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1. INTRODUCTION

The evolution of photosynthesis on earth infused the atmosphere with
increasing amounts of O,. Beginning around 550 million years ago,
sufficient O, was generated to change the nature of the atmosphere
from reducing to oxidizing and thus to change the nature of life itself
(1]. Indeed, this change may have fueled the evolutionary explosion that
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characterized the Cambrian era. Most of the organisms that survived
the transition and adapted to (indeed, thrived on) an oxidizing atmo-
sphere such as we have today were those that “learned” how to use
reduction of dioxygen to water (O, + 4e~ + 4H* — 2H,0) to produce
energy in a form that could be stored. However, like most good things,
oxygen utilization has its down side: partially reduced species derived
from dioxygen can be highly reactive and toxic. So, concurrent with the
use of O,, organisms evolved mechanisms to protect themselves from
the byproducts of oxygen utilization.

Earthly aerobic life forms have evolved several systems that work
together to defend against the deleterious side effects of oxygen metabo-
lism. These systems include (1) enzymes that react directly with the
intermediate reduction products to remove them, (2) systems that shel-
ter redox active metal ions from reactions with cellular components,
(3) small antioxidant molecules that intercept radicals, and (4) elabo-
rate repair and degradation systems that identify and repair or recycle
damaged macromolecular components.

This chapter focuses on the first type of system, in fact on a single
enzyme —the antioxidant enzyme copper-zinc superoxide dismutase
(CuZnSOD). Superoxide dismutases (SODs) use metal ions to catalyze
the disproportionation of O; (superoxide) via reactions (1) and (2).

0; + M** — O, + M(n-D+ @)
0; + M-b+ + 2H+ — H,0, + M~* 2

SODs constitute part of the primary line of defense against what
are known as reactive oxygen species (ROS) such as superoxide ( 0O;, the
one-electron reduction product of dioxygen), hydrogen peroxide (H,0,,
the two-electron reduction product of dioxygen), and hydroxyl radical
(*OH, resulting from one-electron reduction of hydrogen peroxide fol-
lowed by O-O bond cleavage to yield *OH and OH-). Sometimes other
reactive compounds derived from these three are also included under
the label ROS, such as peroxynitrite (ONOO-) and lipid hydroperox-
ides. SODs, together with catalases and peroxidases (which catalyze
removal of H,0,), severely limit production of all these products by
removing O; and H,0,.

Erythrocuprein, isolated from bovine blood, was found to possess
SOD activity in 1969 and was therefore renamed CuZnSOD [2]. Since
that time many superoxide dismutases have been isolated, and some
form of SOD has been found in every aerobic and aerotolerant organism.
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There are two major forms of CuZnSOD: the dimeric intracellular
form present in abundant quantities in the cytosol and nucleus of
almost all eukaryotic organisms, and a higher molecular weight, tetra-
meric, extracellular homolog of much lower abundance (ECSOD) [3].
The glycosylated ECSOD is located in the interstitial spaces of tissue as
well as plasma and is bound mostly to heparin sulfate proteoglycans. To
date all eukaryotes have been found to contain cytosolic CuZnSOD,
with the notable exception of some marine arthropods which seem to
have replaced it with a cytosolic manganese SOD [4].

Plants contain cytosolic and chloroplast-specific (plastidic) Cu-
ZnSODs and usually contain multiple isozymes [5]. Several reports
have demonstrated a peroxisomal localization for CuZnSODs as well.
Sunflower cotyledons provide an interesting curiosity in that they do
not seem to have a mitochondrial MnSOD but instead have CuZnSOD
localized to this compartment [6].

Procaryotic homologs of CuZnSOD have also been found in the
periplasm of many bacteria, indicating a remarkable degree of conser-
vation of this enzyme throughout evolution [7]. There have even been
published reports of viral CuZnSOD genes, supporting the hypothesis
that this gene is critical for aerobic life [8].

Another, evolutionarily unrelated, family of SODs uses man-
ganese or iron as the metal cofactor (MnSOD and FeSOD). MnSOD is
found as a tetramer in the matrix of mitochondria, and both MnSOD
and FeSOD (dimeric or tetrameric) are widely distributed in pro-
karyotes. These SODs are also well studied, both biologically and physi-
cally, but the details are beyond the scope of this chapter (for access to
this literature, see [9-13]). Another, more recently discovered SOD
family uses nickel as the catalytic metal ion (NiSOD) [14-16].

It can be truthfully stated that CuZnSOD is one of the most thor-
oughly characterized proteins in the scientific literature, and thou-
sands of research articles describe properties ranging from physical
characterization to biological activity. Any chapter reviewing CuZnSOD
must therefore of necessity be selective in its coverage, and in this
review we have chosen to present an overview of the biophysical proper-
ties of CuZnSOD followed by a review of some of the more recent
biological results, particularly those relating to biological function, in-
cluding a discussion of the role of this enzyme in the human neuro-
degenerative disease amyotrophic lateral sclerosis (ALS). In the sec-
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tions addressing the biological function of CuZnSOD, we have some-
what broadened the scope to include other SODs, particularly the
MnSOD, since the SODs are closely linked by a common function.

A large number of excellent reviews of various aspects of SOD
structure and function have been published over the years, to which the
reader is referred for more comprehensive coverage. For biophysical
characterization, see [17-23]. For discussion of SOD mechanisms, see
[24]. For more information on basic biological function, see [25-29]; for
SOD in yeast, see [30,31]; for a review of recent developments in biolog-
ical damage due to reactive oxygen species, see [32]; for ALS and the
role of SOD, see [33,34] and Sec. 5 of this chapter.

2. BIOPHYSICAL PROPERTIES OF WILD-TYPE
SUPEROXIDE DISMUTASE

A wealth of knowledge regarding structure-function relationships in
CuZnSO0D lies buried in stacks of journals dating back to the original
isolation of erythrocuprein in 1939 [35]. Yet, as researchers periodically
discover, the textbooks must be rewritten and dogma put to the test.
The recent discovery that mutations in CuZnSOD cause familial amyo-
trophic lateral sclerosis (FALS) [36,37] has revitalized research routes
down what was previously thought by many to be a too-well-trodden
path. At first glance it seems reasonable that mutations in CuZnSOD
might be disease causing, based on knowledge of its function in protect-
ing against damage in vivo by ROS. But this initial conclusion must be
reconsidered when it is confronted by the evidence that the ALS phe-
notype is due to a gain of function rather than a loss of SOD activity
[33,38-40]. This new evidence has become the impetus to explore ave-
nues of fundamental research on CuZnSOD that were not pursued
before in order to fill in the chemical details and provide an explanation
for the disease causing properties.

2.1. Protein Structure

While ECSOD is tetrameric [41] and the periplasmic CuZnSOD from
Escherichia coli is monomeric [42], cytoplasmic CuZnSOD is invariably
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a dimer of identical subunits. (The only exception reported to date is
the monomeric isozyme IV from Oryzae sativa (rice) [43].) Each subunit
of cytoplasmic CuZnSOD is approximately 16 kD, contains around 150
amino acid residues, and binds one zinc ion and one catalytic copper ion
[22]. We will use the amino acid numbering for the human CuZnSOD,
which has 153 amino acids, throughout this chapter (see Fig. 1 for an
alignment of human, bovine, and yeast CuZnSOD sequences).

