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The discovery of superoxide dismutases (SODs), which convert superoxide radicals to molecular oxygen and
hydrogen peroxide, has been termed the most important discovery of modern biology never to win a Nobel
Prize. Here, we review the reasons this discovery has been underappreciated, as well as discuss the robust
results supporting its premier biological importance and utility for current research. We highlight our
understanding of SOD function gained through structural biology analyses, which reveal important
hydrogen-bonding schemes and metal-binding motifs. These structural features create remarkable enzymes
that promote catalysis at faster than diffusion-limited rates by using electrostatic guidance. These
architectures additionally alter the redox potential of the active site metal center to a range suitable for
the superoxide disproportionation reaction and protect against inhibition of catalysis by molecules such as
phosphate. SOD structures may also control their enzymatic activity through product inhibition;
manipulation of these product inhibition levels has the potential to generate therapeutic forms of SOD.
Markedly, structural destabilization of the SOD architecture can lead to disease, as mutations in Cu,ZnSOD
may result in familial amyotrophic lateral sclerosis, a relatively common, rapidly progressing and fatal
neurodegenerative disorder. We describe our current understanding of how these Cu,ZnSOD mutations may
lead to aggregation/fibril formation, as a detailed understanding of these mechanisms provides new avenues
for the development of therapeutics against this so far untreatable neurodegenerative pathology.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The ubiquitous superoxide dismutases (SODs) catalyze the
disproportionation of superoxide to molecular oxygen and peroxide
and thus are critical for protecting the cell against the toxic products
of aerobic respiration [1,2]. As noted by Nick Lane in his book Oxygen:
The Molecule that Made the World [3], the discovery and naming of
superoxide dismutase activity [1] is “... in the opinion of many, the
most important discovery of modern biology never to win a Nobel
prize.” This discovery and its implications transformed research on
oxygen free radicals and anti-oxidants and their biological implica-
tions: There are greater than 60,000 scientific papers published on the
superoxide free radical and its functions in more than 100 human
pathologies.

This review is based on the following tenets of the biology,
chemistry and biochemistry of reactive oxygen species. (a) Superox-
ide is generated by many life processes, which include aerobic
eroxide; ROS, reactive oxygen
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metabolism, oxidative phosphorylation and photosynthesis, in addi-
tion to the respiratory burst in the immune response of stimulated
macrophages and neutrophils [4−6]. Early proposals that cells lack
superoxide [7,8] have failed the test of time. (b) Superoxide and
superoxide-dependent formation of hydroxyl radicals are important
in oxygen toxicity [9−11]. If unchecked, reactive oxygen species (ROS)
including the superoxide radical can result in inflammation [12−15]
and inflict cell injury that includes DNA damage mediated by Fenton
chemistry [16,17]. This ROS-mediated cellular damage is implicated in
many human pathologies, including ischemic reperfusion injury,
cardiovascular disease, cancer, aging and neurodegenerative disease
[18−29]. (c) SODs are enzymes that disproportionate superoxide
anion radicals at some of the fastest enzyme rates known. Further-
more, SODs function asmaster keys controlling cellular ROS levels, and
SOD and SODmimetics may have potential uses as therapeutic agents
in oxidative stress-related diseases [28–37]. Also, upregulation of SOD
expression can suppress the malignant phenotype of human melano-
ma cells [38]. Early proposals suggesting that superoxide is non-toxic
and that superoxide removal is not the biological role of SOD were
unsupported by subsequent research [7,8,39]. Likewise, the proposed
phosphate inhibition of SOD was shown to be incorrect [40], agreeing
with the structural analyses [41,42]; the initial study reporting
inhibition had mistakenly adjusted the ionic strength with sodium
fluoride [43], (d) Reduced structural integrity and stability of mutant
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human SOD is a causative factor in the disease familial amyotrophic
lateral sclerosis (FALS, discussed in detail in our Cu,ZnSOD section), as
initially proposed in 1993 [44], and supported by subsequent research
[45−63]. This FALS hypothesis is preferred over alternative proposals
that FALS mutations cause increased stability [64] or a gain of a toxic
peroxidation activity [65]. In this review we describe the seminal
discoveries on SODs, with particular emphasis on the contributions of
structural biochemistry to our understanding of SOD function and
dysfunction.

2. Distinct classes of SOD

Three classes of SOD have evolved with distinct protein folds and
different catalytic metal ions: the Cu,ZnSODs, MnSOD/FeSODs and
NiSODs. Cu,ZnSOD (also known as SOD1 and SOD3 in humans) occurs
in eukaryotes and some prokaryotes, and point mutations in human
Cu,ZnSOD are linked to the fatal neurodegenerative disease amyo-
trophic lateral sclerosis (ALS, also known as Lou Gehrig's disease)
[48,63,64,66,67]. FeSOD and MnSOD (also referred to as SOD2 in
humans) appear to have evolved from a common ancestral gene, with
the FeSOD gene observed in primitive eukaryotes, the plastids of
plants and in bacteria [68]. Phylogenetic analysis of MnSOD indicates
that it occurs in all the major domains of life, in the mitochondria of
eukaryotes and the cytoplasm of many bacteria [68]. FeSOD and
MnSOD have diverged significantly from each other, so that the two
metals cannot functionally substitute for each other in Mn/FeSODs
from most species. The more recently discovered NiSOD has been
found only in bacteria. Common to all three classes of SOD is the
disproportionation reaction, occurring through alternate oxidation
and reduction of their catalytic metal ions, and rather remarkably,
SOD catalysis takes place at rates close to diffusion limits. Although
the protein architectures of the three SOD classes are distinct, all
crucially provide electrostatic guidance for the superoxide substrate
and alter the metal ion redox potential to a range suitable for
superoxide disproportionation. These structures also provide for a
suitable proton source and may control enzymatic activity through
product inhibition. Extensive interest in the SODs lead to tens of
thousands of related publications. Here, we have focused our
discussions on the structure-based breakthroughs that lead to our
current insights into the molecular mechanisms of the SODs,
particularly the human enzymes. We also highlight key mechanistic
issues, describing where they are generally agreed upon or in debate.

