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Abstract

In the 16 years since mutations to copper, zinc superoxide dismutase (SOD1) were first linked to familial amyo-
trophic lateral sclerosis (ALS), a multitude of apparently contradictory results have prevented any general con-
sensus to emerge about the mechanism of toxicity. A decade ago, we showed that the loss of zinc from SOD1
results in the remaining copper in SOD1 to become extremely toxic to motor neurons in culture by a mechanism
requiring nitric oxide. The loss of zinc causes SOD1 to become more accessible, more redox reactive, and a better
catalyst of tyrosine nitration. Although SOD1 mutant proteins have a modestly reduced affinity for zinc, wild-type
SOD1 can be induced to lose zinc by dialysis at slightly acidic pH. Our zinc-deficient hypothesis offers a com-
pelling explanation for how mutant SOD1s have an increased propensity to become selectively toxic to motor
neurons and also explains how wild-type SOD1 can be toxic in nonfamilial ALS patients. One critical prediction is
that a therapeutic agent directed at zinc-deficient mutant SOD1 could be even more effective in treating sporadic
ALS patients. Although transgenic mice experiments have yielded contradictory evidence to the zinc-deficient
hypothesis, we will review more recent studies that support a role for copper in ALS. A more careful examination
of the role of copper and zinc binding to SOD1 may help counter the growing disillusion in the ALS field about

understanding the pathological role of SOD1. Antioxid. Redox Signal. 11, 1627-1639.

Introduction

MYOTROPHIC LATERAL SCLEROSIS (ALS) is a devastating

disease that results in motor neuron degeneration, pa-
ralysis, and inevitable death within 2-5 years of diagnosis
(104). Every year ~5,000 people are diagnosed with ALS,
which is also known as Lou Gehrig’s disease, with the typical
age of onset ~50-60. About 10% of ALS cases exhibit familial
inheritance, but more commonly ALS is sporadic without a
family history. Mutations to the copper, zinc superoxide dis-
mutase protein (SOD1) occur in ~20-25% of patients with
familial ALS (32, 102). This widely quoted 2-3% estimate of
SOD1 mutations in ALS was based on early limited data.
More recent studies have suggested that SOD1 mutations
may be more common and might account for as many as 7%

of total ALS cases (3). The toxic gain-of-function of ALS-as-
sociated SOD1 mutations was firmly established when
transgenic mice expressing large amounts of ALS mutant
SOD1 proteins were shown to develop motor neuron disease
(55). Recently, an SOD1 mutation has been recently discov-
ered from genomic screens in five breeds of dogs that suffer
from late onset degenerative myelopathy that resembles ALS
(5). While there is no doubt that SOD1 can be toxic to motor
neurons, the mechanism as to how mutant SOD1 leads to ALS
is highly controversial and many questions remain, such as
can SOD1 have a role in sporadic ALS (18).

This review focuses on the potential role that the loss of zinc
may play in making the remaining copper in SOD1 toxic to
motor neurons. We first proposed the zinc-deficient SOD1
hypothesis in 1997 (29, 30), and the hypothesis has drawn

'Linus Pauling Institute, Department of Biochemistry and Biophysics, and *Environmental Health Science Center, Oregon State University,

Corvallis, Oregon.

1627



1628

significant criticism over the years (14, 27, 128) to the point
where it is now frequently not discussed in many ALS reviews
on SOD1 toxicity. The underlying hypothesis is remarkably
simple (Fig. 1); the loss of structural zinc partially disorga-
nizes portions of the SODI1 protein that restrict access to
copper which then becomes toxic. As described below, the
zinc-deficient SOD1 hypothesis is a simple explanation for
how many different mutations can cause the same disease,
why people can carry SOD1 mutations for as long as 80 years
before developing the disease, and why wild-type SOD1 can
become toxic (10). Most of the evidence in favor of this hy-
pothesis comes from our work with purified SOD1s, primary
cultures of motor neurons, and co-cultures of motor neurons
and astrocytes (6, 24, 25, 29, 30, 37-41, 90, 119). Results from
these experiments have been confirmed and extended by
other groups (44, 97, 98). A biochemical basis for peroxynitrite
and tyrosine nitration by zinc-deficient SOD1 has been well
established and several potential targets have been identified
in vivo (30, 131). Through collaboration with the Tainer lab, we
have recently determined the structure of zinc-deficient SOD1
(100), which is surprisingly revealing about its biochemical
behavior and provides new insights into why SODI1 is a
dominant disease. In addition, we have recently linked the
increased production of superoxide and tyrosine nitration to
mitochondrial dysfunction in motor neurons, oligodendro-
cytes, and astrocytes (23, 91, 101).

However, a variety of results largely based upon SOD1
transgenic mice experiments appear to contradict a role for
either copper, nitric oxide, or tyrosine nitrationin ALS (27,121,
122, 124). The interpretation of these transgenic mice experi-
ments is complex and we will argue that what appears to be
the simplest interpretation could be incorrect. We believe that
alternative interpretations of these SOD1 mice experiments
can provide a cohesive explanation that supports the zinc-
deficient SOD1 hypothesis.