The overall tertiary fold is an immunoglobulin-like B barrel, con-
sisting of eight antiparallel B sheets with a conserved disulfide bond
[44,45]. The dimer is held together by hydrophobic contacts that cover
approximately 50 A2 [45]. High-resolution crystal structures are avail-
able for the human [46,47], yeast [48-51], bovine [45,52-58], frog
[56,59,60], and spinach [61] enzymes. They demonstrate the conserva-
tion of protein fold as well as amino acid sequence [62,63]. The wealth
of crystallographic data has been recently reviewed by Bertini et al. [17]
and the structure of the human wild type CuZnSOD dimer is shown in

Fig. 2.
2.2. Nature of the Dimer Interaction

While the intersubunit contacts are quite strong, there is evidence that,
at least in vitro, the subunits can be separated. The bovine, yeast, and
swordfish enzymes were shown to be monomerized in 8 M urea [64,65],
and the wheat germ subunits were reported to dissociate in sodium
dodecyl sulfate (SDS) [66,67]. Dissociation was proposed to be depen-
dent on the metallation state of the protein [68,69], although these
results were later questioned [70]. It has also been reported that simple
dilution is enough to significantly effect the monomer/dimer equilib-
rium [71]. Guanidinium hydrochloride [72,73] and SDS also influence
the monomer/dimer equilibrium, as do succinylation [74], point muta-
tions at sites not in the dimer interface [75], and temperature [71].
Introduction of charged residues into the hydrophobic interface using
site-directed mutagenesis [76—79] was found to be sufficient to prevent
dimerization of the subunits of CuZnSOD, but the monomeric mutant
enzyme was found to have very low SOD activity.

Related to the monomer/dimer equilibrium is the phenomenon of
intersubunit communication or cooperativity, which is supported by
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several lines of evidence, at least in the case of the bovine, yeast, and
human enzymes. Studies using nuclear magnetic resonance (NMR)
(80], differential scanning colorimetry (DSC) [81], pulse radiolysis [82],
and metal titration [83—-85] suggested that the two subunits communi-
cated with each other and that structural changes in one subunit could
affect the conformation of the other subunit.

Computational studies have predicted that an inherent subunit
asymmetry should exist in dimeric CuZnSOD [86,87]. This theoretical
prediction is challenged by the published crystal structures, which
show equivalent subunits for all species. However, it is now believed
that the yeast enzyme possesses significant asymmetry when stripped
of its metals [88,89], and one human FALS-causing mutant was shown
both in solution and in the crystalline state to exhibit significant differ-
ences between the subunits [90].

The teleological reason that CuZnSOD forms a dimer is still a
matter of debate. The fact that the monomer prepared by site-directed
mutagenesis is not SOD-active may indicate that dimer contact is cru-
cial for proper formation of the active site. However, the E. coli enzyme
is monomeric and active [91,92]. One recent publication regarding the
structure and stability of E. coli CuZnSOD suggests that the B-barrel
fold is enough to stabilize the structure of CuZnSOD, but the additional
stability toward heat and pH denaturation is conferred by dimerization
[93]. It is also possible that the CuZnSOD protects its amino and car-
boxy termini from proteolysis by burying them in the dimer interface.

The importance of dimerization in generating the final electro-
static field that attracts superoxide to the active site is also unknown.
Dimerization may maximize the positive surface of the protein, ensur-

FIG. 2. Three dimensional structure of the human wild-type CuZnSOD. Note
that the basic fold is an 8-stranded B barrel. B strands are indicated by broad
arrows and loops by ropes. The lighter sphere is the zinc ion; the darker one is
the copper ion. The view we have chosen shows that the copper ion is located
deeper in the protein and that the zinc ion is more peripherally located. How-
ever, the copper ion has one coordination site accessible to small anions through
the narrow active site channel while the zinc ion has no open coordination sites.
It serves to stabilize the neighboring loop structure. The disulfide bond, which
also serves to stabilize a loop, is shown in black.
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ing optimal collisions with its negative substrate. That the monomeric
point mutant is inactive despite an apparently identical structure (de-
termined by NMR) supports the last idea [78], but the existence of a
fully active monomeric protein from E. coli tends to refute it [42].
Overall, CuZnSOD is a remarkably stable protein. The melting
temperature, as gauged by DSC, can be as high as 100°C, in the case of
the bovine enzyme, and the protein is denatured by neither 8 M urea
nor 1% SDS [94]. Recombinant human CuZnSOD is not proteolytically
degraded by trypsin, aminopeptidase M, or serum [95]. The structural
attributes that result in this unusual stability are unknown.

2.3. Structural Heterogeneity

It has been known for some time that CuZnSOD from a variety of
sources produces a pattern of multiple bands on nondenaturing poly-
acrylamide gels [96,97]. Little is known about the nature of these elec-
tromorphs, but there are many theories as to their origins. In some
instances, further purification of some of these individual bands, fol-
lowed by another round of electrophoresis, yielded the same pattern of
multiple bands, leading to the suggestion that the band contained forms
capable of equilibrating with each other [98,99].

An early suggestion of labile sulfur bound to CuZnSOD was pro-
posed because some preparations of CuZnSOD displayed a 320-nm UV
band indicative of thiolate charge transfer [100]. Another thought was
that the different forms represented covalently modified derivatives of
the enzyme, perhaps the products of oxidative modification or glycation
[101-107]. Such conclusions were based on observations of the in-
creased heterogeneity when CuZnSOD was exposed to conditions that
increase such phenomena. It is also possible that the multiple bands
represent different metallation states of the protein, i.e., apo- versus
holo-protein [85,108,109]. However, other evidence suggests that they
are the result of folding isomers of the enzyme [98,99]. The discrepancy
between total and electron paramagnetic resonance (EPR)-detectable
copper [110,111] and the presence of conformational sub-states detected
using EPR [112] support this last theory. Based on the large amount of
evidence of heterogeneity, it seems possible that CuZnSOD has sev-
eral quasi-stable structures, each differing from the others minutely.
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2.4. Cysteines

The disulfide bond, which is conserved in all eukaryotic CuZnSODs,
links Cys57 and Cys146 (see Figs. 1 and 2). The mammalian CuZnSODs
contain a third cysteine, Cys6, that is buried in the dimer interface,
while the human protein possesses yet another cysteine, Cyslll, that
is exposed on the surface of the protein [62,63]. The buried Cys6 in the
human and bovine proteins has been mutagenized to an alanine in
order to create a more thermostable enzyme. The human enzyme is also
stabilized by mutagenesis of the surface Cyslll to serine [57,113,114].

The fact that CuZnSOD possesses a disulfide bond is interesting in
itself [115]. Such bonds stabilize protein structures, and they are com-
mon in secreted proteins but are not commonly found in intracellular
proteins. One possible explanation is that it plays a role in the folding
pathway of CuZnSOD.

The role of the other cysteines in the CuZnSOD sequence is
equally intriguing. While free, nondisulfide cysteines are common as
ligands in metalloproteins, there is no evidence to support the notion
that they function in this capacity in CuZnSOD. Also of questionable
relevance is the fact that some proteins contain redox-active thiol
groups that have catalytic functions. Surface-exposed thiols have even
been proposed to possess a novel function —the reversible binding of
nitric oxide [116]. Since human CuZnSOD possesses both a buried and
an exposed thiol, it will be interesting to see whether new discoveries
will be made about their functions.

2.5. Metal Binding Sites

The Zn?* ion occupies a tetrahedral binding site in a loop consisting of
residues 63—83 (human CuZnSOD numbering). Zinc is ligated to three
nitrogens from histidyl imidazole rings (His63, His71, His80) and one
carboxylic oxygen from aspartate (Asp83) (Fig. 3). In the oxidized form
of the enzyme, His63 forms an imidazolate bridge to the bound Cu2*
ion, which is tetragonally ligated to four histidines (His46, His48,
His63, His120). In addition to the direct imidazolate bridge between the
Cu?* and Zn2* ions, there is a bridge formed by hydrogen bonds that
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FIG.3. The active site region of CuZnSOD. Note the direct connection between
the two metal ions through the imidazolate bridge formed by His63, as well as
an indirect connection via the secondary bridge formed by Asp124 which con-
nects two histidine ligands, one for the zinc and one for the copper ion. The
water coordinated to the copper ion is replaced by superoxide anion during
catalysis. Hydrogen bonds are indicated by dotted lines, and connections to the
protein backbone by squiggles. See text for more discussion.

links the two metal binding sites. This hydrogen bonding network
connects His71 of the zinc site with His46 of the copper site via the
carboxylate group on Aspl24 [45]. This secondary bridge seems to be
more vital to the integrity of the zine binding site because site-directed
mutants modified at position 124 are zinc-deficient but copper-replete
[117]. In solution and in one reported crystal structure, reduction of
Cu?* to Cu* results in breakage of the imidazolate bridge (51,118-123]
with the Cu* ion moving away from His63 [51].