3. Cu,ZnSOD

In 1938, Mann and Keilin [69] isolated a bovine erythrocyte
protein with a blue color contributed by bound copper. They termed
the ∼31.5 kDa protein hemocuprein. In the 1950s, human homo-
logues of erythrocuprein were isolated from erythrocytes [70,71]
and perhaps more pertinent to ALS, cerebrocuprein from the brain
[72]. In 1969, 30 years after the initial isolation, McCord and
Fridovich appropriately renamed the protein superoxide dismutase,
after discovering that the enzyme catalyzed the dismutation of
superoxide radicals (O2

•−) to molecular oxygen (O2) and hydrogen
peroxide (H2O2) [1]. In 1982, the first complete three-dimensional
structure of Cu,ZnSOD, the product of the SOD1 gene from bovine
erythrocytes (BtCu,ZnSOD, PDB code 2SOD) [73], allowed research-
ers to establish the structural basis for Cu,ZnSOD's enzymatic
mechanism [41] and rapid catalysis [74]. In 1992, the structure of
human Cu,ZnSOD (HsCu,ZnSOD, PDB code 1SOS) [75] was solved
revealing that the enzyme's fold and domain organization were
highly conserved in eukaryotes (Fig. 1) and later providing insights
into ALS [44]. Since then, a variety of Cu,ZnSOD structures have
been determined from diverse eukaryotic species. These include X-
ray crystal structures of Cu,ZnSODs from budding yeast [76−78],
trematode [79], frog [80], spinach [81], and flower P. atrosanguina
[82] and NMR structures of the human [83] Cu,ZnSOD. Also, a recent
combined sub 1 Å crystal and solution small-angle X-ray scattering
structure of a Cu,ZnSOD has been determined from a thermophilic
deep-sea hydrothermal vent worm Alvinella pompejana (ApCu,
ZnSOD) [59]. This structure allowed further insights into the
mechanism and stability of Cu,ZnSODs (Fig. 2).

As shown from the first BtCu,ZnSOD and HsCu,ZnSOD structures
[73,74], eukaryotic Cu,ZnSODs are highly conserved from the primary to
quaternary structure. Cu,ZnSODs are composed of two identical
subunits related by a two-fold symmetry axis. Each subunit consists of
a β-barrel composed of eight antiparallel β-strands arranged in a Greek
keymotif [84]. Tightly packed hydrophobic residues form the core of the
barrel, and loops β3/β4 and β6/β7 form the+3 β-strand Greek key
connections (GK1 andGK2) [73,85]. Two conserved Leu residueswithin
these Greek key loops fill the ends of the β-barrel and are termed the
cork residues. Two other major external loops form the active site
channel. The first, the β4/β5 loop, tethers the dimer interface with the
active site zinc and contains a stabilizing intervening disulfide bond that
aids stability [42,73,74,85,86]. The disulfide stabilizes both the subunit
fold and the dimer interface. The second, β7/β8 or electrostatic loop
(EL), guides and accelerates the substrate O2

•− into the active site
[42,74]. In fact, the evolution of Cu,ZnSOD dismutase and the Greek
key β-barrel as well as functional roles of the various residue
positions was defined by structural analyses allowing functional
equivalences to be identified [85]. Furthermore, identification of
electrostatic guidance in Cu,ZnSOD [42,74] opened the door to the
examination of electrostatic guidance in other transient interactions
involving electron transfer, as illustrated by computational analyses
of plastocyanin with cytochrome c [87]. Overall, the stable Greek key
scaffold supports elements for electrostatic guidance, dimer forma-
tion, and active site metallochemistry.

The Cu and Zn sites are positioned outside the β-barrel in the
active site channel; the metal ions tie structural elements together, as
well as provide catalytic roles. Furthermore, hydrophobic anchors tie
the β-barrel to the active site Cu ion. The active site in each Cu,ZnSOD
subunit contains one Cu ion ligated by three histidines when in the
reduced state and one Zn ion ligated by one aspartic acid and three
histidines, whose side chains all reside outside of the β-barrel. One of
the histidine ligands of the Zn ion ligands also ligates the Cu ion when
in the oxidized state and thus has been termed the bridging histidine.
The exposed Cu ion is additionally coordinated by a water molecule
and the substrate/product/reaction intermediate/water depending
upon the particular reaction step. Importantly, steric selection allows
superoxide, but not larger anions such as phosphate, into the active
site. Of interest, while the bridging histidine has been shown to have
different conformations depending on the redox state of the active
site, more recent advances have revealed that the copper ion can be
found occupying two positions in a single crystal [59,79,88,89].

To accomplish its in vivo functions, Cu,ZnSOD requires high stability
and optimally fast catalysis. Both the β-barrel fold and a tight
hydrophobic dimer interface provide structural stability to Cu,
ZnSOD. The hydrophobic β-barrel core and main-chain β-sheet
hydrogen bonds [85,90] were shown to be key in promoting not
only structural integrity, but also folding, as a set of circular
permutationmutantswith swapped connections of the inter-β-strand
loops and N- and C-termini yielded active enzymes [91]. Both the
binding of the active site metal ions and formation of the conserved
disulfide bond in each subunit also contribute to the framework
stability and specificity of the protein fold and dimer assembly.

3.1. Cu,ZnSOD mechanism

Superoxide dismutases protect cells from reactive oxygen species
by catalyzing the disproportionation of superoxide anion radicals into
molecular oxygen and hydrogen peroxide. As the difference between
molecular oxygen and the superoxide radical is a single electron, the



Fig. 1. Cu,ZnSOD sequence conservation, fold, and structural and functional regions. (A) Structure-based alignment of eukaryotic Cu,ZnSOD proteins with solved structures: HsSOD,
H. sapiens; BtSOD, B. taurus; ApSOD, A. pompejana; XlSOD, X. laevis; SoSOD, S. oleracea; PaSOD, P. atrosanguina; SmSOD, S. mansoni; Sc, S. cerevisiae. Structural elements and
secondary structure of HsSOD are noted above the alignment. Asterisks mark ALS sites in HsSOD. Letters below alignment: C, copper-binding ligand; D, disulfide cysteine; B, bridging
histidine; Z, zinc-binding ligand; H, H2O2 liganding residue in ApSOD. (B) HsSOD structure 1PU0. Key structural elements in (A) are color coded with abbreviations (V-loop, Variable
loop; GK1 and GK2, Greek key loops 1 and 2; S-S, Disulfide region). N and C denote termini. Metal-liganding residues are shown as sticks with the bridging histidine His61 in white.
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enzymemust have extreme specificity and be finely tuned to perform
its catalytic role. Furthermore, the substrate must be distinguished
from other important diatomic regulatory species that are roughly the
same size, such as nitric oxide [92,93]. In 1983, a structure-based
mechanism was proposed [41], but due to the resolution limits at the
time, the binding modes of the substrate/intermediate/product were
estimated. Subsequent structures and analyses of the enzyme
[42,74,94−98] in both the oxidized [99] and reduced [78] states,
including inhibitor complexes [99,100], agreed with the general
mechanism.

Recent high resolution structures of ApCu,ZnSOD, alone and in
complex with H2O2 [59], the first SOD structure with product
bound, aided a more unified general mechanism for Cu,ZnSOD that
took into account steric restrictions at the Cu(I) binding site and
how they relate to the observation of copper at two sites [79,88,89]
(Fig. 2). These structures support an inner sphere mechanism [101],
as geometrical restraints did not support an outer sphere proposal
[99]. Following electrostatic recognition [42] and guidance [74] of
the substrate into the active site by positively charged residues such
as HsCu,ZnSOD Lys136 [94] and Arg143 [95], the first half reaction
begins with the O2

•− substrate binding to Cu(II). Cu(II) is then
reduced to Cu(I), and O2

•− is oxidized to molecular oxygen O2. The
Cu ion to bridging histidine (HsCu,ZnSOD His63) bond is broken,
leaving His63 Nɛ1 protonated. In the second half reaction, a proton
from His63 Nɛ1 and an electron from Cu(I) are donated to O2

•−,
whereupon Cu(I) is oxidized to Cu(II), and O2

•− is reduced to
hydrogen peroxide or HO2

- [59]. The copper bind to the bridging
histidine is then restored [41].



