentrations of nitric oxide
become toxic. Thus, essentially all nitric
oxide production in and near motor neurons
may need to be genetically knocked out or
pharmacologically inhibited over several
months to observe a pronounced survival
effect.

On the subject of neurofilaments, we have
previously suggested that abnormal accumula-
tions of NF-L may contribute to the accumula-
tion of zinc-deficient SOD1 because this subunit
is extremely abundant in motor neurons and has
an exceptionally high capacity to bind zinc (3).
In vitro, the affinity of disassembled NF-L is
sufficient to compete with zinc-deficient SOD1
for binding zinc (3). When NF-L knockout mice
were crossed with G85R mice, survival was
increased (7), consistent with NF-L facilitating
the accumulation of zinc-deficient SOD1. A

second study showed even more pronounced
survival when NF-H was overexpressed in
G37R mice (8). Although the mechanism of
protection by NF-H is unknown, one explana-
tion consistent with our hypothesis is that over-
expression of NF-H may minimize the binding
of zinc by free NF-L subunits. Clearly, addition-
al studies are needed to understand the interac-
tions of the three different neurofilament sub-
units with zinc and with SOD1 itself.

The yeast experiments of Williamson et
al. (their figure 1) support our finding that the
ALS-SOD1 mutants can bind zinc to form
fully functional and protective SOD1s. The
ability of the mutants to do so is probably
essential for humans to survive until mid to late
life before developing ALS. Meanwhile, the
failure of Williamson et al. to detect nitroty-
rosine on neurofilament L peptides isolated
from mouse spinal cord homogenates using
mass spectrometry is at best weak negative
evidence. Motor neurons account for consider-
ably less than 1% of the cells in spinal cord,
which results in an enormous dilution of motor
neuron proteins upon homogenization. Immu-
nohistochemical studies have revealed that ni-
trated proteins are most abundant in the soma of
the motor neurons in both transgenic mice and
human ALS patients (5, 9—14). Protein-bound
nitrotyrosine has been observed by immunohis-
tochemistry in motor neurons from human ALS
and G93A mice, while free nitrotyrosine has
been quantified by HPLC in CSF and spinal
cord homogenates (/5—17). Whether nitration
is fundamentally related to the disease process
remains to be determined. However, the pres-
ence of both free and protein-bound nitroty-
rosine in human ALS and in transgenic mice
indicates that peroxynitrite was formed in these
tissues, and our studies have shown that motor
neurons are particularly susceptible to endog-
enously produced peroxynitrite (Z, 18).

Elucidating the mechanism by which
SOD1 mutants cause ALS remains a chal-
lenging and complex problem. Transgenic
mouse models have provided vital clues, but
the existence of redundant compensatory sys-
tems limits their usefulness as a primary
means of testing specific biochemical hy-
potheses. Results obtained in animals should
be interpreted cautiously to avoid premature
closure of promising research avenues. The
issues raised by Williamson et a/. underscore
the need for a combined approach including
human tissues, transgenic animals, neuronal
culture models, and in vitro biochemistry.
The ultimate test of our hypothesis regarding
zinc-deficient SOD1 will lie in whether it can
yield a useful treatment for stopping the pro-
gression of ALS.
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