The zinc in wild-type CuZnSOD can be replaced by Co?* with
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neither loss in activity [124—126] nor significant perturbation of the pro-
tein structure [55]. It can similarly be replaced, with retention of some
or all SOD activity, by Cd2+ [127], Cu2* [128], Hg2* [129], Ni2+ [130], and
VO2+ [131], providing a wealth of structural probes for the zinc site. The
copper can be replaced with Co2* [132], Zn2+ [80], Cd2+ [133], Ni2* [134],
or Ag+ [135], although none of these copper-substituted CuZnSOD de-
rivatives is SOD-active.

2.6. In Vivo Metallation State

CuZnSOD isolated from yeast exposed to nontoxic levels of Ag* has
been found to contain silver, indicating that the metallation state of
CuZnSOD can be altered in vivo [136]. Other studies in yeast demon-
strated that CuZnSOD can buffer toxic levels of copper [137] and that
the copper-binding protein, metallothionein, can functionally substi-
tute for CuZnSOD [138]. Many studies on dietary copper and zinc defi-
ciency in whole organisms have shown significant alterations in the
SOD activity of intracellular CuZnSOD [129,139-142]. But the question
has always remained whether this effect is due to alterations in metal-
lation states as opposed to CuZnSOD protein levels.

Several studies have concluded that CuZnSOD exists in vivo as
both a metallated pool and a metal-deficient pool. In the yeast Sac-
charomyces cerevisiae grown under anaerobic conditions, it was shown
that a significant portion of the CuZnSOD is inactive and that it can be
reactivated by the addition of copper ions to cell extracts [143]. Similar
experiments in human K562 cells led to the conclusion that the same is
true in this mammalian system if the cells are undifferentiated [144,
145]. More compelling data were provided by a group studying human
lymphoblasts who showed that 84Cu incorporation into an apoprotein
pool of CuZnSOD could be achieved by addition of the copper isotope to
intact cells and that this incorporation was accompanied by an increase
in SOD activity [146]. Similar results were obtained in the presence of
cycloheximide, demonstrating that it was not de novo synthesis that
accounted for the increased copper binding and SOD activity. A sepa-
rate study of CuZnSOD isolation under conditions of copper deficiency
led to the conclusion that the isolated protein was both copper- and
zinc-deficient, suggesting that metal ions may be inserted into the
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apoprotein in a cooperative fashion. It was also observed in the same
study that the SOD activity in lysates from copper-deficient cells was
very low [108].

This line of research has recently gained momentum due to the
discovery of copper chaperones that play an important role in facilitat-
ing proper metal ion insertion into CuZnSOD apoprotein within yeast
and human cells. In the case of S. cerevisiae, the relevant gene is LYS7
and its human homolog is ccs1 (Copper Chaperone for SOD) [147]. Lys7
and CCS are multidomain proteins with one domain that is homologous
to the CuZnSOD monomer. It seems likely that this domain recognizes
apoCuZnSOD and, perhaps, like a classic protein chaperone [148], mod-
ifies the protein structure to make it more amenable to metal binding.

3. ENZYMATIC ACTIVITY
3.1. Redox Reactivity

CuZnSOD is remarkably specific with respect to its reactivity, and the
rates of reaction of both the oxidized, cupric form and the reduced,
cuprous form with O; appear to have been optimized, with rate con-
stants for both approaching the diffusion limits [149]; see reactions (3)
and (5). At the same time, rates of reactions with other potential sub-
strates such as H,0, [150,151], NADH, and ascorbate [152] appear to
have been minimized.

CuZnSOD activity is high and nearly constant over a wide pH
range (pH = 5-9). Removal of Zn?* makes the enzyme markedly pH-
dependent although it does not alter the maximal activity [153]. The
zinc-deficient enzyme also reacts more readily with peroxynitrite than
does the native enzyme [154]. These data demand a rethinking of the
role of zinc in this protein, because it is clearly not only a structural ion
that confers stability but also a regulatory ion that modulates the
reactivity of copper in the enzyme. Ironically, the belated awareness of
this role for zinc is in keeping with the fact that zinc was not even
known to be a cofactor in CuZnSOD until 31 years after the protein’s
initial isolation [35,155].

The products of the SOD reaction, O,, and H,0,, can also react
with CuZnSOD, although the reactions are much slower than the reac-
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tions of the enzyme with O;. Thus O, reacts slowly with reduced, cu-
prous CuZnSOD forming the oxidized, cupric enzyme and superoxide;
see reactions (3) and (4) [156].

E-Cu?* + 0; — E-Cu* +0, k=2x10°M-1s1 (3)

E-Cu* + O — E-Cu?* + O; %k =15M"1s"1[156] (4)

Hydrogen peroxide can function both as a reductant and as an
oxidant of CuZnSOD. The oxidized enzyme is reduced by the addition of
H,0, [157,158], and the resulting reduced CuZnSOD can then react
further with H,0,, albeit slowly, to form hydroxyl radical or a hydroxyl-
like species [159,160] that is capable of hydroxylating substrates and
of irreversibly inactivating the enzyme [161] by oxidizing a single histi-
dyl residue [162]; see reactions (5)-(7).
E-Cu* + O; + 2H* — E-Cu?* + H,0, k=2x109M-1s"! (5)
E-Cu?* + H)0, — E-Cu* + O; + 2H* £k = 0.56 M~1s~![158] (6)
E-Cu* + HO; + H* — E-Cu?* + OH- + *OH

7
k=26 x103 M-1s~1[160] 7

CuZnSOD also reacts with peroxynitrite resulting in nitrosylation
of tyrosine residues [163,164]. As stated above, this activity can be
increased by the removal of zinc from the protein.

E-Cu?* + OONO~ + H* — E-Cu?*(OH") + NOj (8)

Hydrosulfide anion, HS- [165,166], is oxidized by CuZnSOD pro-
ducing hydrosulfide radical (HS*). HS* can then recombine with an-
other HS* or with HS~ to form elemental sulfur (S°) or polysulfide anion
(S27). The oxidized enzyme is then regenerated by reaction with O,
[165,166]. Reactions of CuZnSOD with NO to give NO~ have also been
reported [167]; see reactions (9)-(11).

E-Cu?* + HS- — E-Cu* + HS* (9)
E-Cu* + NO — E-Cu2* + NO- (10)

3.2. Dismutase Mechanism

CuZnSOD scavenges superoxide anion in a nearly pH-independent
manner over a wide range of pH. The catalytic rate constant has been
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determined to be 2 x 102 M~1s~1 which is extremely high for an enzyme
and approaches the diffusion-controlled limit. The protein surface sur-
rounding the active site channel is highly positively charged [168,169].
It is this positively charged electrostatic field that is postulated to steer
the superoxide substrate into the active site. Altering the electrostatic
field by covalent modification [170], ionic strength manipulation [171],
or site-directed mutagenesis can diminish [172] and, remarkably, even
enhance [173] the activity of the enzyme. Even the reaction with perox-
ide, which reacts in the form of the HO; anion, is believed to be electro-
statically guided [174].