Fig. 2. (A) Electrostatic potential mapped onto the Alvinella pompejana surface from the ApSOD-H2O2 complex crystal structure. Electrostatic potential (blue positive, red negative)
shows active site electrostatic attraction for superoxide anion. The H2O2 molecule (red spheres) occupies the position of the substrate/intermediate/product of the reaction. The
spheres representing reduced copper (left) and zinc (right) are brought forward to show their relative positions. (B) Sliced version of the surface. From this view, the steric
restrictions on the substrate/intermediate/product are readily recognized. Within the crystals, the copper ions (gold) were found in both the oxidized and reduced forms and show
the short distance required for copper ion movement during SOD catalysis.
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From the new ApCu,ZnSOD structures, it was proposed that the
positively charged Cu(I) ion would be attracted to the negatively
charged O2

•− substrate rather than shuttling an negatively charged
electron to the likewise negatively charged substrate by an outer
sphere mechanism. The binding modes of thiocyanate [100] and
azide [99] inhibitors in other SOD structures are different than that
observed in the H2O2 complex structure. However, the Cu ion
appears to transition through coordination geometry similar to that
observed in inhibitor bound structures; since the H2O2 oxygen
proximal to the Cu ion is bound in nearly the same position as
observed for the nearest inhibitor atoms to the copper. Another
observation was that the hydrogen-bonding network formed by
structurally conserved water molecules would align the reaction
intermediate orbitals to promote coupled proton and electron
transfer, then realign them for proper stabilization in solution [59].

Recently, the structure of the human extracellular Cu,ZnSOD
(SOD3) protein was determined [102]. The crystal structure
revealed a tetramer composed of dimers that are similar to the
human SOD1 dimers. However, SOD3 does not appear to play a
major role in ALS, perhaps due to stabilizing features. This
glycoprotein contains Cu and Zn ions and catalyzes the same
reaction as the SOD1 encoded enzyme [103,104]. Compared to
SOD1 proteins, each SOD3 subunit has additional disordered N-
terminal residues, longer loops at the β1/β2 and GK1 positions and
an extra C-terminal α-helix. Within the tetramer, these longer
loops interleave between dimers. SOD3 is stabilized by an
additional intrasubunit disulfide bond not found in SOD1, one
half of which is contributed by the SOD3 residue equivalent to
Cys6 of human SOD1. Superposition of the SOD3 structure and the
ApCu,ZnSOD-H2O2 complex [59] indicates a similar active site and
that the mechanism of catalysis for SOD3 is likely conserved with
that of the SOD1 enzymes.
3.2. Bacterial pathogenesis

Cu,ZnSODs encoded by the sodC gene are found in many pro-
karyotes, including Gram-negative pathogens, in which the enzyme
has been located in the periplasm or attached to the outer membrane
[105−111]. Mutation of the sodC gene was shown to attenuate
virulence [112−114]. One hypothesis for Cu,ZnSOD's role in patho-
genesis is to protect bacteria from the actions of host phagocytes that
expose cells to free radicals through a respiratory burst, where NADPH
oxidase and nitric oxide synthase may play roles [112,114−116].
Thus, the recognition of superoxide as a defensive cytotoxin made the
determination of bacterial SOD structures important for understand-
ing pathogenesis. The first prokaryotic Cu,ZnSOD structures solved
[117,118] revealed conservation of the subunit fold and electrostatic
recognition mechanism [42] for attracting the substrate, but a unique
dimer interface. Comparison of Cu,ZnSOD structures [119−122] from
a variety of species determined that whereas the subunit fold is con-
served between prokaryotic and eukaryotic Cu,ZnSODs, their qua-
ternary structures differ, suggesting that these differences may be
exploited for therapeutic interventions of infection.

4. Amyotrophic lateral sclerosis

ALS is one of the most common human neurological disorders,
affecting 1 in 200,000 people [123]. First described by Jean-Martin
Charcot in 1869 [124], ALS usually strikes in mid-life and selectively
kills motor neurons, leading to progressive paralysis and death,
typically in 1–5 years. Cu,ZnSOD constitutes 1% total cytosolic
protein in neurons [125] and mutations in Cu,ZnSOD cause about
20% of inherited or familial ALS (FALS), which is inherited in an
autosomal dominant manner [44,64]. Remarkably, over 100 single-
residue mutations at N70 Cu,ZnSOD sites occur in the 153 amino



249J.J.P. Perry et al. / Biochimica et Biophysica Acta 1804 (2010) 245–262
acid protein [126−128] (Fig. 3). The underlying molecular mech-
anism by which N100 distinct mutations can lead to the same FALS
pathology remains controversial [123,129−132]. Initial research
emphasis was directed toward hypotheses that included gain of
functions [133,134], involving reactions such as peroxidation and
increased tyrosine nitration [135−137]; glutamate-based excito-
toxic death [138]; neurofilament disorganization leading to axonal
strangulation [139]; reduced or altered Cu,ZnSOD activity arising
from imperfectly folded proteins and leading to increased oxidative
damage [44]; and toxicity of intracellular Cu,ZnSOD aggregates
resulting from protein misfolding or impaired protein degradation
[44,46]. Some hypotheses do not account for all the mutations, for
example, neither peroxidation nor nitration activities are shared by
all FALS mutants, especially those missing the Cu site (e.g., H46R,
H48Q). In 1993, a unified framework destabilization hypothesis was
proposed for FALS [44], and 10 years later FALS Cu,ZnSOD mutants
were shown to have substantially increased propensity to form
fibrous aggregates [48].

Many neurodegenerative diseases (Alzheimer's, Huntington's,
and Parkinson's diseases and ALS) involve protein aggregates in the
brain [126,140,141]. These aggregates also occur in both mouse and
cell culture models of ALS and are immunoreactive to Cu,ZnSOD
antibodies [46,142]. In cell culture models of ALS, detergents or
reducing agents do not dissociate these cytoplasmic aggregates.
Furthermore, these aggregates are detected biochemically in
transgenic mice months before symptoms [143], as Lewy body-
like hyaline inclusions [144]. The framework destabilization mech-
anism for FALS is consistent with proposals that FALS mutant Cu,
ZnSOD-mediated toxicity may occur through co-precipitation of
destabilized Cu,ZnSOD with key cellular components [46,123,143].
Cellular components including the copper chaperone for SOD (CCS)
[145], nitric oxide synthase (NOS) and phosphorylated neurofila-
ments [146], co-aggregate with mutant Cu,ZnSOD, and the resulting
aggregates react with antibodies to ubiquitin and nitrotyrosine
residues [144,146]. The post-mitotic motor neurons affected by ALS
are more than a meter long in humans, and their neurofilament-
based transport system involves extended protein lifetimes and
vulnerability to stress. A role for mitochondrial damage in
neurodegenerative diseases [147] suggests defective mitochondrial
transport and/or mitochondrial damage may act in FALS [148,149].
Mass spectrometry based-proteomic data indicate that Cu,ZnSOD is
present in purified human mitochondria. Thus, Cu,ZnSOD is
Fig. 3. Distribution of ALS mutations within the HsSOD Structure. (A) SOD residues known to
atoms. One subunit is yellow, the other orange. The majority of the β-barrel core and edge re
important for maintaining β-barrel stability and quaternary structure. Many outer surface
important for maintaining surface electrostatic potential or for stabilizing hydrogen bonding
from the same view as in (A). The active site (lower left) and the outer surface contain ma
positioned where aggregation can logically be proposed to result
in mitochondrial defects leading to apoptosis through chronic
caspase activation [150], consistent with motor neuron pathophys-
iology in FALS [142,151−154].