The leading default hypothesis for SOD1 toxicity in ALS
has become protein aggregation (17, 34, 123, 124). Many in-
vestigators have shown that SOD1 mutations have an in-
creased propensity to aggregate, but the link to toxicity has
not been established (27). However, SOD1 without copper or
zinc is prone to forming unstable monomers that tend to ag-
gregate (71, 95, 96). We will raise the possibility that aggre-
gation of metal-deficient SOD1 may be protective by
removing zinc-deficient SOD1 in vivo. In this view, aggrega-
tion would be a tombstone marking sites of degeneration, but
not directly responsible for the cell death.

SOD1 Structure and Activity

Understanding the role of zinc in SOD1’s structure and
function requires a more detailed examination of subtle
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structural aspects. SOD1 is a small protein with 153 amino
acids that remains associated tightly as a dimer of two iden-
tical subunits with the active sites facing in opposite directions
(Fig. 2). The majority of the protein is folded into an eight-
strand beta-barrel, where the extensive hydrogen bonding
along the peptide backbone produces one of the most stable
proteins known.

Two loops fold back onto the beta-barrel to form the active
site (88, 113). The longer loop, extending from residue 49 to 83,
has several important roles indicated by its division into the
following subloops: dimer interface subloop, zinc binding
subloop, and disulfide subloop (57). In the zinc binding sub-
loop, a zinc ion is coordinated to His63, the bridging ligand
between the zinc and copper sites, along with His71, His80,
and Asp83. The copper ion is coordinated additionally with
His46, His48, and His120. This loop is covalently held to the
beta-barrel by an intrasubunit disulfide bridge from Cys57 of
the disulfide subloop to Cys146 of the beta strand at the car-
boxyl terminal of SOD1 (57). The disulfide bridge is highly
conserved among all eukaryotic SOD1s and is extremely re-
sistant to reduction (4). Disulfide bonds are uncommon in
intracellular proteins because of the reducing environment
created by millimolar concentrations of glutathione and by
sulfhydryl-reducing enzymes such as thioredoxin. However,
this disulfide plays a crucial role in preventing the aggrega-
tion of metal-deficient SOD1 (51).

The second loop is known as the electrostatic loop, which
assists the attraction of the anionic superoxide substrate into
the active site (52). In addition, this loop contains Arg143 that
has a dual role to anchor the main chain of the longer loop
through hydrogen bonds and to orient the bound substrate
(12, 45). This loop also becomes disrupted when SOD1 loses
zinc, because this loop makes contact with the zinc-binding
subloop (100).

SOD1 was identified by McCord and Fridovich to exhibit
antioxidant activity by scavenging superoxide (79). Super-
oxide is produced in vivo by the catalyzed one electron re-
duction of molecular oxygen through various biological
systems such as the mitochondrial electron transport chain,
NADPH oxidases, and xanthine oxidase (48). SOD1 catalyzes
the dismutation (disproportionation) of two superoxide
(O37) molecules to molecular oxygen (O;) and hydrogen
peroxide (HO,) {reactions (1) and (2)} at near diffusion lim-
ited rates (66, 79). This two-step process involves the redox
active copper ion which cycles from Cu*" to Cu'* and back to
Cu”". The first superoxide molecule transfers an electron to
Cu*", thereby reducing it to Cu'". The bridging histidine
63 detaches from the reduced copper and binds a hydrogen
ion (84). This hydrogen ion is transferred to the superox-
ide anion entering the active site, thereby neutralizing the
negative charge on the second superoxide molecule and
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FIG. 1. Proposed model for how SOD1 be-
comes toxic in ALS. SODI1 is normally present
as a very stable dimer. However, zinc is held less
strongly than copper to SOD1 and its loss par-
tially disorganizes the protein and allows the
copper to become toxic. Heterodimers of zinc-

deficient SOD1 will be more stable than homo-

dimeric zinc-deficient SOD1, because the Cu,Zn SOD1 subunit will stabilize the dimer interface. If the copper is lost, SOD1
tends to fall apart into monomers that are particularly prone to aggregation. This helps remove copper-containing zinc-

deficient SOD1 and is predicted to reduce toxicity.
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FIG. 2. The key structural features of wild-
type SOD1. The SOD1 loop containing the
dimer interface, zinc binding, and disulfide
subloops is shown in dark gray.
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accelerating the second half of the catalytic cycle 10-fold
(85). The zinc ion is not involved in the catalytic dismutation
of superoxide but provides structural support for the active
site.

Cu’",ZnSOD1+0;~ — Cu'",Zn SOD14+0, (1)

Cu'",ZnSOD1+0;" +2H" —

2+ 2)
Cu”",Zn SOD1 + H,O,
SOD1 has long been recognized to be an unusually stable
protein. With copper and zinc bound, SOD1 retains its activity
in 6 M urea and survives heating to 80°C (46). However, it
denatures much more quickly in the apo state in which copper
and zinc are missing than when containing both metals, the
holo state. Thus, mutations that diminish the binding of
SOD1’s metal cofactors will make the protein more suscepti-
ble to denaturation and aggregation.