The superoxide anion is believed to bind to the axial position on
the roughly tetragonal Cu2*, replacing a weakly coordinated water
molecule, forming a hydrogen bond with Argl43. Electron transfer to
the Cu2* ion results in breaking of the imidazolate bridge and release
of dioxygen. Another superoxide then reacts with the trigonal Cu*,

H\O/H O\O
//’h,. "‘\\\\ ,,’h, “‘\\\\
CU2+ CU2+
\lm-Zn \Im-Zn
H.O, i
H,O*
H-0] O
(l) ,,I’,' “\\\\
Y, VN ot
Cu% N H-Im-Zn
v \lm-Zn ‘

FIG. 4. Mechanism of superoxide dismutation by CuZnSOD. “Im” stands for
the bridging imidazolate (His63). See text for more detailed explanations.
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oxidizing it to form Cu?*. The imidazolate bridge between copper and
zinc is reformed and peroxide is released. The details of the timing of
the proton transfers are unknown, but evidence suggests that the role
of the imidazolate bridge (and consequently the zinc ion as well) is to
ensure that the peroxide ligand is only weakly bound in an axial posi-
tion, ensuring rapid release of the peroxide product [175,176] (see Fig.
4). Under normal conditions of low superoxide concentrations, the imid-
azolate bridge between the zinc and copper sites is broken upon reduc-
tion. This step is relatively slow, however, and requires significant
atomic rearrangement; it is not expected to occur in the event of satu-
rating substrate concentrations [122]. In the latter case the imidazolate
bridge is expected to remain intact during catalysis; however, this situ-
ation is unlikely to occur in vivo because CuZnSOD exists in vast excess
of its substrate inside of a normal cell.

4. EVIDENCE CONCERNING BIOLOGICAL FUNCTION
4.1. Historical Background

Almost from the moment that the SOD activity of CuZnSOD was first
announced by McCord and Fridovich in 1969 [2], this enzyme has been
widely recognized as an important antioxidant enzyme, and its high
SOD activity and its ubiquitous presence in aerobic organisms strongly
support this conclusion. Nevertheless, an early controversy in the field
arose from the concerns of some chemists (including one of the present
authors), who were reluctant to assign to superoxide an extremely dele-
terious role in causing generalized damage without knowledge of the
specific chemical reactions that cause superoxide to be toxic in vivo
[177]. Much of this concern arose as detailed information concerning the
chemical reactivity of superoxide accumulated. In particular (1) that
the rate of spontaneous disproportionation of superoxide is fast and it
therefore will not accumulate to high concentrations, even in the ab-
sence of an SOD; (2) that cupric ion itself is an excellent catalyst of
superoxide disproportionation, albeit only at low pH, suggesting the
possibility that the SOD activity of CuZnSOD might be artifactual ;and
(3) that superoxide is usually not capable of fast oxidations of sub-
strates because a proton is needed before it can accept an electron from
a substrate (reaction (11)), and it is not strongly basic in water [24].
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O; + e + HX — HO; + X- (11)

Moreover, the explanation of superoxide toxicity, widely accepted
by some at that time, that it acted as a reductant of redox metal ions
in the Fenton reaction (reactions (12) and (13)) seemed improbable to
others because other reducing agents such as ascorbate could also play
that role and yet were not considered to be highly toxic.

Mr+ + 02— — Mkr-D+ 4 O2 (12)
M®»-D+ + H,0, — M+ + OH- + *OH (13)

Time has provided much experimental evidence to support the
hypothesis originally put forward by the enzymologists that CuZnSOD
is indeed a central antioxidant enzyme. The corollary that superoxide is
an important endogenously generated toxin also is by and large true.
But the chemists were also right: Superoxide does not cause random
damage but reacts with certain vulnerable targets, particularly ex-
posed 4Fe-48 clusters, which are nonetheless extremely important for
survival. Superoxide may also participate in Fenton-type reactions, but
it is likely that the damage here is also site-specific, with hydroxyl
radical, *OH, being generated and reacting in the close vicinity of
metal ions bound more or less specifically to biological molecules [178).
These conclusions are based on much work from many laboratories
working with different organisms, some of which we will review in the
following sections.

Although this chapter focuses primarily on CuZnSOD, it is impor-
tant in any discussion of biological function that the other SODs be
considered as well because they play a vital role in concert with Cu-
ZnSOD in vivo, MnSOD, found in the mitochondria of eukaryotes, will
therefore be covered in some detail in the following section. The pro-
karyotic FeSOD and MnSOD, and the CuZnSOD found in chloroplasts
of plants, will not be thoroughly discussed here, although their impor-
tance to aerobic life is unquestionable.

4.2. Genetic Manipulation of SOD Levels in Whole
Organisms

4.2.1. Knockouts

SOD gene knockouts were made first in bacteria [179,180] and then
in yeast [181-185]. Escherichia coli lacking SOD were found to grow
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slowly in air, to have an air-dependent auxotropy for branched chain
amino acids, and to be very sensitive to redox cycling drugs such as
paraquat or phenazine methosulfate. The phenotype of Saccharomyces
cerevisiae that lack CuZnSOD (sodIA) was found to be similar though
not identical. While the gene is not strictly essential, the strains grow
poorly in air, are extremely sensitive to redox-cycling drugs, have air-
dependent auxotrophies for cysteine or methionine and for lysine, and
will not grow in 100% oxygen. S. cerevisiae lacking the mitochondrial
MnSOD (sod2A), on the other hand, grow normally in air, but are sen-
sitive to redox cycling drugs, will not grow in 100% oxygen, and have
difficulty growing in nonfermentable carbon sources (that require respi-
ration for their utilization). (Yeast are normally grown in medium con-
taining glucose, the substrate for glycolysis, as the carbon source.)

Indicators of oxidative damage tend to increase in older individ-
uals or populations, implying that oxidative damage plays a role in the
aging process, and it has been suggested that it is the main cause of
aging [186]. While this hypothesis remains to be proven, it seems likely
that oxidative damage is one of several (or many) causes of aging. To
study the role of antioxidant proteins in this process, “knockout” mu-
tants and “overexpressors” have been made and characterized in yeast
as well as a few higher organisms. The results from knockout experi-
ments have been clear; the overexpressor experimental results were
less so.

In yeast, a stationary phase model system has been developed in
our laboratory for the purpose of studying oxidative damage associated
with aging. Yeast that run out of food enter stationary phase, a non-
growing state in which they live on stored nutrients, and can survive in
water for weeks to months. Mutants that lack either CuZnSOD or
MnSOD show dramatic decreases in this “chronological life span” and
evidence of oxidative damage to cellular components [187]. CuZnSOD
mutants, for example, show increased rates of nuclear mutation, and
MnSOD mutants show lowered aconitase and succinate dehydrogenase
activities and a precipitous drop in oxygen consumption, particularly as
they enter into stationary phase, indicating damage to mitochondrial
components resulting in decreased energy production [187,188]. Mu-
tants lacking CuZnSOD in Drosophila melanogaster were found to have
a shortened life span, as well as decreased lifetime activity [189].

Recently, transgenic mice lacking CuZnSOD or MnSOD have been
constructed [39,190-192]. Rather surprisingly, the CuZnSOD-minus
mice grew and developed normally. In fact, they were little affected,
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unless injury occurred. Even traditional indicators of oxidative damage
(protein carbonyls, lipid peroxidation, and GSSG/GSH ratio) were un-
affected, at least in brain. Because these investigators were focused on
determining whether lack of CuZnSOD activity could be a cause of the
paralytic disease ALS, they assayed motor neuron function and found
that axonal regrowth following injury was markedly impaired [39].
Another group, working with a different strain of sodI- mice, reported
that the main effect of the removal of active CuZnSOD was a drastic
decrease in female fertility. In sodl —/~ mothers, embryos died shortly
after implantation; in heterozygous (—/+) or wild-type mothers, this
effect was not observed [190], indicating it is a maternal effect.