Exciting new results link specific non-wild-type interactions of
FALS mutant Cu,ZnSODs with proteins from two stress-response
pathways [155]: Derlin-1 in the endoplasmic-reticulum-associated
degradation (ERAD) pathway formisfolded proteins [156] and Rac1 in
the NADPH oxidase complex for oxidative burst in immune cells [157].
Derlin-1 is a transmembrane protein complex component that
recognizes and retro-translocates misfolded proteins from the
endoplasmic reticulum to the cytosol for ubiquitination and proteo-
somal degradation [158]. FALS mutant (A4V, G85R, and G93A), but
not wild-type human Cu,ZnSODs, interact with Derlin-1, as shown by
in vitro and in vivo pull-down binding assays [156]. This protein –

protein interaction produced endoplasmic reticulum stress, as
assayed by apoptosis signal-regulating kinase 1 (ASK1) activation in
cell culture. Furthermore, FALS mutant Cu,ZnSODs co-immunopreci-
pitated a C-terminal cytoplasmic tail construct from Derlin-1 (but not
from homologues Derlin-2 and Derlin-3). The construct containing
the 12-residue Derlin-1 sequence 105-FLYRWLPSRRGG-116 was
competent to make or block this interaction, to block ASK1 activation
and to attenuate the mutant Cu,ZnSOD-induced death of motor
neurons in spinal cord cultures from mouse embryos [156]. These
findings link aberrant binding of Derlin-1 by FALS mutant Cu,ZnSOD
proteins to endoplasmic reticulum stress, ERAD defects, and motor
neuron death.

Rac1, a member of the Rho GTPase family, is a key activating
component of the NADPH oxidase complex that generates extra-
cellular O2

•− in immune cells [159], including the microglia
associated with neurons. Wild-type Cu,ZnSOD regulates NADPH
oxidase activation via redox-regulated binding to Rac1, whereas
FALS mutant Cu,ZnSODs remain bound to Rac1, leading to
deregulated O2

•− production [157]. The binding of wild-type Cu,
ZnSOD to Rac1 was favored by bound GDP analogs and disfavored
by GTP analogs or the absence of bound nucleotide. Rac1 reduction
with DTT switched this nucleotide preference, presumably by
triggering the well-known conformational switch for Rho GTPases.
H2O2 (∼50 pM) inhibited the binding of Rac1 to Cu,ZnSOD, and this
inhibition was reversed by DTT treatment of Rac1. Pull-down assays
with Rac1 constructs showed that Cu,ZnSOD most efficiently bound
the region of Rac1 (residues 35–70) that includes the switch I,
be mutated in ALS patients, shown with colored side chains and spheres for glycine Cα
sidues, and the dimer interface residues are ALS SOD mutation sites. These residues are
residues that are mutated in ALS patients contain side chain oxygen atoms potentially
and salt-bridge interactions. (B) SOD residues not implicated in ALS, colored and shown
ny residues not linked to ALS.
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switch II; and nucleotide-binding motifs involved in Rac1 confor-
mational changes associated with nucleotide binding and hydroly-
sis, and Rac1 interactions with protein effectors. Cu,ZnSOD, but not
de-metallated Cu,ZnSOD, bound Rac1 and inhibited its GTPase
activity. FALS mutant Cu,ZnSODs (L8Q and G10V) showed enhanced
Rac1 binding that was redox insensitive. Treatment of FALS mutant
Cu,ZnSOD (G93A) mice with the NADPH oxidase inhibitor apoc-
yanin slowed disease progression and increased lifespan [157].
These findings link aberrant binding of Rac1 by mutant Cu,ZnSOD to
excessive superoxide production and resultant inflammation.

FALS mutants have also been implicated in aberrant interactions
with the chromogranin proteins of neurosecretory vesicles [160], the
inducible cytosolic chaperone Hsc70 [161], and the heavy chain of the
dynein complex responsible for retrograde transport in neurons
[162,163]. Aberrant and deregulated binding of FALS mutant Cu,
ZnSODs to protein partners are predictable consequences from the
framework destabilization hypothesis [48,59] and likely contribute to
the many different oxidative and inflammatory symptoms character-
istic of ALS pathology. The formation of stable rather than transient
SOD binding to protein partners can be expected to alter biological
outcomes, as shown directly for DNA damage responses [164].
Fortunately, the basis for the assemblies of β barrel domains has
been analyzed in some detail [165]. Furthermore, new facilities and
methods for small angle X-ray scattering (SAXS) provide promising
techniques to examine these framework and assembly aberrations in
solution [166,167]. SAXS may prove especially valuable for examining
SOD mutant dynamics as emerging NMR data on the dynamics of ALS
SOD mutants [168] supports the destabilization hypothesis proposed
from analyses of crystal structures [44,48,59]. Moreover, structure-
based design of small-molecule ligands that can induce local protein
conformational changes may provide a strategy to stabilize the native
SOD fold and assembly [169].

5. Role of Cu,ZnSOD stability in ALS

Superoxide dismutases are highly stable. Purification can
involve heat denaturation of cellular extracts [59] and organic
solvent extraction [1]. BtCu,ZnSOD is one of the most stable
enzymes from a mesophile: this enzyme has a melting temperature
of 89–104 °C depending on conditions [170,171] and remains
active in 8 M urea [172], 4% sodium dodecyl sulfate [173] or at
elevated temperatures [86].

Part of the stability of Cu,ZnSOD is imparted by the Greek key β-
barrel [84], a fold utilized by stable extracellular proteins, such as
immunoglobins [174]. The β-barrel's integrity is maintained by main-
chain hydrogen bonds, a tightly packed hydrophobic core and the Leu
cork residues [73]. Many of the loops between strands are composed
of short turns. The β2/β3 loop, or variable loop, contains insertions
depending on species. The more stable BtCu,ZnSOD and ApCu,ZnSOD
contain the shortest variable loops, as well as a greater number of
conspicuous proline caps that may restrict movement at the apex of
some of their loops [59,175].