Mutations of SOD1

Originally 13 mutations were identified in SOD1 that
linked this protein to familial ALS (102). Although SOD1
mutations only account for as few as 2-3% to as high as 7% of

all ALS cases, this discovery has been the first significant clue
for understanding the mechanism of ALS. Currently, over 130
mutations have been identified in this protein (http://alsod.
iop.kcl.ac.uk/als/), the majority being missense point muta-
tions where one residue is substituted for a different residue.
Some sites can have as many as six different substitutions. The
various mutations of SOD1 are found scattered throughout
the protein including key areas of the dimer interface, active
site, and beta barrel (Fig. 3). The consequence these mutations
have on the protein is to destabilize the overall structure.
Whereas the overall distribution of mutation sites appears
almost random, most of the mutations affect side chains fac-
ing into the hydrophobic interior of the protein or in the dimer
interface (70). In a few ALS affected families, ~30 residues on
the carboxyl terminal are deleted by several truncation mu-
tations. This deletion will seriously disrupt the dimer interface
and the stability of the zinc-binding loop but will leave the
copper-binding residues intact. One of these mutants has been
shown to be particularly virulent in a mouse transgenic model
of ALS at very low levels of mutant SOD1 expression (64).
Mutations to the SOD1 gene exhibit an autosomal domi-
nance with one exception, the D9OA mutation, which has been
found to be recessive in some families but dominant in others
(63). The biophysical characteristics displayed by the muta-
tions on SOD1 divide them into two groups based on their
SOD1 activity and metal binding properties: metal-binding

FIG. 3. Mutations in SOD1. The location of all
side chains in SOD1 currently identified as mu-
tated in ALS (dark gray) versus no reported mu-
tations (light gray) as viewed facing the active
site (A) and from the top (B).
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region and wild-type-like in that they can fold into fully
functional SOD1s (56, 78). We showed that eight different
wild-type-like mutant SOD1s containing copper and zinc
were as capable as wild-type SOD1 to protect cultured motor
neurons from death (37, 38). Yet, the wild-type-like SOD1
mutations can have the most severe phenotype. In North
America, the A4V mutation, which belongs to the wild-type-
like group, is the most common mutation and displays one of
the fastest progressing forms of ALS, with under 1 year for
survival after diagnosis (13). The age of onset and relative
survival of SOD1-linked familial ALS widely varies and de-
pends on the specific mutation. Notably, two different mu-
tations, even at the same position on the SOD1 chain, can have
strikingly different survival times. A correlation has been
made between a greater decrease in SOD1’s stability due
to mutations with a rapid disease progression of SODI-
associated ALS (72).

Transgenic Animal Models of ALS

A toxic gain-of-function from mutations in SOD1 has been
established as the initiation of familial ALS from the devel-
opment and work of an animal model of ALS (55). Gurney
et al. (55) showed that transgenic mice overexpressing human
G93A SOD1 developed motor neuron degeneration, paraly-
sis, and death within 3-4 months, while transgenic mice
containing human wild-type SOD1 remained healthy. Inter-
estingly, G93A SOD1 is a wild-type-like ALS mutant which
forces a methyl group to protrude in a hairpin turn of one of
the beta-sheets. In striking contrast, SOD1 with the A4V
mutation in the transgenic mouse did not develop motor
neuron degeneration, although this mutation causes the most
rapid progression of disease in humans (55). The A4V muta-
tion affects the dimer interface and substantial aggregation of
SOD1 was observed in motor neurons in these mice, even
though they did not develop motor neuron pathology.

Additional transgenic mouse models of ALS that have been
produced and thoroughly studied are G85R SOD1 and G37R
SOD1 (15). Both a G93A and an H46R-expressing SOD1
transgenic rats have been created to develop motor neuron
disease (82). The most standard model used in mice and rats is
the G93A SOD1 mutation. Expression levels of the human
SOD1 gene in these animal models can greatly vary ranging
from equivalent to 10-to-20 protein fold higher over-
expression (18). The expression level coincides with the on-
set and length of progression of the disease. Although the
origin of paralysis can vary in humans, the transgenic mice
routinely develop weakness in the hind limb, and the disease
pathology of ALS in mice closely coincides with that in hu-
mans. Interestingly, not all of the mutations show the same
early stage pathology in the transgenic mice (117). The wild-
type-like group more frequently displays mitochondrial vac-
uolation, whereas intracellular aggregates are observed in the
metal binding group mutations. Whether this is a new lead
into the disease progression of familial ALS or a limitation in
the animal models remains to be seen.

SOD1 Aggregation

The processes leading to SOD1 aggregation in familial ALS
have received considerable attention to a potential explana-
tion for the toxic gain-of-function of mutant SOD1. Protein
aggregates are found in various neurodegeneration diseases
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such as Alzheimer’s, Parkinson’s, and Huntington’s diseases
(103), which would anticipate an important role for protein
aggregation in this disease. Further support for this hypoth-
esis is provided by the common tendency of ALS mutant
SOD1s to aggregate whether expressed in Escherichia coli (30),
in transfected cells (53, 109), or in transgenic animals (16, 125).