Mice lacking MnSOD, on the other hand, were severely impaired.
They developed normally in utero but died shortly after birth. Two
groups have constructed such mice. At birth, the mice made by Epstein
and coworkers [191] appeared almost normal, except they were pale,
hypothermic (cooler than normal), and tired easily. However, their con-
dition deteriorated rapidly following birth and they all died within 10
days. At autopsy, enlarged hearts and lipid deposits in muscle and liver
were observed. Mitochondria were ultrastructurally normal, but the
activities of aconitase and succinate dehydrogenase were quite low.
The second group constructed MnSOD knockout mice in a different
strain background and found a somewhat different phenotype [192).
Their mice survived for 3 weeks, and exhibited severe anemia and
neurological symptoms (degeneration of large CNS neurons, weakness,
and circling behavior). At later stages, mitochondrial structural dam-
age was evident. Interestingly, in these mice CuZnSOD levels were
increased by about 25%. Overall, the affected cell types are those with
obligatory requirements for high levels of oxidative metabolism —
cardiac myocytes, neurons, hepatocytes, and hematopoietic cells. When
the mice from the Epstein laboratory were treated with SOD mimics,
the early death was somewhat delayed, and neurological symptoms and
spongiform degeneration of the cortex and specific brain stem nuclei
were observed [193].

Mice lacking ECSOD have also been constructed and the effect
of its absence was mild. Homozygotes developed normally, and no
changes were observed in a wide range of other antioxidant enzymes.
The ECSOD null mutant mice were more sensitive to 99% oxygen,
accumulating lung damage faster and dying sooner than their wild-type
counterparts [194].
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It is interesting to contrast the effects of SOD knockouts in yeast
with those of mammals. MnSOD is apparently much more important
in mice, while the CuZnSOD is more important in yeast. The small
magnitude of the effect of the absence of MnSOD in yeast may be an
artifact of the somewhat artificial conditions in which most lab yeast
are grown — they always have plenty of glucose and other nutrients and
thus do not need to respire, enter stationary phase, or sporulate, all
processes that absolutely require mitochondrial respiration. Neverthe-
less, it is still true that the CuZnSOD is far more important to the
survival of yeast, possibly because each yeast cell in real life could be
directly exposed to the air at any time; while murine cells are mostly
well protected by physical barriers from direct contact with air. Inter-
estingly, when fetal fibroblast cells are cultured from knockout mice,
the phenotype is more like that observed in yeast. sodIA cells are
difficult to culture (most die soon after plating), and far more sensitive
to the redox cycling drug paraquat, while sod2A yeast are easier to
culture and not as sensitive to paraquat, although they are more sensi-
tive than wild-type cells [195]. Mice heterozygous for MnSOD deletion
are grossly normal but were found to be more susceptible to cerebral
infarction following focal cerebral ischemia [196].

In cell culture models it was shown that downregulation of CuZn-
SOD by antisense RNA in neurons resulted in increased apoptotic
death after serum withdrawal. Also microinjection of CuZnSOD protein
was protective in the same system. Other studies showed that Cu-
ZnSOD overexpression in another neuronal cell culture system resulted
in protection against this same type of induced apoptosis [197].

4.2.2. Querexpressors

There has been interest in the possible consequences of too much Cu-
ZnSOD ever since CuZnSOD was found to be located on human chromo-
some 21, an extra copy (or partial copy) of which causes Down syn-
drome. CuZnSOD levels in many Down patients are approximately
150% of normal, as might be expected [198]. It was reported around 10
years ago that transgenic mice overexpressing human CuZnSOD had
altered neuromuscular junctions in the tongue, similar to those seen in
Down patients [199]. Decreased blood levels of serotonin were also ob-
served in the mice, as in patients, and attributed to more active uptake
of serotonin by platelets; reuptake of neurotransmitters in the brain
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may be similarly affected [200]). More recently, ultrastructural abnor-

malities in the thymus similar to those found in Down patients have
been observed in transgenic mice overexpressing human CuZnSOD. It
was suggested that these abnormalities may account for some of the
immune system defects in Down syndrome [201]. It is clear, however,
that an altered CuZnSOD level is not the whole picture. There are many
other genes on chromosome 21 that are also duplicated and that may
have effects, including a gene implicated in familial Alzheimer’s dis-
ease. In addition, CuZnSOD levels are not always elevated in patients.
Down syndrome can be caused by partial duplications of chromosome
21, and often these cases show normal CuZnSOD levels [202]). Thus,
while CuZnSOD overexpression may account for some of the features of
Down syndrome, we must look elsewhere for the whole story.

A longstanding theory, which nevertheless remains to be de-
finitively proven or disproven, holds that accumulation of oxidative
damage is a primary cause of aging [186,203,204]. Workers have in-
vestigated the possibility that alterations in CuZnSOD can alter aging
in several different organisms. It is clear that a lack of CuZnSOD can
have drastic consequences on life span, in, e.g., Drosophila [189], and
yeast in stationary phase (chronological life span) [187]. Mice without
MnSOD die within a few days of birth (see above), but an effect on life
span of CuZnSOD-lacking mice has not been reported.

What is less clear is whether overexpression of CuZnSOD and/or
other antioxidant enzymes can enhance life span or even improve resis-
tance to oxidative stress. Reveillaud et al. [205] reported that over-
expression of bovine CuZnSOD in Drosophila led to increased resis-
tance to paraquat and to a slight life span extension. Orr and Sohol
reported that overexpression of CuZnSOD only led to increased life
span if catalase was also overexpressed [206]. More recently, Sun and
Tower [207] found that turning on extra CuZnSOD activity in adult
Drosophila (as opposed to having it present during the larval stages as
well) can extend mean life span up to 20% [208]. Overexpression of
MnSOD in mice was reported to protect against adriamycin-mediated
cardiac damage [208].

On the other hand, there is some evidence that overexpression of
SOD by itself is slightly deleterious, resulting in increased suscep-
tibility to oxidative damage, and that simultaneous overexpression of
either catalase or glutathione peroxidase (enzymes that degrade hydro-
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gen peroxide) can prevent this effect. The first observation that extra
SOD activity could be harmful was made in E. coli overexpressing
MnSOD [209]. In transgenic tobacco plants, overexpression of chloro-
plastic CuZnSOD caused increased resistance to oxidative stress. How-
ever, ascorbate peroxidase was also elevated in these strains, indicating
that the increased protection may have resulted from the double over-
expression, rather than just overexpression of the SOD [210,211]. A
similar observation was made in cultured mammalian cells over-
expressing CuZnSOD. It was noted that the degree of resistance to
oxidative stress correlated with the balance between CuZnSOD and
glutathione peroxidase (either cotransfected or endogenously induced),
rather than with the absolute levels of CuZnSOD [212]. Careful exam-
ination of mammalian cells transfected with human SOD showed that
the transfection caused a variety of changes in different clones in the
expression of other antioxidant enzymes, particularly glutathione per-
oxidase, and some enzymes not normally associated with oxygen me-
tabolism [213]. On the other hand, in transfected cell lines without
elevated Gpx, the resistance to paraquat correlated directly with the
SOD level [214]. Thus it is evident that it is not sufficient to consider a
single antioxidant enzyme in isolation. The absolute levels and the
balance between the different activities are probably both important.

4.3. CuZnSOD as a Component of Antioxidant Systems

Normal metabolic processes involving oxygen necessarily generate O;
and/or H,O,; if redox-active metal ions are present, then they can
catalyze the production of the extremely reactive hydroxyl radical
(*OH) or other reactive species from these reactants. Even a process as
efficient in its use of oxygen as mitochondrial respiration leaks reac-
tive oxygen species at a measurable rate, which has been estimated
(from in vitro experiments) at from 1% to 4% of the oxygen utilized.
Other cellular reactions also generate superoxide of H,0, as product.
Antioxidant enzymes as well as small-molecule antioxidants are strate-
gically located to deal with these leaks.

CuZnSOD and MnSOD are structurally unrelated enzymes that
nevertheless catalyze exactly the same reaction. MnSOD is located in
the mitochondrial matrix and CuZnSOD in the cytoplasm and nucleus;
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thus these two SODs cover most of the aqueous compartments in the
cell. CuZnSOD has also been reported to be found in the intermembrane
space of mitochondria [9] (see also [215]). Because hydrogen peroxide
is one of the products of superoxide dismutation, enzymes that degrade
H,0, are usually located in close proximity: catalase and/or glutathione
peroxidase in the cytoplasm, glutathione peroxidase (or cytochrome c
peroxidase in yeast) in the intermembrane space of mitochondria. In
addition, large amounts of catalase are found in peroxisomes, where
heavy generation of H,0, occurs without intermediate production
of O3.