The two longest Cu,ZnSOD loops (β4/β5 and β7/β8) that form the
active site channel exhibit other stabilizing features. The electrostatic
β7/β8 loop contains a short helix and is additionally stabilized both
by hydrogen-bonding interactions and by the tightly packed and
hydrogen-bonded ordered water molecules filling the active site
channel. The extended loop is divided into several regions. The first
makes a connection to the dimer interface where it is further
stabilized by a hydrogen bond to GK2 and a disulfide bond to the β-
barrel (Fig. 1). The disulfide bond will remain intact under many
reducing conditions, including large doses of synchrotron X-ray
radiation [59]. The metal bridging His at the beginning of the Zn
binding region further couples this loop to the remainder of the
protein. Therefore, the dimer interface, disulfide bond and metal
binding anchor the protein's largest loop.
HsCu,ZnSOD has two cysteines that do not form a disulfide bond.
The first, Cys6 is relatively conserved in many species; among those
with solved structures, spinach and yeast Cu,ZnSODs have an Ala
residue at this position. The second, Cys111, is rare and is usually
occupied by Ser, as is the case for all other eukaryotic Cu,ZnSODs
with solved structures to date. These additional cysteines are
implicated in the irreversibility of folding when tested in vitro. In
fact, a more stable Cu,ZnSOD was engineered by mutating these
residues to their counterparts found in other organisms [74,86,176].
This C6A/C111S mutant has been very useful as an in vitro tool for
characterizing ALS mutations, as the fold and enzymatic function of
the protein is conserved, but complex interpretation of ALS
mutations are decreased by limiting irreversible aggregation and
free Cys oxidation effects [48,54,56,86,94,177−179].

What do these structural features mean in terms of ALS?
Examination of the ALS mutations mapped onto the primary
structure of HsCu,ZnSOD shows that the mutations are dispersed
throughout the amino acid sequence (Fig. 1). However, when the
mutations are mapped upon the tertiary or quaternary structure of
the protein, insights are revealed into how they may function in a
unified sense to give rise to ALS, as they are dispersed about the
structure (Fig. 3). Rather than each mutation site or clusters of
mutations in different functional sections of the protein, giving rise
to a separate mechanism, the structural destabilization hypothesis
would encompass the widespread distribution of ALS mutation
sites. Thus far, it has been shown that amyloid-like fibers may be
formed by Cu,ZnSOD under different conditions, and that ALS
mutations accelerate this process [48]. Staining the fibers with dyes
such as Congo red or thioflavin T indicates that β-sheet interac-
tions are present. Reduction of the disulfide bond and loss of active
site metal ions also accelerate fiber formation [180,181].

Our early proposal linked ALS to structural defects in HsCu,ZnSOD
and hypothesized that FALSmutations reduced the structural integrity
of the dimeric enzyme [44]. Moreover, this analysis pointed out
possible structural weaknesses occurring in the human enzyme that
let the majority of the β-sheet or β-barrel remain intact [59].
Computational analysis also supported destabilization of FALS
mutants and its correlation with disease severity [63]. The evidence
mounts that SOD fibrils containing partially folded Cu,ZnSOD subunits
are a likely common denominator in causing ALS pathology. Aberrant
interactions of ALS mutant Cu,ZnSODs with other proteins important
in cellular machinery, likely also stem from framework destabilization
stemming again from misfolding rather than different chemical
reactions of Cu,ZnSOD. Side reactions and loss of superoxide dismutase
activity may occur after misfolding, nucleation and growth of
aggregates. However, when we take into account the positions of
ALS sites, their roles in maintaining structure, and the observations
made bymany laboratories, the likely initiator of defective superoxide
dismutase pathologies in FALS is a common loss of structural integrity
resulting from destabilization of the Cu,ZnSOD framework. Listed
below are examples of structural and biochemical results that support
the Cu,ZnSOD framework destabilzationmechanism for FALSmutants,
categorized by structural and functional elements of the protein.

5.1. The β-barrel

Packing distortions imparted by ALSmutations in the cork residues
and other interior side chains key to hydrophobic packing are
predicted to locally perturb the fold of the β-barrel. Perturbation of
the β-barrel, in turn, may destabilize important loop and dimer
interface interactions. When the ALS mutations are mapped onto the
HsCu,ZnSOD structure (Fig. 3), it is easily visualized that the majority
of hydrophobic packing residues are ALS mutations, including the
cork residues Leu38 and Leu106 that are held in place by the two
Greek key loops and are represented by the L38R, L38V, and L106V
ALS mutations.



Fig. 4. Disease onset and severity mapped onto ALS mutation sites in HsSOD structure.
(A) FALS mutation sites (spheres) are found throughout the SOD sequence at sites
expected to reduce the integrity of the β-barrel, especially the packing within the β-
barrel core, “cork” regions, the dimer interface (center) and other framework features.
(B) 90° rotation from (A) around horizontal axis. (C) Color codes for the spheres in (A)
and (B) show the severity and age of onset linked to eachmutation. Mutations linked to
the most rapid and severe mutations are located within the dimer interface or in the β-
barrel at positions likely to destabilize the dimer interface. The active site Cu and Zn
ions are also shown as spheres within cages. Data from Wang et al. [63] were used to
generate the figure.
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His43 is a β-barrel residue that makes van derWaals contacts with
core residue Leu38. The H43R Cu,ZnSOD structure showed that the
Arg43 substitution results in loss of a hydrogen bond and a steric clash
with Thr39, which influenced packing with the surrounding residues
including significant loss of contact with the Leu38 cork residue [48].
Evenwhenmetallated and in themore stable C6A/C111S background,
the H43R mutant loses roughly 40% of activity. Moreover, the mutant
protein was shown by electron microscopy (EM) and atomic force
microscopy (AFM) to rapidly form fibril aggregates with dimensions
suggestive of loss of dimerization and partial loss of the β-barrel fold.
The mutant protein did, however, bind dyes that associate with
amyloid-like fibers.

Ile113 technically resides within GK2 but contributes to the cork
region of the β-barrel along with Leu106. Crystallographic structural
analysis of the I113T mutant showed that, although the β-barrel fold
was not significantly changed, packing interactions were decreased
with Ala4, a key component of the dimer interface. Themajor structural
consequence of the I113T mutation was the change in subunit
orientation about the dimer interface. This change was more pro-
nounced in small-angle X-ray scattering experiments in solution [53].

5.2. β-barrel loops

The ALS mutation sites in the β-barrel loops are positioned to either
destabilize the hydrophobic packing of the barrel or weaken electro-
static interactions that tether and stabilize the loops and and/or the β-
strands with which they associate. As stated above, the loops appear to
be key formaintaining the proper fold of the β-barrel [59]. For instance,
the G37R and G41D mutations, are located at opposite β-strand/loop
junctions of the 1st Greek key connection (GK1). Gly41 has torsion
angles disfavored for other residues. Both Gly residues also contribute
hydrogen bonds to the β5/β6 turn that opens toward the opposite end
of the dimer interface, making the β-strands more likely than others to
form new β-strand interactions. The G37R mutant structure showed
changes in hydrogen-bonding networks important for stability and
different copper binding in the two subunits of the dimer [182].