Over the years, we have struggled with the propensity of
mutant SOD1s to form inclusion bodies in E. coli. When ALS-
mutant SOD1 is expressed in E. coli at 37°C, only the initial
2-5% of protein folds into soluble protein, with all subsequent
protein expression trapped into inclusion bodies. Re-
markably, reduction in the growth temperature to 18°C in
order to slow the rate of SOD1 expression resulted in a dozen
arbitrarily chosen ALS mutant SOD1s to fold into soluble and
active protein (69). After considerable experimentation, we
also learned that SOD1 could be refolded from the inclusion
bodies by treating with a high concentration of sulfhydryl
reducing agents and suspension in urea. Rapid removal of the
urea in the presence of a sulfhydryl reducing agent allowed
SOD1 to refold rapidly into a native conformation able to
rebind metals (69).

Many reports have shown that SOD1 aggregates in trans-
fected cells in culture, but the cells generally remain viable
and cell death frequently does not correlate with aggregation
(68). It is not clear how aggregates would cause motor neuron
death in ALS, but some evidence suggests sequestration of
chaperones, clogging of the proteasome, or binding to bcl-2
might be involved (85, 89). Generally, these cell-based assays
have not considered whether copper or zinc has been incor-
porated into the protein.

Oxidation of mutant SOD1 has been shown to cause ag-
gregation. The sole tryptophan on SOD1 is particularly sus-
ceptible to oxidation by carbonate radical and can cause
covalent dimerization of SOD1 monomers (132, 133). How-
ever, it has been observed that mutant SOD1s do not need to
be oxidatively damaged to aggregate. The metal-deficient
apoSODI1 protein is easily denatured and prone to aggrega-
tion when it becomes monomeric (75). Therefore, SOD1
would aggregate after losing its metals, with zinc more likely
to be lost first because it is bound 7000 times more weakly
than copper (29).

Alternatively, we propose that the SOD1 protein aggre-
gates may be a protective mechanism as a route to removing
the toxic mutant SOD1 since SOD1 aggregation has not been
found to correlate with motor neuron death (68, 73). Further
support for this counter hypothesis to aggregation is illus-
trated by transgenic animal studies where wild-type SOD1
overexpressing mice were crossed with G93A mice (49). In-
stead of increasing the survival time as was postulated, the
mice died more rapidly. In contradiction to a protective effect
with the wild-type SOD1, it was instead thought to form
heterodimers with the mutant G93A SOD1, thereby stabiliz-
ing it in solution. Additional support for a protective aggre-
gation mechanism is the previously discussed A4V SOD1
mutant overexpressing mice which do not show the typical
ALS progression phenotype despite the mutant SOD1 accu-
mulated into protein aggregates (55).

Zinc-Deficient SOD1

Zinc serves a structural role in SOD1 and its importance to
the proper functioning of SODI is underappreciated. Al-
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though zinc is not directly involved in electron transfer reac-
tions with superoxide, it substantially affects the coordination
of copper through the shared histidine that binds to both
copper and zinc. Zinc is held ~7,000-fold less tightly than
copper within wild-type SOD1. Disruption in the SOD1
structure by mutations reduce the affinity for zinc to an even
greater extent and causes zinc to be lost before copper (29).

The consequences of losing zinc in SOD1 are far greater on
the structure of SOD1 than the effects so far reported for any
ALS mutation with copper and zinc still bound to the protein.
The redox properties of SOD1 are significantly altered with
the loss of zinc. This can be visually observed by a change in
color of SOD1, whether wild-type or mutant, with zinc pres-
ent versus zinc deficient. Both wild-type and A4V SOD1 are
green when they contain copper and zinc, and both are
equally efficient at scavenging superoxide (37). The green
color is due to the shared ligand histidine 63 bridging copper
and zinc, which creates an additional shoulder in the 450 nm
region. The loss of zinc from either SOD1 causes the protein to
turn blue due to alterations in the environment of the bound
copper. Cu,Zn SOD1 and zinc-deficient SOD1 both become
colorless when the copper is reduced. Valentine’s group ob-
served that some ALS mutant SOD1s expressed in yeast were
readily reduced by ascorbate and these became colorless,
while others were not (126). Our lab has found that SOD1
reduction was dependent on whether the SOD1s were zinc
deficient and not on whether it was a mutant or wild-type
protein (37).

Zinc-deficient SOD1 can be reduced by ascorbate more
than 3000 times faster than wild-type Cu,Zn SOD1 {reaction
(3)} (37). The copper in zinc-deficient SOD1 has been postu-
lated to be more accessible to intracellular reductants with the
loss of zinc. The reduced copper would be reoxidized by
molecular oxygen to produce superoxide {reaction (4)} and
could continually be kept in a reduced state in the CNS, where
ascorbate levels are millimolar in concentration and among
the highest in the body.

