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Mutations in copper, zinc superoxide dismutase (SOD) have been implicated in 
the selective death of motor neurons in  2 percent of amyotrophic lateral 
sclerosis (ALS) patients. The loss of zinc from either wild-type or ALS-mutant 
SODs was sufficient t o  induce apoptosis in  cultured motor neurons. Toxicity 
required that copper be bound t o  SOD and depended on endogenous production 
of nitric oxide. When replete wi th  zinc, neither ALS-mutant nor wild-type 
copper, zinc SODs were toxic, and both protected motor neurons from trophic 
factor withdrawal. Thus, zinc-deficient SOD may participate in both sporadic 
and familial ALS by an oxidative mechanism involving nitric oxide. 

Only 2% of ALS patients cany 1 of 60 different mouse experiments establish that ALS muta- 
dominant mutations in Cu,Zn SOD, raising tions increase a toxic gain-of-function of the 
questions about how SOD might be involved in protein that kills motor neurons (2) .  SOD is 
the majority of sporadic ALS patients express- the major defense against superoxide (0,'-), 
ing only wild-type (WT) SOD (1). Transgenic but WT SOD does not protect against the 

toxicity of ALS-SOD in mice or humans (I,  
3). Curiouslv. ALS-SODS can scavenge su- , , 

'Departments of Anesthesiology, 2Biochemistry and peroxide as efficiently as WT 
Molecular Genetics, 3Neurobiology, and 4Pharmacol- 
ogy and Toxicology and the Ten te r  for Free Radical they contain their of Cu and 
Biology, University of Alabama at Birmingham, Bir- Zn ( 4 ) .  However, the mutations destabilize 
mingham, AL 35233, USA. 'Seccibn Neurociencias, the SOD urotein. which indirectlv decreases 
~acu l tad de Ciencias, Universidad de la RepQblica, zn affini& by 5: to 50-fold with 
Division Neurobiologia Celular y Molecular, lnstituto 
de lnvestieaciones Bioloeicas Clemente Estable. Mon- WT SOD (5, 6). Mutations such as A4V 
tevideo, f i b 0 0  urugua; (substitution of alanine at position 4 by va- 

*These authors contributed equally to this paper, line), which cause disease progression, 
?To whom correspondence should be addressed. E- yield SODS with the weakest affinity for Zn. 
mail: joe.beckman@ccc.uab.edu Because Zn deficiency diminishes superoxide 

scavenging and increases tyrosine nitration 
by SOD ( 6 ) ,  we examined how the altered 
redox properties of Zn-deficient SOD could 
be toxic to cultured motor neurons. 

Loss of Zn visibly changed SOD from a 
"green" to a "blue" protein by altering the 
coordination of Cu through a shared histidine 
ligand (Fig. 1A). Reduction of the Cu to Cut 
makes both forms of SOD colorless. The al- 
tered Cu coordination made Zn-deficient SOD 
a more efficient oxidant, able to oxidize ascor- 
bate 3000-fold faster than Cu,Zn SOD, irre- 
spective of whether the protein was WT or 
canied an ALS mutation (Fig. 1B). Other cel- 
lular reductants such as urate, glutathione, and 
cysteine could also reduce Zn-deficient SOD, 
but more slowly than ascorbate. Because such 
reduced SOD is slowly reoxidized by oxygen 
(7) ,  Zn-deficient SOD can generate superoxide 
at the expense of cellular antioxidants. Cells 
still contain high concentrations of Cu,Zn SOD 
(4, which will quickly recapture superoxide 
leaking from reduced Zn-deficient SOD. How- 
ever, nitric oxide (NO) can effectively compete 
with SOD for superoxide to produce the strong 
oxidant peroxynitrite (ONOO-) (9). Peroxyni- 
trite formation was assayed with the indicator 
dichlorodihydrofluorescein (DCDHF), which is 
oxidized by peroxynitrite but not by NO, super- 
oxide, or hydrogen peroxide (H202) (10). 
Ascorbate plus Zn-deficient SOD oxidized 
DCDHF only in the presence of NO and under 
aerobic conditions (Fig. 1C). Adding a 1.5-fold 
excess of Zn to Zn-deficient SOD prevented 
DCDHF oxidation, showing that the Zn-defi- 
cient SOD can rapidly bind Zn to behave like 
Cu,Zn SOD in vitro. Oxidation of DCDHF did 
not involve H20, because catalase had no ef- 
fect and addition of 20 p,M H202 to Zn-defi- 
cient SOD did not oxidize DCDHF. 

Importantly, WT Cu,Zn SOD did not pre- 
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vent DCDHF oxidation when added together 
with Zn-deficient SOD (Fig. 1C). Because NO 
reacts at diffusion-controlled rates with other 
radicals, it may combine with superoxide pro- 
duced in or near the active site to form per- 
oxynitrite during the reoxidation of Zn-defi- 
cient SOD by oxygen. 