In mice, the G85R mutation results in motor neuron degeneration
and paralytic symptoms, associated with insoluble aggregates
[183,184]. Four G85R Cu,ZnSOD structures [47] showed that this
mutation results in the loss of metal binding or the introduction of
zinc into the copper site. Superposition of the structures also revealed
a perturbed dimer interface, and movements of loops away from the
mutation site. One G85R structure, which had a Cys111 modification
to reduce unwanted disulfide bond formation, resulted in a protein
with disordered loops. Moreover, some of the subunits bound a water
molecule within the β-barrel, weakening β-strand interactions and
resulting in perturbations to the fold.

5.3. The dimer interface

The dimer interface is directly connected to many other structural
features of Cu,ZnSOD: It forms the edge of the β-barrel, and through
the β4/β5 loop, is immediately linked to the disulfide bond and metal
binding ligands. Some of the most severe ALS mutations map not to
the active site but to the dimer interface (Fig. 4), which supports the
framework destabilization hypothesis, as opposed to altered catalytic
activities, as the predominant cause of FALS.

The A4VmutantHsCu,ZnSOD structure revealed that changes in the
small side chain within the β-barrel propagate to the nearby dimer
interface [177]. Superposition onto the wild-type structure shows no
significant backbone changes, but instead subtle changes from the A4V
mutation that propagate from Val4 through Ile113 and Ile151 to the
dimer interface, and fromVal4 to Leu106 to Phe20. Furthermore, buried
surface area differences calculated using the program Tiny Probe [185]
indicate that these differences are due to an increase in the volume of
residue 4 in the A4V structure and a decrease in buried surface area
(increase in solvent accessibility) of ∼11 Å2 for cork residue Leu106 and
Ile113. The increased solvent accessibility of Leu106 together with
subtle changes in dimer interface residues caused by the A4V mutation
are predicted to compromise the architectural stability and assembly
specificity of Cu,ZnSOD. Like the H43R mutant, the A4V mutant was
shown to rapidly form aggregates by EM and AFMwith dimensions and
dye affinity suggestive of a mostly intact β-barrel within the fibrils [48].
Destabilization of the mutant protein was also shown by hydrogen/
deuterium exchange and mass spectrometry [58]. The A4V mutation is
also associatedwith themost rapid disease progression, suggesting that
structural integrity of the Cu,ZnSOD dimer interface is of high
importance [186].

5.4. The disulfide bond and metal-binding ligands

Reduction of the disulfide bond promotes Cu,ZnSOD aggregation
[181]. The conserved disulfide bond anchors key elements forming the



Fig. 5. Effects of single-point mutations inHsSOD on electrostatic potential. Electrostatic
potential was mapped onto the surfaces of wild-type (left) vs. mutant (right) HsSOD
models for the E21K and E100G HsSOD mutants. Loss of charge complementarity can
dramatically change the electrostatic potential and reduce stability, both of which may
result in aberrant SOD interactions.
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active site channel and is also directly tethered to the dimer interface
and metal ligands, as discussed previously. Both disulfide cysteines
are ALS mutation sites. A C57A/C146A double mutant (in the context
of the stable C6A/C111S construct) was engineered to show the
effects of loss of the disulfide bond [52]. The crystal structure revealed
movement of the β4/β5 loop, which tethers the dimer interface to the
disulfide bond and metal-binding ligands. In solution, the apo form of
this mutant protein was found to consist of individual subunits that
reverted back to dimers in the presence of Cu and Zn ions. Molecular
dynamics simulations support the importance of the metal ions and
the disulfide bond as stabilizing features [49].

ALS patients with mutations in metal-binding residues have been
identified (Fig. 1). Through the Cu ion, both His46 and His48 tether β4
to the junction of β7 and the electrostatic loop via His120. In the
oxidized state, the Cu ion is also linked via bridging His63 to the Zn ion
and its associated loop regions outside of the β-barrel. Therefore,
these Cu ion ligands have structural, as well as, catalytic roles. The
H46R Cu,ZnSOD structure, as well as that of the S134N mutant, which
is mutated near Zn binding ligand His71, showed that the proteins
exist in amyloid-like filament structures within crystals [50]. Another
H46R structure had disordered loops encompassing the zinc-binding
region and electrostatic loops [45].

Two zinc ligands, His80 and Asp83, were mutated to serine to
preclude zinc binding [56]. These mutations perturbed the dimer
interface, imparting a 9° rotational twist between the two subunits.
The active site β4/β5 and β7/β8 loops, which house the disulfide
bond and residues important for electrostatic attraction of superoxide,
were partially disordered. The disulfide bond was found in two
conformational states. Although the mutant protein was more subject
to aggregation in the presence of a reducing agent, it formed
heterodimers with wild-type Cu,ZnSOD, suggesting that the β-barrel
folds remained substantially intact in solution.

5.5. The outer surface

Many side chains at ALS mutation sites are surface-exposed away
from the active site and the dimer interface and would therefore
apparently play seemingly little or no role in altering active site
chemistry (Figs. 3 and 4). However, as seen in Fig. 3, many of these
side chains are polar or charged (mainly negative). Mutations at these
sites may change the electrostatic potential of the surface (Fig. 5) to
promote misfolding and/or nucleate aggregation. The E21K ALS
mutation, which lies on the outer β-barrel surface surrounded (Fig.
5) by positively charged Lys3, Lys23, and Lys30, likely serves to
neutralize these positive charges. Nearby ALS mutation site Glu100,
adjacent to Lys30, participates in the same charge network as
Glu21; modeling of the E100G structure suggests loop changes that
propagate toward the dimer interface. Mapping the electrostatic
potential onto the molecular surface (Fig. 5) reveals that these
changes in surface charge may promote aberrant interactions to
nucleate aggregation.