Cu?*,Zn(-)SOD1 + Ascorbate —
Cu'",Zn(—)SOD1 + Ascorbyl radical 3)

Cu'",Zn(-)SOD1 + O, — Cu*",Zn(-)SOD1+05~  (4)

The x-ray structure of a constitutively zinc-deficient SOD1
(Fig. 4) provides support for the effects of losing zinc on the
aberrant redox activity as well as propensity for aggregation
of SOD1 that have been reported (100). The loss of zinc in-
duced far larger changes to the SOD1 structure than any other
SOD1 mutant protein that has been structurally examined
before. The most dramatic change is the disordering of the
two largest loops that normally restricts access of copper to
only superoxide but now can leave the copper more accessible
to small molecules, rationalizing the rapid reduction of SOD1
by ascorbate. In addition, the dimer interaction was twisted
by nine degrees in the zinc-deficient SOD1 compared to the
wild-type SOD1, by far the largest alteration in the dimer
interface ever observed [see Fig. 4 in Roberts et al. (100)]. The
normally rigid C57-C146 disulfide bond that stabilizes the
dimer interface was also found to have two different confor-
mations, suggesting it may be more susceptible to reduction.
Other changes in the position of Argl43 occurred that most
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closely resemble those found in a monomeric SOD1 where the
dimer interface was disrupted by site directed mutagenesis.
Thus, the loss of zinc induced changes in the dimer interface
that are predicted to favor dissociation of dimers and to favor
aggregation. These changes are more likely to occur in the
presence of thiol reductants because the intramolecular dis-
ulfide bond is more accessible to reductants.

Oxidative and Nitrative Stress Catalyzed by SOD1

The one molecule that can compete with SOD1 for super-
oxide at physiologically relevant concentrations is nitric oxide,
which reacts at a diffusion-limited rate with superoxide to
form peroxynitrite (8, 59). Nitric oxide can diffuse at least ten
times faster than a protein the size of SOD1; as a consequence,
nitric oxide reacts at least ten times faster with superoxide than
SOD1 can scavenge it. Because nitric oxide, like oxygen, dif-
fuses through membranes faster than through aqueous solu-
tions, the site of nitric oxide formation does not need to be in
the same subcellular compartment as SOD1 or even in the
same cell for the formation of peroxynitrite to occur (33).

Endogenous production of peroxynitrite by cultured motor
neurons was found to activate apoptotic cascades (40). Motor
neurons isolated from spinal cords of embryonic rats develop
the phenotype of a mature motor neuron over a period of ~1
week when grown in the presence of any of several different
neurotrophic factors (40). If the trophic factors are withdrawn
at any point, ~50% of motor neurons undergo apoptosis
(38). Motor neuron death requires the simultaneous produc-
tion of both nitric oxide and superoxide (Fig. 5), implicating
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FIG. 4. X-ray structure of zinc-deficient SOD1 monomer.
A ribbon diagram of one SOD1 subunit for zinc-deficient
SOD1 is shown with the copper represented as a gray sphere.
The two loops that normally limit access to the copper are
too disordered to be visualized, but are illustrated with ar-
bitrary dotted lines. The strand of the electrostatic loop
hanging in space on the far left was resolved only because it
packed against another dimer in the crystal. Adapted from
the protein data bank entry 2R27 (100).
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FIG. 5. Proposed mechanism for the role of
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zinc-deficient SOD1 in the formation of perox-
ynitrite, leading to protein nitration and motor
neuron apoptosis. Reduced copper in zinc-
deficient SOD1 catalyzes the one-electron reduc-
tion of oxygen to superoxide. Nitric oxide reacts
with superoxide at a diffusion-limited rate to
form peroxynitrite. Zinc-deficient SOD1 will also
catalyze the nitration of proteins such as neuro-
filaments. Nitration of neurofilaments interferes
with their assembly, and disassembled neurofi-
laments have a particularly high affinity for zinc
that can potentially sequester zinc from SOD1
(29, 30). Tyrosine nitration by peroxynitrite has
now been strongly implicated in promoting
motor neuron apoptosis and making astrocytes
reactive (131). Reactive astrocytes also contribute

peroxynitrite as an early intermediate for activating apoptosis
after trophic factor-deprivation (40). Motor neurons that in-
duce neuronal nitric oxide synthase become immunoreactive
for nitrotyrosine, a marker for peroxynitrite (60, 86, 118), be-
fore they undergo apoptosis. Inhibiting nitric oxide synthesis
prevented apoptosis and the protection was lost when phys-
iological concentration of nitric oxide, <100nM, was gener-
ated extracellularly (76, 77, 106).

Zinc-deficient SOD1 can be a slow but significant source of
superoxide in motor neurons, because the copper will tend to
stay close to 100% reduced by oxidizing small antioxidant
molecules (37). Superoxide can be released by the reoxidation
of reduced copper in SOD1 (120). Thus, the diffusion of nitric
oxide into a compartment containing zinc-deficient SOD1 can
be effectively converted to peroxynitrite. Experimentally,
10 uM of zinc-deficient SOD1 was shown to generate 1-2 uM
of peroxynitrite per hour under physiologically relevant
concentrations of nitric oxide (100 nM) (37).