SOD-Cu+ + O2 + SOD-Cu2+...00'- + NO + 

SOD-CU~+.-OONO- t, SOD-cu2+ + ONOO- 
A similar peroxynitrite intermediate has re- 
cently been observed during the rapid reac- 
tion of NO with oxygen bound to ferrous iron 
in oxy-myoglobin (11). Large excesses of 
Cu,Zn SOD would not affect peroxynitrite 

0 1 0 2 0 3 0 4 0 5 0 8 0  
Time (s) 

Tlme (min) 
Fig. 1. (A) Wild-type Cu,Zn SOD and ALS mutant 
A& C U , ~  SOD- (50 mgtml) is green, whereas 
Zndefident A4V SOD is blue. Zn-deficient WT 
SOD also has the same blue spectrum. (B) Reduc- 
tion of Zn-deficient A4V SOD (blue line) and 
Cu,Zn A4V SOD (green line) was monitored at 
680 nm upon mixing with 1.5 mM ascorbate in a 
stopped flow spectrometer. Rates of reduction for 
Zn-deficient WT and A4V SODS were 900 and 
1200 M-' s-l, respectively. The equivalent Cu,Zn 
SODS were reduced at rates of 0.28 and 0.43 M-' 
s-'. (C) Oxidation of DCDHF by Zn-deficient 
SOD plus NO. Each reaction contained 10 pM 
SOD, 5 pM ascorbate, 100 pM DETA-NONOate, 
and 100 pM DCDHF. DETA-NONOate generated 
0.25 pM steady-state NO under these conditions. 
Rates were corrected for baaround oxidation of 
DCDHF by DETA-NONOate. Addition of Zn (40 
pM) reduced the oxidation of DCDHF to that of 
WT SOD. Addition of 10 pM WT Cu,Zn SOD did 
not appreciably slow DCDHF oxidation by 10 pM 
WT, Zn-deficient SOD. 

formation by this mechanism because super- 
oxide may not be released as a free interme- 
diate. These results offer one explanation for 
how sixfold overexpression of WT SOD fails 
to slow disease progression in ALS-SOD 
transgenic mice (3). 

To determine whether the aberrant redox 
activity of Zndeficient SOD could contribute to 
the toxic gain-of-function of SOD, we used 
liposomes to deliver Cu,Zn and Zndeficient 
SOD to cultured motor neurons (Fig. 2). When 
replete with both metals, neither WT nor ALS- 
mutant Cu,Zn SODs were toxic and both sub- 
stantially protected motor neurons deprived of 
trophic support from apoptosis (Fig. 2, A and 
B). When WT or four different ALS-SODS 
were made Zn-deficient, all initiated apoptosis 
in motor neurons cultured with brain-derived 
neurotrophic factor (BDNF) (Fig. 2C). Zn- 
deficient SODs did not increase apoptosis of 
motor neurons cultured without BDNF (Fig. 
2D). Codelivery of WT Cu,Zn SOD with 
Zn-deficient SOD also did not protect cul- 
tured motor neurons. 

Wild-type, Zn-deficient SOD was toxic to 
motor neurons despite its ability to rapidly re- 
bind Zn in vitro (Fig. lC), suggesting that in- 

corporation of Zn into SOD can be limiting in 
motor neurons. In our culture conditions, the 
media contained about 1 pM Zn, which is 
higher than the extracellular Zn concentrations 
normally found in brain (12). Higher concen- 
trations of Zn are toxic to neurons and may 
limit attempts to treat ALS with Zn supplemen- 
tation (12). 

Liposomal delivery of SOD apoprotein 
depleted of Cu and Zn did not affect motor 
neuron survival (Fig. 3A). Neither free Cu 
nor albumin-bound Cu delivered in liposomes 
was toxic to motor neurons (Fig. 3A). Two 
specific Cu+ chelators also protected motor 
neurons from Zn-deficient SOD (Fig. 3B), 
which was consistent with their ability to 
remove Cu from reduced Zn-deficient SOD 
in vitro, but not from Cu,Zn SOD (13). Thus, 
Cu associated with Zn-deficient SOD was 
necessary to induce apoptosis in motor neu- 
rons, and toxicity was not due to the SOD 
protein itself. 

Endogenous NO produced by motor neurons 
contributed to Zndeficient, SOD-induced apo- 
ptosis. Nitric oxide synthase (NOS) inhibitors 
protected against Zn-deficient, SOD-induced 
death, whereas maintaining physiological 