There are no known antioxidant enzymes in the lipid compartments;
protection is provided by small-molecule antioxidants — primarily vita-
min E (or a-tocopherol) and the reduced form of coenzyme Q (QH, or
ubiquinel). In mammalian systems these are kept reduced by the ascor-
bic acid cycle. Membranes are quite vulnerable to oxidative damage,
particularly if they contain, as most membranes do, polyunsaturated
fatty acids. Small-molecule antioxidants in the aqueous compartments
are ascorbic acid, glutathione (GSH), and uric acid (in plasma). Ascorbic
acid and GSH have enzyme systems that keep them reduced. GSH
reductase reduces the oxidized form of glutathione (GSSG) to two mole-
cules of GSH at the expense of NADPH. Thus the system that produces
NADPH is important [216].

4.4, Connections Between Metal Metabolism and
CuZnSOD

In yeast, lack of CuZnSOD (sodIA) causes a severe phenotype, which is
described above. Perhaps surprisingly, however, strains of yeast lack-
ing both SODs can be constructed. This presents a useful system for
finding out what other cellular components can be involved in antioxi-
dant protection. A number of genetic suppressors of the defects ob-
served in yeast lacking SOD have been isolated and are summarized in
Table 1 (see also [30,31]). The gene products involved are located in
various cellular compartments and organelles, but they have in com-
mon an involvement in metal metabolism, particularly copper or man-
ganese metabolism. Simply adding either copper or manganese to the
culture medium significantly improves the growth of these strains, and
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TABLE 1

Mutations that Rescue the Phenotype of Yeast Lacking SOD

Reference

Mechanism

Rescue by

Gene

138

Gene for copper metallothionein (MT); required for rescue of

Overexpr.

CUPI1

sod1A yeast by excess copper in the medium; MT with bound
copper has SOD-like, or superoxide scavenging, activity in

vitro, and may have similar activity in vivo as well.
Located in the endoplamic reticulum, regulates translocation to

217

Deletion

bsd?2

the cell surface of SMF1 and SMF2 metal transporters;

deletion results in increased intracellular copper. -
P-type ATPase in Golgi involved in Mn transport; deletion results

220

Deletion

pmrl

in increased Mn accumulation in cytoplasm, which is required

for rescue.
Copper chaperone in cytoplasm carries copper from CTR1 copper

218

Overexpr.

ATX1

transporter at plasma membrane to CCC2 copper transporter
into secretory pathway; not clear why overexpression rescues

sodIA yeast, may deliver copper to other site(s) as well.

Golgi membrane protein involved in Mn metabolism;

219

Overexpr.

ATX2

overexpression results in increased Mn accumulation, which is

required for rescue.
Nuclear petite (respiration-deficient) mutations; lack of

187

Deletion

coq3, atp2,
other pet

respiration decreases generation of superoxide.

149

mutants
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these suppressors appear to cause similar changes in intracellular
metal ion levels.

Out of this work has also come the discovery of copper chaperones —
small soluble proteins that accept copper at the plasma membrane and
deliver it to various cellular targets (reviewed in [221]). The yeast work
led directly to the isolation of similar human proteins, indicating that
these functions are widespread if not universal. Of particular relevance
to the topic of this review was the identification of the gene for a protein
that delivers copper to CuZnSOD [147]. In yeast, this gene is LYS7, and
the phenotype of lys7 mutants is due to their lack of CuZnSOD activity.
Thus, even a protein such as CuZnSOD, which is soluble and cytoplas-
mic and easy to metallate in vitro, requires special delivery of copper in
order to be active. This discovery may also have relevance for the famil-
ial forms of the neurodegenerative disease ALS (discussed in Sec. 5).

4.5. Targets of Superoxide Damage

O; is a key player in hydroxyl radical generation in vivo because its
dismutation is the primary source of cellular H,0,; H,0, in the pres-
ence of redox-active metal ions (iron or copper) and a reducing agent
can then be further reduced to form the dangerously reactive hydroxyl
radical (the Fenton reaction). While O; may act as a reducing agent for
metal ions in vivo, many other cellular reducing agents can also per-
form this role, leaving one to wonder exactly why superoxide itself
appeared so toxic. In addition, superoxide on a chemical level is a rather
sluggish reactant. :

Until recently, there was little hard evidence for toxicity due to
direct reactions of O; itself. For one thing, because of the spontaneous
dismutation of superoxide to H,0O, and O,, it is difficult to experimen-
tally separate the effects of O; from those of H,0,. However, in the
past few years, specific targets for superoxide-mediated damage have
been identified. Certain iron-sulfur cluster-containing enzymes with
exposed 4Fe-4S clusters have been shown to be directly inactivated by
superoxide in vivo as well as in vitro. Superoxide partially disassembles
the 4Fe-4S cluster, inactivating the enzyme and releasing iron. These
targets include the tricarboxylic acid cycle enzyme aconitase and di-
hydroxyacid dehydratase, an enzyme involved in branched chain amino
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acid synthesis in E. coli [222,223]. The sensitivity of aconitase to inacti-
vation by superoxide, as well as its ubiquitous presence in respiration-
competent organisms, has led to its use as a sensor for superoxide in
vivo [224].

Elevated levels of oxidative stress have long been known to result
in oxidation of DNA, and recent results suggest that free intracellular
iron is involved in this oxidation [225,226]. A widely accepted theory is
that “free” iron may bind loosely to DNA, where it can act as a catalyst
for the generation, from hydrogen peroxide, of a very reactive species
that then reacts with and modifies DNA in the immediate vicinity.
Among the species suggested to attack DNA are hydroxyl radical, an
iron ferryl radical, or an iron-bound hydroxyl radical [227]. Increases
in cellular iron have recently been reported to cause iron deposition in
the nucleus [225]. Cellular reductants such as superoxide, ascorbate,
and NADH may then reduce the bound iron to the ferrous state where
Fenton chemistry may then occur in close proximity to DNA bases and
sugars [226]. This type of chemistry is also possible for copper ions
adventitiously bound to DNA, which has been observed in vitro with
NADH as the reductant [228] and would be expected to result in mod-
ified bases and/or single-strand breaks in the local DNA. That such
accumulation of iron is dangerous is evidenced by the phenotype of
yeast yfhl mutants. These mutants lack the yeast equivalent of the
human protein responsible for Friedreich’s ataxia (frataxin) and accu-
mulate iron in their mitochondria. They invariably lose mitochondrial
function due to damage to the mitochondrial DNA and are hypersensi-
tive to added hydrogen peroxide [229].

The astute reader will have noticed that another effect of the in-
activation of iron-sulfur cluster enzymes is the release of “free” iron into
the cellular fluids. Because this free iron can then participate in
the Fenton reaction, leading to further damage at sites close to the iron
ion, it can be very dangerous. Such a mechanism has been proposed and
discussed by Liochev and Fridovich [230]. (See also Chaps. 1 and 3 of
this volume.)

In conclusion, it now appears that the toxicity of superoxide is due
primarily to two factors: (1) its role as the main precursor of mitochon-
drially generated H,0, and (2) its ability to react with exposed 4Fe-4S
clusters. The second factor may be critically important as it leads to
release of free iron as well as inactivation of certain key enzymes.
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4.6. Role of SOD in Apoptosis and Cell Death

There has recently been a great surge of interest in programmed cell
death, also known as apoptosis. In response to various kinds of signals,
both natural and damage-induced, most if not all kinds of cells can
enter a pathway in which they essentially self-destruct in a manner
designed to minimize damage to surrounding cells and to promote easy
cleanup of the debris. Apoptosis is important during normal develop-
ment of multicellular organisms, when certain cells are programmed
to die during remodeling of various tissues, as well as being a defense
mechanism against cancer. Undesired apoptosis has been implicated in
some neurological diseases and other pathological states. There is a
large and fascinating literature on this subject, which is, unfortunately,
somewhat distant from the focus of this chapter. The reader is referred
to some recent reviews for further information [231-233].