Intracellular delivery of zinc-deficient SOD1s, either wild-
type or four different ALS associated mutants, were shown to
be toxic to motor neurons (37). The toxicity required endoge-
nous nitric oxide production but was blocked by copper che-
lators. When replete with copper and zinc, both the wild-type
and mutant SOD1s were not toxic and all protected motor
neurons from trophic factor deprivation. These results strongly
support a role for endogenous peroxynitrite interacting with
zinc-deficient SOD1 in the toxicity that leads to motor neuron
death. More recently, we have been able to show that inhibi-
tors of tyrosine nitration also block motor neuron death in-
duced by endogenous peroxynitrite formation (131).

Both Cu,Zn SOD1 and zinc-deficient SOD1 are able to use
peroxynitrite to catalyze tyrosine nitration. The observation
that bovine SOD1 turned yellow when exposed to peroxyni-
trite led to the discovery of tyrosine nitration as a biological
process (11, 61, 62, 107). The addition of SOD1 and perox-
ynitrite to a brain homogenate surprisingly resulted in a few
number of proteins that were nitrated (29). Actin, glial fi-
brillary acidic protein (GFAP), heat shock protein 90 (HSP90),
and neurofilament light chain (NFL) were identified as the
major nitrated bands (110, 131). Tyrosine nitration has been
found in both sporadic and familial ALS patients and ALS
animal models using antibodies, by HPLC, and more recently

to motor neuron death and might participate in
the progressive death of motor neurons (6, 25).

confirmed by mass spectrometry (1, 2, 7, 22, 26, 42, 43, 105,
114, 116).

Using mass spectrometry, the sites of nitration on NFL
were mapped, which revealed that the rod domain of dis-
assembled NFL was the most susceptible area to nitration
(30). Nitration of NFL subunits can cause profound disruption
of neurofilament structures (30). Because neurofilaments are
the most abundant proteins in motor neurons, they may
contribute to the specificity for death in vitro. When perox-
ynitrite is added to oxidized SOD1, zinc-deficient SOD1 is
only slightly more effective than Cu,Zn SOD1 in catalyzing
tyrosine nitration. With zinc-deficient SOD1 predominately
reduced in vivo by the direct reaction of copper with intra-
cellular reductants, it can become far more effective at cata-
lyzing nitration than Cu,Zn SOD1 in vivo.

Neurofilaments may have another connection to zinc-
deficient SOD1. They have a remarkably high affinity for zinc
and could potentially sequester zinc from SOD1 to make it
zinc deficient (30). Neurofilament proteins are particularly
abundant in motor neurons in vivo and the genetic deletion of
the NFL gene in a low expressing mutant SOD1 transgenic
mouse was reported to increase survival by ~45 days (127).
Paradoxically, even better protection in another low expres-
sing mutant SOD1 mouse was found by overexpressing the
heaviest subunit of neurofilament (NFH) (28).

Low Activity SOD1 Mutations

Disease progression in transgenic mice expressing the
human G85R SOD1 mutation is strikingly different from the
G93A SOD1 mice (15). Motor neuron disease developed at a
much lower SOD1 expression level and no increase in su-
peroxide scavenging activity was observed in tissues from the
G85R SOD1 transgenic mice (15). Since copper is required for
SOD1 activity, it was interpreted from the G85R SOD1 ALS
mouse model that copper was not necessary for mutant SOD1
to be toxic in vivo. Mutation of the equivalent residue in the
endogenous mouse SOD1 also resulted in transgenic mice
developing motor neuron degeneration (80, 81). How-
ever, when the G86R mouse SOD1 model of ALS was crossed
with mice carrying the X-linked mottled/brindled (Mobr)
mutation, which causes severe copper depletion in the spinal
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cord, these genetically copper-deficient mice were found to
have an extended lifespan by ~10 days (65). Our lab has
currently been working with the G85R mutant SOD1 and
found that the recombinant G85R SOD1 can bind both copper
and zinc and exhibits superoxide scavenging activity (un-
published data). Recently, the crystal structure of G85R SOD1
was solved by Hart’s group. The G85R SOD1 crystallized in
several different conformations and several of these structures
contained copper but were zinc deficient (20). The location of
the mutation at the base of the zinc-binding site is consistent
with the difficulty of zinc binding to the G85R mutant protein,
potentially explaining why the G85R SOD1 mutant is toxic at
much lower expression levels than G93A mutant SOD1.

Role of CCS in ALS

The zinc-deficient hypothesis depends upon copper still
being bound to SOD], although not necessarily to the copper
site. Whereas the mechanism responsible for zinc insertion into
SOD1 is unknown, the copper chaperone protein for SOD1
(CCS), first identified in yeast (31), is known to deliver copper
to SOD1 (21). However, CCS is not absolutely essential for
delivery of copper to human SOD1. The superoxide scaveng-
ing activity of endogenous wild-type SOD1 was decreased by
~70-80% in knockout mice lacking CCS (130). These results
show that CCS is the major source supplying copper to SOD1
in vivo, but also mandates that SOD1 must have an alternative
means for acquiring copper in cells. Copper is strictly required
to be in the active site to account for the 20-30% of the su-
peroxide scavenging activity that remains (9).