Empty Cu,Zn W. ,,- Zn(-) G93C Zn(-) D124N + + 
Fig. 2 Effects of Zn-deficient (blue) and Cu,Zn (green) WT and ALS-mutant SODs on motor neuron 
survival after 1 (dark shade) and 4 days (light shade). (A and D) Comparison of motor neuron survival 
after BDNF withdrawal, but after treatment, respectively, with Cu,Zn SOD or Zn-deficient SOD liposomes 
(18). (B and C) Comparison of motor neuron survival after culture with BDNF and treatment with either 
Cu,Zn SOD or Zn-deficient SOD liposomes. Values are the mean + SD of at least two independent 
experiments performed in duplicate. Results from two ALS-SODs C93C and U8V are shown. Equivalent 
results were obtained with the Zn-deficient SOD mutants A4V, IlllT, and D124N. All of the metal- 
replete Cu,Zn SODS had 100 + 5% Cu and Zn, whereas Zn-deficient WT SOD had 102 + 10% Cu and 
9 + 7% Zn, C93C had 85 2 12% Cu and 17 2 10% Zn, and U8V had 91 + 10% Cu and 10 + 10% 
Zn. (E) lntracellular incorporation of biotin-labeled SODS delivered with liposomes (19). 
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Fig. 3. (A) Motor neuron 
survival after treatment 
with either apoSOD (Cu 
<0.1%, Zn <0.1%), 50 
FM Cu citrate, or Cu 
complexed with BSA en- 
trapped in liposomes. (8) 
Treatment with Zn-defi- 
cient D124N SOD (20) 
(104% Cu and 6% Zn) in- 
duced motor neuron death. 
Cell death was prevented 
bv the cuorous chelators 
bithocuprione (50 FM) and neocuprione (5 FM). Cell death was also prevented by 100 FM 
L-N-methylarginine (L-N MA) or 100 FM L-nitroarginine methyl ester (L-NAME). Addition of 20 FM 
DETA-NONOate reversed the protection by NOS inhibition. MnTBAP (100 FM) prevented cell 
death by Zn-deficient SOD. Values are the mean 2 SD from three independent experiments 
performed in  duplicate. 

treated with Zndeficient SOD in liposomes 

I 
induced neuronal NOS and accumulated nitro- 
tyrosine (Fig. 4). Both MnTBAP and NOS 
inhibition prevented the accumulation of nitro- 
tyrosine as previously observed in motor neu- 
rons deprived of trophic factors (IS). These 
results support a role for peroxynitrite formation 
in the induction of motor neuron apoptosis by 
Zn-deficient SOD. Nitrotyrosine has also been 
found in ALS-SOD transgenic mice as well as 
in sporadic and familial ALS patients (16). 

In summary, failure to incorporate Zn into 
SOD can be sufficient to induce motor neuron 
death in culture by an oxidative mechanism 
involving NO. Whereas SOD mutants can gen- 
erally llfill the protective functions of SOD 
when replete with Zn, they may increase the 
risk of ALS because of their weaker affinitv for 

Fig. 4. Induction of neuronal NOS [A to  C) and 
accumulation of nitrotyrosine (D to  I) in motor 
neurons cultured with BDNF after treatment with 
liposomes containing different types of SOD. Li- 
posomes contained (A and D) Cu,Zn WT SOD, (B 
and E) Zn-deficient WT SOD, (C) empty lipo- 
somes, (F) Zn-deficient WT SOD (plus 100 p,M 
L-NAME added to  the medium), (C and H) Cu,Zn 
and Zn-deficient L38V SOD, respectively, and (I) 
Zn-deficient D124N SOD. Nuclei were stained 
with DAPl (4',6'-diamidino-2-phenylindole) in all 
sections (blue), whereas neuronal NOS and nitro- 
tyrosine were stained with fluorescein- (green) 
and Cy3- (red) labeled secondary antibodies, re- 
spectively. lmmunofluorescence staining was per- 
formed as described (75). Dilutions of polydonal 
antibodies were 1:400 for neuronal NOS and 
1:500 for nitrotyrosine (27). Images were cap- 
tured electronically under identical conditions. 

concentrations of NO ( e l 0 0  nM) with an 
extracellular NO donor overcame this protec- 
tion (Fig. 3B). Exogenous NO did not alter 
survival of motor neurons treated with Cu,Zn 
SOD liposomes. The superoxide and peroxy- 
nitrite scavenger, h4nTBAP [rnanganeseOII) 
5,10,15,20-tetrakis) (4-bemic acid)posphycin] 
(14) also prevented apoptosis induced by Zn- 
deficient SOD. Trophic factor-deprived motor 
neurons induce neuronal NOS expression and 
increase accumulation of nitrotyrosine, a foot- 
print left by peroxynitrite (15). Motor neurons 

Zn. Wild-type SOD could become toxic insPo- 
radic ALS if either Zn uptake is disrupted or if 
a Zn chelator accumulates in motor neurons. 
One candidate Zn chelator is the structural pro- 
tein, neurofilament L, which effectively com- 
petes with SOD for Zn in vitro and accumulates 
early in degenerating motor neurons (6). Dele- 
tion of the neurofilarnent L gene in mice pro- 
foundly delays paralysis in ALS-SOD mice 
(17). Our results suggest that inactivation of 
Zn-deficient SOD by Cu chelators may be ther- 
apeutic and offer the possibility that specific 
antioxidants such as h4nTBAP could be bene- 
ficial in both familial and sporadic ALS. Com- 
mon antioxidants such as ascorbate may not be 
effective because they can promote oxidant 
generation by Zn-deficient SOD. 
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