In recent years, it has become apparent that oxidative signals
can cause apoptosis and that SOD levels can influence the degree to
which these signals are effective. For example, an early result showed
that overexpression of wild-type CuZnSOD in a neural cell line caused
increased resistance to induction of apoptosis by two different signals —
either withdrawal of growth factors or treatment with a calcium iono-
phore [234]. It has also been shown that mitochondrial changes are
intimately involved in the pathway; one of the early steps in the com-
mitted pathway to apoptosis is the release of some mitochondrial con-
tents into the cytoplasm — specifically cytochrome ¢ and calcium (re-
viewed in [235,236]).

Interestingly, a death pathway may be a very early feature of
eukaryotes. There are indications that even as simple a eukaryote as
S. cerevisiae has primitive features of such a pathway, although death
in this organism does not show all the defining hallmarks of apoptosis
as seen in mammalian cells. As is described above, yeast mutants that
lack CuZnSOD die quickly after entering stationary phase. The human
antiapoptotic protein Bel-2 [237] is partially able to prevent this death
[238], indicating some relationship between the human and yeast path-
ways. However, it should be noted in passing that yeast do not contain
an obvious homolog of Bcl-2. The evidence for a death program in yeast
has been augmented by other investigators. Two different groups
[239,240] have shown that some of the typical morphological changes
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can be observed in dying yeast, and a third group [241] showed that
cytochrome c¢ release and decreased cytochrome oxidase activity was
modulated in yeast by Bcl-2 family members, in a manner parallel to
that seen in mammalian cells.

5. ROLE OF MUTANT HUMAN CuZnSUPEROXIDE
DISMUTASE IN AMYOTROPHIC LATERAL
SCLEROSIS

5.1. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS, Lou Gehrig’s disease) is a neuro-
degenerative disease, with a mean age of onset of 55 years, charac-
terized by the slow loss of large motor neurons in the spinal cord and
brain [242]. In the vast majority of cases, the disease is sporadic and has
no known cause (sporadic ALS, or SALS). There are, however, some
encouraging data that suggest the involvement of defectively spliced
glutamate transporters and glutamate excitotoxicity [243]. In approx-
imately 10% of cases, ALS is inherited and approximately one-fifth of
those familial ALS (FALS) cases are associated with mutations in sodJ,
the gene that encodes human CuZnSOD [244]. There is also evidence
that a small percentage of SALS cases may also be the result of so-
matic or inherited mutations in sodI [245]. In the latter case, it may be
poorly documented family histories that lead to the classification as
SALS and not FALS. While most FALS-causing sod! mutations are
dominant, requiring only one copy of the mutant gene for the ALS
phenotype, two mutations have been reported in homozygous patients
that apparently leave heterozygotes unaffected [246,247).

5.2. Gain-of-Function Mechanism for FALS Mutant
CuZnSODs

Several studies support the conclusion that FALS mutations in Cu-
ZnSOD are dominant and exert their effects due to a gain of function:
(1) Several of the FALS mutant human CuZnSOD genes (A4V, L38V,
G93A, G93C, G37R, G41D, and G85R, but not H46R and H48Q which
have no SOD activity) have been found to rescue the oxygen-sensitive
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phenotype of sodIA yeast (see Sec. 4 above), leading to the conclusion
that most FALS mutant CuZnSODs are capable of full or nearly full
functionality in yeast [234,248]. (2) FALS mutant CuZnSOD genes
(A4V, G93A, L38V, G93C, G37R) introduced into cultured neuronal cells
promoted apoptosis where the wild-type human CuZnSOD gene was
antiapoptotic, despite higher-than-normal total SOD activity in all
cases [248]. (3) Constitutive expression of the FALS mutant G93A but
not wild-type human CuZnSOD in a human neuroblastoma cell line
induced a loss of mitochondrial membrane potential and an increase in
cytosolic calcium concentration [249]. (4) Transgenic mice overexpress-
ing FALS mutant CuZnSODs (A4V, G93A, G85R, G37R) developed a
motor neuron degenerative syndrome despite normal or above-normal
SOD activities [250-253], whereas transgenic mice overexpressing
wild-type human CuZnSOD [250,252,253] as well as mice with no Cu-
ZnSOD did not [39].

5.3. Structural Properties of FALS Mutant CuZnSODs

Since the initial study that reported mutations in sodl, the number of
different mutations has risen from 11 to almost 60 [34,37,244,245,247,
254-256]. When mapped onto the three-dimensional structure of hu-
man CuZnSOD these mutations tend to cluster at the dimer interface
and in loop regions at the ends of B strands [36,107,257]; however, there
is no real pattern to the distribution of mutations. Figure 1 illustrates
the positions of FALS-mutated residues in the primary structure of hu-
man CuZnSOD. The alignment of human, bovine, and yeast sequences
shows that not all of the positions are conserved from species to species.
Six of the reported mutations cause premature stop codons that result
in proteins that are truncated by 20-33 amino acids. Since all regions of
the protein contain ALS-causing mutations, one can speculate that the
structure of CuZnSOD is exquisitely sensitive to even small perturba-
tions in the protein fold.

5.3.1. X-Ray Structure of Human G37R CuZnSOD

To date only one crystal structure for a mutant CuZnSOD has been
published. In addition to high-resolution crystallography, human G37R
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has been studied extensively both in vivo and in vitro. Mice that are
transgenic for G37R develop motor neuron disease [258]. The mutant
protein has been reported to have full specific activity but a twofold
reduction in biological half-life relative to wild-type [38]. G37R is also
one of the mutations that was shown to enhance apoptosis in a domi-
nant fashion in neural cell culture [234].

The x-ray structure of the human G37R was determined and
analyzed to 1.9 A resolution [90]. The structure of G37R CuZnSOD
shows typical B-barrel topology consistent with known CuZnSOD struc-
tures and there are no gross deviations from the wild-type and thermo-
stable mutant human CuZnSOD protein coordinates in the Protein
Data Bank (pdb 1 spd, pdb 1 sos) [36,47]. While human CuZnSOD
expressed in E. coli is not N-acetylated as it is in human cells, human
G37R CuZnSOD is properly modified by the yeast expression system
(40,259]. The replacement of glycine by arginine causes remarkably
little rearrangement of the protein backbone relative to wild type.

The only major change in the structure is that the two subunits in
the G37R dimer have distinct environments and are different in struc-
ture at their copper binding sites. In one subunit, the bridging imid-
azolate (His63) coordinates both metal ions and the metal ion in the
copper site has a four-coordinate ligand geometry suggesting an oxi-
dized copper site. The other subunit shows a distorted trigonal planar
geometry at the copper site and no electron density between the copper
ion and His63. This is consistent with a reduced copper site. The sub-
unit asymmetry seen in this crystal structure may indicate that muta-
tions can affect subunit communication and the symmetrical nature of
the human dimer.

5.3.2. Truncation Mutations

While the majority of FALS-causing mutations are single substitutions
of one amino acid residue for another, six of the reported mutations
result in proteins truncated by as many as 33 amino acids. These
proteins are missing part or all of the last B strand, which is involved
in dimer contact; it is difficult to imagine that they are long-lived
enough to cause disease. Indeed, several studies have failed to find
evidence that truncated protein is even synthesized [260-262]. How
these mutations result in the same gain of function as the others is
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enigmatic, and it is precisely this question that seems to derail other-
wise elegant theories as to why sodI mutations cause this disease. It
may well be that these mutations hold the key to uncovering the patho-
genicity of FALS mutants. :

5.4. Hypotheses for Toxicity of Mutant CuZnSOD

5.4.1. Protein Aggregation and Neurofilament Abnormalities

Protein aggregation has been implicated in CuZnSOD-associated FALS
in several studies. Human FALS mutant CuZnSQODs, but not wild-type
human CuZnSOD, was observed to aggregate when expressed in cul-
tured spinal motor neurons [263]. In a yeast two-hybrid assay, FALS
mutant CuZnSOD was found to bind to two proteins, lysyl-tRNA syn-
thetase and translocon-associated protein delta, whereas wild-type did
not [264]. It is also interesting to note that expression of many of the
FALS mutant human CuZnSODs in E. coli led to formation of inclusion
bodies, whereas expression of the wild type did not [288]. Aggregation
might also explain the toxicity of the unstable truncation mutations.