6. Manganese and iron superoxide dismutases

In bacteria the cytoplasmic Mn and FeSODs have defensive
functions in protecting the cell from ROS, and there are indications
that in pathogenic bacteria they may have additional functions in
infecting and colonizing their host (reviewed in ref. [187]). The
eukaryotic mitochondrial MnSOD is critically required because as
much as 90% of cellular ROS can be generated in this organelle. Also,
mitochondrial DNA is particularly susceptible to oxidative damage,
due to the extreme levels of oxygen metabolism, its relatively in-
efficient DNA repair and because of a lack of histones [188]. The
important cellular function for mitochondrial MnSOD was highlight-
ed by a study on mice that were nullizygous for the MnSOD gene
(sod2). A lack of MnSOD resulted in dilated cardiomyopathy, hepatic
lipid accumulation, mitochondrial defects and early neonatal death
[189,190]. Markedly, the sod2 nullizygous mice were treated with a
SOD mimetic expected to temper these pathologies and enhance
their survival [191]. However, surviving mice acquired a spongiform
neurodegenerative disorder, with a similar phenotype to certain
mitochondrial abnormality disorders and lethality at 3 weeks of age
[191]. This neuropathology highlighted roles for MnSOD in con-
trolling ROS levels in the brain, due to insufficient SOD activity
across the blood–brain barrier [191]. A later study determined that
superoxide-catalase mimetics that are porous to the blood–brain
barrier abrogated the spongiform encephalopathy [192]. This result
suggests that MnSOD and MnSOD mimetics may have therapeutic
potential in combating neurodegenerative diseases associated with
oxidative stress, including the spongiform encephalopathies, Alz-
heimer's and Parkinson's diseases. Moreover, combining MnSOD
with catalase or creating superoxide-catalase mimetics, in order to
remove the hydrogen peroxide product, may have additional thera-
peutic benefit. For example the median and maximum life spans of
transgenic mice were significantly increased when overexpressing
catalase in the mitochondria and peroxisome [193]. This was noted
to delay cardiac pathology, cataract development and mitochon-
drial deletions [193].

6.1. MnSOD and FeSOD structural determination

Structural studies helping define the molecular mechanisms
behind catalysis and product inhibition of MnSOD and FeSOD first
achieved success in the late 1980s and early 1990s [194−199]. In the
Mn/FeSOD structures the polypetide chain is divided into N-terminal
helices and a C-terminal α/β domain. The N-terminal domain
mediates multimerization, with most of the bacterial structures
forming dimers. Human MnSOD (hMnSOD) differs by assembling
into a tetramer, through forming a dimer of dimers that creates two
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symmetrical four-helix bundles [198,200], (Fig. 6A). Notably, the I58T
polymorphism in hMnSOD modifies Ile58, which is the largest
contributor of buried surface area in the tetramerization interface.
Structural biochemistry studies revealed that the I58T polymorphism
causes packing defects and it significantly reduces the thermal
stability of hMnSOD, resulting in rapid inactivation at temperatures
elevated above normal that are associated with fever or inflammation
[201]. However, epidemiology studies have focused not on the I58T,
but on the V16A and A9V polymorphisms of the MnSOD precusor that
disrupts targeting of MnSOD to mitochondrial. Results on V16A and
A9V have proved mixed, with some groups indicating links to cancer,
diabetic nephropathy or tardive dyskinesia in patients with schizo-
phrenia [202-211].

The active site of Mn/FeSOD is located between the N and C-
terminal domains, and it differs from that of Cu,ZnSOD by containing a
single metal ion. The metal ion is coordinated in a strained trigonal
bipyramidal geometry by four amino acid side chains, His26, His74,
Asp159 and His163 (human sequence), and by one solvent molecule,
as observed in the human structure [198](Fig. 6B). The superoxide
reaches the active site through a funnel that uses electrostatics for
guidance and has a narrow entrance to the active site, limiting access
to only small ions. Also at this funnel vertex are residues His30 and
Tyr34, which function as gatekeeper residues, specifically blocking
access to the metal ion; with computational analysis suggesting that
Tyr34 moves to allow passage of the superoxide to the metal center
[212].

6.2. Proposed MnSOD and FeSOD molecular mechanisms

The Mn/FeSOD catalytic reaction requires cycling between the
Mn/Fe2+ and Mn/Fe3+ states; the midpoint potential for these two
states, as measured in the humanMnSOD, falls within a suitable range
for the disproportionation of superoxide at 393 ± 29 mV [213]. A few
different mechanisms have been proposed for the catalytic reaction.
One is known as the 5-6-5-reaction mechanism, where the metal is
five-coordinated in its resting state and six-coordinated when the
anion is bound [196,199,214]. In this model, superoxide is thought to
bind in the same manner as anionic inhibitors, such as fluoride,
hydroxide and azide. Crystal structures of E. coli FeSOD and T.
thermophilus MnSOD have revealed that the azide inhibitor forms a
sixth ligand, creating a distorted octahedral manganese ion [199]. X-
ray absorption studies further supported this 5-6-5 mechanism,
revealing that FeSOD at neutral pH is five-coordinated, at pH 10.5 it is
six-coordinated and at pH 9.4 is in a 1:1 mixture, with the sixth ligand
presumed to be hydroxide [214]. A second proposed mechanism,
associative displacement [215] was based on temperature-dependent
absorption or thermochromism of anion complexes of MnSOD. In this
Fig. 6. Human MnSOD crystal structure. (A) The wild-type homotetrameric MnSOD structur
domains, is depicted with the four separate polypeptide chains colored in cyan, blue, green
active site and hydrogen-bonding scheme. The side chains of active site residues His26, H
hydrogen-bonding network, depicted in orange spheres, is observed in the MnSOD active
Gln143, and the network is continuedwith a hydrogen bond to Tyr34. A conserved water mo
a hydrogen bond with Tyr166 from an adjacent subunit.
mechanism the inactive inhibitor-bound enzyme is six-coordinated,
while the active form remains five-coordinated, with substrate
binding causing the displacement of one of the manganese ligands.
A third proposed mechanism suggested that the catalytic reaction
occurs through an outer sphere mechanism and instead utilizes an
alternate anion-binding site in the active site, possibly at the base of the
funnel [216−218]. This proposal is baseduponvarious anions inhibiting
theactivityof FeSOD, butwithout directly coordinating themetal center.
Clearly, structures of Mn/FeSOD in complex with superoxide are very
muchwarranted tohelpdelineatewhichof theseproposedmechanisms
holds true for this class.

Also important to the catalytic mechanism is that mitochondrial
MnSOD has been characterized by increased product inhibition when
compared with bacterial forms of the enzyme. This product inhibition
also distinguishes MnSOD from FeSOD, as deactivation of the active
site of FeSOD occurs instead through Fenton chemistry [4]. This
MnSOD product inhibition is most likely important for preventing the
overproduction of toxic hydrogen peroxide in eukaryotic cells. Studies
on hMnSOD catalysis revealed an initial burst, which is then inhibited
at the micromolar level by the peroxide reaction product, consistent
with the formation of a reversible, dead-end complex. The structure of
this peroxide inhibited form of hMnSOD has not been directly
observed, but computational and spectroscopic methods also support
a direct complex with the metal ion [219,220].