In studies using ALS mutant SOD1 mice with the knock-
out of endogenous mouse CCS, CCS deletion did not sig-
nificantly affect the survival in three different transgenic
SOD1 mouse lines (111). CCS has been shown to preferen-
tially insert copper into zinc-containing SOD1 (94), which
would produce only Cu,Zn SOD1. However, human SOD1
is able to directly acquire copper in the absence of CCS
from other potential sources such as copper-glutathione (21).
Alternative mechanisms for copper acquisition would not
necessarily require that zinc be bound, and thus could poten-
tially contribute to the formation of zinc-deficient SOD1. The
mitochondria are the richest stores of copper in the cell and
may be another major copper source for mutant SOD1s to
acquire copper without the assistance of CCS. This route of
copper acquisition may explain why mitochondrial pathol-
ogy is an early marker of injury in the SOD1 ALS mice (67,
129).

A recent study by Elliott’s group reported remarkable ef-
fects of overexpressing human CCS in the mutant G93A hu-
man SOD1 mouse model of ALS (108). Strikingly, motor
neuron disease was greatly accelerated in the dual CCS/G93A
SODL1 transgenic mice, who had a mean survival of 36 days,
compared to 242 days for the transgenic G93A SOD1 mice.
The survival of dual CCS/wildtype SOD1 transgenic mice and
transgenic mice expressing just CCS were normal. The high
levels of CCS present could generate greater copper incor-
poration into mutant SOD1, leading to greater copper toxicity.
Although the transgenic mice expressing CCS die within 40
days, there was no evidence of SOD1 protein aggregation in
these mice (92). These results indicate an important role for
CCS through its interaction with mutant SOD1 in disease
progression that needs to be further assessed.
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Mutations to the Copper-Binding Ligands
in the SOD1 Active Site

Two naturally occurring ALS mutations in humans directly
affect the copper binding ligands of SOD1 (H46R and H48Q),
which might suggest that copper is not necessary for SOD1
toxicity. However, Liochev and Fridovich showed that the
H48Q mutant SOD1 was still able to bind copper in a redox
active fashion (74). To further test the role of copper in mutant
SOD1 toxicity, transgenic mice expressing mutant SOD1s
with the combined H46R /H48Q double mutation and with all
four copper-binding ligands (quad mutant) were developed,
and both types of mice developed motor neuron disease (122,
124). The double mutant SOD1 transgenic mice with the
highest expression levels of mutant SOD1 developed motor
neuron degeneration within 4-6 months while the highest
expressing quad mutant SOD1 mouse developed the disease
between 8-11 months. Since histidine 63 is also a ligand for
zine, the zinc-binding site would also be affected in the quad
mice. The double and quad mutant SOD1s were both reported
to have no scavenging activity in superoxide activity gels.
More recently, Borchelt et al. used radioactive labeled copper
incorporation into transfected cells containing the double and
quad mutant SOD1 (9, 121). They found no evidence for ra-
dioactive copper binding. However, their assay involved
conditions using EDTA and 1% SDS, which we have found
in vitro disrupts copper binding to recombinant mutant quad
SOD1 (unpublished data).

Although studies with the dual and quad mice show that
copper in the SOD1 copper binding site is not essential for
SOD1 to be toxic to motor neurons, it does not prove that
copper could not be bound in other locations on SOD1 (19).
For over 30 years, copper has been known to bind in the zinc
site of SOD1 (46, 87). The quad mutant SOD1 protein still
contains two histidines and a negatively charged aspartate in
the zinc-binding site that form a strong binding site for metals.
Our lab has found that the quad mutant SOD1 can form a
blue protein with copper tightly bound into the zinc-binding
pocket and is much more redox reactive than when copper is
in its normal site (unpublished data). The question of whether
copper is involved in SOD1 toxicity in the quad mice is
still unsettled, and does not rule out a role for copper in this
disease.

Dietary Supplementation of Zinc

If zinc-deficient SOD1 is responsible for the toxic gain-of-
function in SOD1 resulting in motor neuron degeneration,
then supplementation with zinc may be protective while a
zinc-deficient diet should accelerate the disease. An important
role for zinc in the progression of this disease stems from
research with metallothioneins that are major intracellular
zinc-binding proteins that protect cells when zinc levels are
low (112). The progression of ALS in G93A SOD1 transgenic
mice was found to be accelerated when three major isoforms
of metallothionein in the brain were genetically deleted (83,
93). In addition, two astrocytic isozymes for metallothionein
were found to be as important as the neuronal isozyme for
delaying ALS.