Swelling of the axon of the motor neuron and neurofilament ab-
normalities are frequently associated with ALS and have been observed
in the transgenic mice expressing FALS mutant CuZnSODs as well
[265-267]. The hypothesis that the deleterious effect of the FALS mu-
tant CuZnSODs cause neurofilament abnormalities is further sup-
ported by the recent demonstration of impaired axonal transport in the
ventral roots of human G93A CuZnSOD transgenic mice and the ap-
pearance of neurofilament inclusions and vacuoles in vulnerable motor
neurons [268].

5.4.2. Alterations in Metal Binding Properties

Since CuZnSOD is an abundant component of eukaryotic cells and it is
both a copper- and a zinc-binding protein, one cannot rule out its in-
volvement in metal metabolism. Both copper and zinc have been impli-
cated in neurotoxicity [269,270], and alterations in their intracellular
levels or partitioning could potentially mediate motor neuron death in
ALS. Several ALS mutations were found to alter the characteristic
metal ion binding properties of wild-type CuZnSODs in the case of
both yeast FALS analogs [248,271] and the mutant human enzymes
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[271-273]. Also, non-protein-bound copper was found to elute close to
mutant SOD protein during purification from ALS erythrocytes. This
suggested that at least for G37R and H46R copper could leak out during
the purification process [260].

Refuting this idea is a study that demonstrated copper replete
protein isolated from patients with the D90A mutation [274]. Total
blood and plasma copper and zinc levels were shown to be virtually the
same in FALS patients and nonneurological controls, and no increase in
“free” copper was seen in FALS erythrocytes [275]. Although this rules
out gross changes in organismal metal metabolism, it should be noted
that blood is not cerebrospinal fluid and erythrocytes are not neurons,
so these data do not rule out localized changes in the nervous system or
changes in intracellular localization or state of chelation for copper and
zinc. It is also possible that relatively small changes in the intracellular
levels of these metals could result in toxicity and that this might go
unnoticed due to the insensitivity of the experimental method.

5.4.3. Catalysis of Oxidations by Hydrogen Peroxide

Copper is strongly implicated in the pathogenic mechanism of FALS
mutant CuZnSODs. Copper chelators provide a modicum of protection
from FALS mutant-induced death in both a cell culture model of FALS
[234] and in the FALS SOD-expressing transgenic mice [276]. As was
stated before in Sec. 3, CuZnSOD is remarkably specific for superoxide.
Itis possible that these mutants have lost this specificity and are able to
react with other favorable substrates to a greater extent than is the
wild-type protein. This theory fits with the dominant gain of function
that is the working hypothesis for disease initiation.

Wild-type CuZnSOD can react with hydrogen peroxide to generate
hydroxyl radical (*OH) or a hydroxyl radical-like species, which is de-
cidedly capable of damaging cellular components. Fortunately, nature
has designed CuZnSOD to minimize this thermodynamically favorable
but biologically undesirable reaction [159,277]. This reaction can be
monitored using the spin trap 5.5'-dimethyl-1-pyrroline N-oxide as an
acceptor for the hydroxyl radical. In this fashion it was shown that two
human FALS mutants, A4V and G93A, possessed higher peroxidative
activities than did wild-type human CuZnSOD [40,278,279], while in
vitro this mechanism uses peroxide as a reductant of the oxidized
enzyme — a reaction that is known to be quite slow [158]. In vivo, other
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cellular reductants are likely to play a part as well, especially consider-
ing the fact that the actual levels of intracellular hydrogen peroxide
are likely to be quite low. A recent study observed a superoxide-
dependent peroxidase activity for the H48Q FALS CuZnSOD mutant
enzyme. The same activity was not observed for the G93A, G93R, or
E100G mutants [280]. The possibility that ascorbate could act as a
cellular reductant for FALS mutants is also intriguing [271].

While this theory is not proven it must be noted that there is an
increasing body of evidence for excess oxidative damage in tissues of
ALS patients. Oxidatively damaged nucleic acids, proteins, and lipids
have recently been reported in tissue samples obtained from both spo-
radic ALS and SOD-associated FALS patients [281]. Moreover, vitamin
E was shown to have a beneficial effect on transgenic mice expressing
G93A mutant CuZnSOD [282].

5.4.4. Catalysis of Tyrosine Nitration

As previously mentioned, CuZnSOD has the ability to react with per-
oxynitrite to catalyze the nitration of tyrosine residues. Peroxynitrite is
formed by the rapid reaction of superoxide with nitric oxide in vivo and
it is possible that the toxicity of mutant CuZnSODs is mediated through
the further reaction of this powerful oxidant with the enzyme to nitrate
protein-bound tyrosine residues [283].

Supporting this hypothesis is evidence fram G37R transgenic mice
that exhibit a two- to threefold elevation in free nitrotyrosine levels in
spinal cord tissue relative to normal mice or mice expressing high levels
of wild-type human enzyme [284]. This is also supported by a study that
demonstrated increased 3-nitrotyrosine immunoreactivity in the motor
neurons of both sporadic and familial ALS patients [285,286]. The
peroxynitrite-dependent nitration activity is also enhanced in FALS
mutants that have been depleted of zinc [272]. The same group also
showed that CuZnSOD was capable of nitrating neurofilament L, pro-
viding a likely target within motor neurons [154].

5.5. Conclusions

While there is no consensus regarding the factor or factors that con-
tribute to the pathogenicity of mutant CuZnSODs, clear progress has
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been made in revealing the more subtle characteristics of this well-
studied enzyme. Biophysical characterization of mutant and wild-type
CuZnSODs continues to shed light on the structural requirements for
proper function just as biological studies have continued to expand the
definition of proper function. An illustration of the complexity of the
problem is the transgenic mouse model. To date four lines of mice with
four different mutations have been studied. What has been determined
is that each mutation seems to have a different pathological course with
the same end-result —death by motor neuron disease. It is possible that
there are multiple properties of the mutant enzymes that contribute to
the toxicity, including SOD, peroxidative, and nitration activities, as
well as protein stability. The inability to correlate properties of individ-
ual mutations with disease severity coupled with heterogeneity within
FALS families suggests the possibility of other as-yet-unidentified fac-
tors that contribute to the progression of the disease. One study ad-
vanced the idea that apolipoprotein E genotyping may play a role [287]
in SALS. This line of research may prove beneficial for the FALS com-
munity as well.

ACKNOWLEDGMENTS

Research support from the ALS Association and the USPHS (GM28222
and DK46828) is gratefully acknowledged. We also thank Hongbin Liu
for providing Fig. 2.

ABBREVIATIONS

ALS amyotrophic lateral sclerosis

CNS central nervous system

CuZnSOD copper, zinc superoxide dismutase

DSC differential scanning calorimetry

ECSOD extracellular superoxide dismutase

EPR electron paramagnetic resonance

FALS familial amyotrophic lateral sclerosis (inherited form of
the disease)

GSH reduced glutathione
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GSSG oxidized glutathione

MnSOD manganese superoxide dismutase

NADH nicotinamide adenine dinucleotide (reduced)

NADPH nicotinamide adenine dinucleotide phosphate (reduced)
NMR nuclear magnetic resonance

QH, reduced coenzyme Q, or ubiquinol

ROS reactive oxygen species

SALS sporadic amyotrophic lateral sclerosis

SDS sodium dodecyl sulfate

S0D superoxide dismutase

sodIA gene deletion of CuZnSOD

sod2A gene deletion of MnSOD
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