A study reported that high dosages of zinc administered in
the drinking water of SOD1 transgenic mice accelerated ALS
progression (54). This report appeared to contradict our the-
ory that zinc supplementation should be protective if dietary



1634
16U
r |
| |
150 | o
[ ]
‘.‘
140 + Ty¥ A @
A L]
¥ — — =
— . Ak l.
E 130 - %o Ty ¥ Ay L]
v
L ]
g @ '-
= 120 o “
7 . v
[ a
L ]
110 @
]
100 @
90 1 1 1 1
-Zn (30 days) 30 mg/L. Zn 60 mg/L Zn 90 mg/L Zn 90 mg/L Zn
+ 2 mgllL Cu

FIG. 6. Effects of zinc deficiency versus zinc supple-
mentation on survival. Male G93A mice were placed on a
zinc-deficient diet at 30 days. At day 50, mice were supple-
mented with 0mg/L (0 mg/kg/day), 30 mg/L (6 mg/kg/day),
60mg/L (12mg/kg/day), 90mg/L (18 mg/kg/day) zinc, or
90mg/L (18 mg/kg/day) zinc plus 2mg/L (0.3 mg/kg/day)
copper in the drinking water (1 =9 for each group). Adapted
from Ermilova et al. (36).

zinc is deficient in the SOD1 transgenic mice. Examination of
the zinc dosages shows that the study used extremely high
concentrations of zinc, estimated to be 75 and 375 mg/kg/day.
These levels of zinc are ~15 and 75 times greater than the
current recommendations established for rodents (99). Ex-
cessive levels of zinc are known to inhibit copper absorption,
which inhibits copper-dependent ceruloplasmin and results
in a potentially lethal anemia (47). We found that depletion of
zinc in the G93A SOD1 mice accelerated the progression of
ALS, and moderate supplementation of zinc provided pro-
tection (36). A dosage of 12mg/kg/day extended life by 11
days in the SOD1 ALS mice compared to the zinc-deficient
group (Fig. 6). Even at a slightly higher dosage of 18 mg/kg/
day, disease progression was accelerated in more than half of
the mice, but with the addition of 0.3 mg/kg/day copper this
early progression was prevented.

Copper Chelation

If the aberrant redox activity of copper in zinc-deficient
SOD1 is responsible for the toxic gain-of-function of mutant
SOD1, then focus on copper’s role in this disease should be
another route towards therapeutic treatment. This route
would be through the chelation therapy of copper. The loss of
zinc in either wild-type or mutant SOD1 greatly exposes the
copper ion. Copper chelators should be able to access the
copper in order to pull it out of the active site, therefore ren-
dering the toxic zinc-deficient SOD1 to be harmless. Copper is
essential for many processes, including insertion of iron in
heme and for oxygen binding in cytochrome c oxidase, so it
would be impossible to substantially deplete copper levels
(47). Nevertheless, chelation therapy is already being inves-
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tigated as a potential therapeutic strategy towards the treat-
ment of various other neurodegeneration diseases such as
Alzheimer’s, Parkinson’s, and prion disease (50).

Copper chelators have already been shown to slightly de-
lay death in animal models of ALS. D-penicillamine, a copper
chelator used in Wilson’s disease (a genetic disorder which
involves the accumulation of copper in tissue), was found to
delay the onset and extend the survival of the G93A SOD1
mouse model of ALS (58). The delay of onset was by ~7-10
days and the extension of survival by ~10-11 days, de-
pending on administration technique.

Recently, ammonium tetrathiomolybdate (TTM), a selec-
tive copper(Il) chelator also used for the treatment of Wilson's
disease, was found to delay onset by 10 days, slow progres-
sion by 11 days, and prolong survival in the G93A SOD1 mice
by a more significant timeframe of 30 days (115). Our lab has
found that TTM preferentially removes copper from zinc-
deficient SOD1 compared to Cu,Zn SOD1 in vitro (unpub-
lished data), providing a potential protective mode of action
in the SOD1 ALS mice.

Overall, these animal studies support an important role
for the redox activity of copper in the disease pathology of
ALS. Even though these copper chelators did not show a sig-
nificant protective effect, chelation therapy may still be a
promising therapeutic strategy for the treatment of ALS. The
efficacy of a copper chelator as a potential treatment for ALS
could be greatly improved if optimized to specifically inacti-
vate zinc-deficient SOD1, and it is relatively simple to adapt
zinc-deficient SOD1 as a target for high throughput screening
for therapeutic chelators.

Summary

Ultimately unraveling the disease mechanism of familial
ALS with the aid of animal models could also illuminate the
mechanism behind the progression of sporadic ALS. The zinc-
deficient SOD1 theory provides a link between familial and
sporadic ALS, explains how over a hundred different muta-
tions could have the same common action, and why people can
express the mutant protein for up to 80 years before developing
the disease. The theory proposes that the mutations to SOD1
do not directly confer the toxic gain-of-function but rather in-
creases the susceptibility to lose zinc and the zinc-deficient
SODI1 is responsible for the death of motor neurons. Wild-type
SOD1 could participate in sporadic ALS if it becomes zinc-
deficient. The difference in affinities for zinc between the wild
type and many ALS mutant SOD1s varies by only 5-50 fold
(29). An important prediction of the zinc-deficient SOD1
hypothesis is that therapeutic approaches developed against
zinc-deficient mutant SOD1 could be at least as beneficial to
sporadic ALS patients without SOD1 mutations.
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