6.3. Mn/FeSOD active site hydrogen bond network

The active site of Mn/FeSOD contains a hydrogen bond network
that extends from the metal bound solvent molecule to solvent-
exposed residues at the interface between subunits [198,221] (Fig.
6B). This hydrogen bond network has been suggested to support
proton transfer in catalysis; this would provide a means for both
delivering protons to the active site and regulating the pKa of the
active site water [221]. In humanMnSOD the hydrogen bond network
is created through the metal bound solvent forming a hydrogen bond
with Gln143 Nɛ. The oxygen of the carboxamide Gln143 side chain
continues the network by forming a hydrogen bond to the Tyr34
hydroxyl group. A water molecule situated between Tyr34 and the
His30 side chains mediates the hydrogen bonding between these two
residues. This His30 side chain, which is near the protein surface,
completes the network with a bond with the Tyr166 hydroxyl group
from an adjacent subunit. Results defining how these network side
chains control the activity of hMnSOD have undergone extensive
analysis, using both structure-based mutagenesis [222−226] and
chemical modification approaches [227−229]. These studies revealed
that any modification of residues in the hydrogen bond network
affects both the activity and the stability of the enzyme, even though
e (1LUV.pdb), containing two symmetrical four-helix bundles and four C-terminal α/β
and yellow, and active site manganese ions depicted as magenta spheres. (B) MnSOD
is74, His163, and Asp159 bind the Mn ion, in conjunction with a solvent molecule. A
site, extending from the metal-bound solvent. The solvent forms a hydrogen bond to
lecule thenmediates the hydrogen bond between Tyr34 and His30, and His30 also forms
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these alterations cause only minimal structural changes to the active
site [222−225,227,230]. Mutation of hydrogen bond network residues
Tyr34, His30 or Tyr166 results in a 10- to 40-fold decrease in k(cat),
likely due to less efficient proton transfer to the product peroxide
[225,231]. Interestingly, substitution of these network amino acidsmay
permit water molecules to replace the endogenous side chain if space
allows and perform the necessary interactions to maintain the
hydrogen bond network, though at these lower rates [224,227,230].

Interestingly, the domain architecture contributing the active site
Gln143 (human sequence) is observed to correlate with metal ion
specificity [194,198,232−234]. In hMnSOD Gln143 comes from the C-
terminal domain, compared to the N-terminal equivalent Gln in
FeSOD (Gln69 in E. coli FeSOD). Substitution of Mn with Fe in the
active site of MnSOD markedly reduces the activity of the enzyme,
especially at high pH [235,236]; this occurs even though the active
sites are 100% conserved in sequence betweenMn and FeSOD. The pH
sensitivity suggested the binding of a hydroxide to the Fe ion, which
was later confirmed in the crystal structure of Fe-substituted E. coli
MnSOD [237]. Inhibition occurs through the hydroxide blocking the
substrate access funnel and hydrogen bonding to Tyr34 [237] and
likely affecting the redox potential of the bound metal [238].
However, certain cannibalistic SODs can function with either metal,
and this gain of function may be in part due to the replacement of the
strictly conserved Gln by His in this group of enzymes [239,240].

6.4. Structure-based mutational analyses

In addition to its role in metal ion specificity, Gln143 is also
critical for in promoting efficient catalysis and maintaining
appropriate levels of product inhibition. Mutation of Gln143 reduces
activity by two to three orders of magnitude, as determined by
stopped-flow spectrophotometry and pulse radiolysis [223,241].
Interestingly, the Gln143 mutants differ from the wild-type protein
by having little to no product inhibition even at micromolar
concentrations of peroxide. This is of interest because the
development of hMnSOD mutants exhibiting limited product
inhibition, while retaining a reasonable kinetic rate, may have a
therapeutic value. One study aiming to develop such a therapeutic
hMnSOD used a directed evolution approach, revealing that two
mutations, C140S and N73S, result in a five-fold increase in activity
of the Q143A mutant that maintains limited product inhibition
[242]. Certain mutations of the hydrogen bond network partners
Tyr34, His30 and Tyr166 may also be useful for generating
therapeutic SOD, as they are observed to increase the dissociation
of the product-inhibited complex [225,231]. Furthermore, studies on
one of these mutants with reduced product inhibition, H30N, have
revealed that this mutant has both anti-proliferative effects in vitro
and anti-tumor effects in vivo, when it is over-expressed [243].

Extensive studies have been conducted on Tyr34 due to its role
as an active site gatekeeper residue, controlling access to the metal
ion, in addition to having key functions in the hydrogen bond
network. The initial structural biochemistry analysis of an Y34F
mutant determined that the steady-state turnover of the mutant
resembled that of the wild-type enzyme, but at high superoxide
levels the rate decreased by 10-fold [222,227]. Markedly, this
finding suggested that conservation of Tyr34 is actually due to
constraints from extreme conditions affecting cell survival, instead
of normal cellular conditions. This result was followed by a study
defining Tyr34 function through using Fourier transform infrared
(FTIR) spectroscopy and X-ray crystallography analyses on a form of
hMnSOD that had the tyrosine side chains replaced with 3-
fluorotyrosine [227]. Comparison of the FTIR spectra for 3-
fluorotyrosine hMnSOD and a 3-fluorotyrosine hMnSOD Y34F
mutant experimentally confirmed that the Tyr34 phenolic hydroxyl
is hydrogen bonded, and that it is a proton donor to an adjacent
water molecule. A recent structural biochemistry report character-
ized four further Tyr34 substitutions, in addition to Y34F. This set of
experiments revealed that Tyr34 functions to control the gating
ratio between catalysis and product inhibition, where substitutions
produced a more product-inhibited form of the enzyme [231].
Encouragingly, this recent report also identified in three of the
mutations a previously unknown intermediate in catalysis and
characterizing this intermediate should help to elucidate a more
detailed understanding of enzymatic mechanism. Another area of
biological importance is the inactivation of hMnSOD through
nitration of Tyr34. Nitration can occur through the reaction of
superoxide and nitric oxide in the cell, which generates peroxyni-
trite [244], a moiety with known roles in cardiovascular disease
[245,246]. The crystal structure of nitrated Tyr34 hMnSOD revealed
that inhibition of catalysis is likely due to both the steric effect of 3-
nitrotyrosine34 perturbing both substrate access and binding and
due to the alteration to the hydrogen bond network [228].

Important roles for residues that are not part of the hydrogen bond
network, but are close to the active site have been revealed. Trp123
forms a hydrogen bond to the carboxamide of Gln143 and
replacement of Trp123 inhibits both catalysis as much as fifty fold
and the gating between catalysis and peroxide inhibition, to yield a
more product inhibited enzyme. Similar results are observed with
Trp161, which resides near the metal chelating Asp159 and the Mn
bound solvent, and with Glu162 that forms a hydrogen bond to the
metal chelating residue His163 of an adjacent subunit; mutation of
these residues lowers enzymatic activity and significantly increases
peroxide inhibition. Structural data on the Trp123, Trp161 and Glu162
mutants further support the idea that the defects are due to more
subtle electronic effects to the hydrogen bond network rather than
gross structural changes. Strikingly, the mutation of Phe66 produces
hMnSOD with lower product inhibition and its altered mechanism
resembles E. coliMnSOD, through decreasing the rate constant for the
oxidative addition of superoxide to Mn2+. Phe66 is adjacent to Tyr34
and it resides at the dimer-packing interface that differs between
human and E. coli MnSOD, suggesting that this region plays a role in
the increased product inhibition observed in the human enzyme.

Overall, mutation of thewell-conserved residues in and around the
Mn/FeSOD active site generally results in lower catalytic activity and
altered product inhibition; this indicates that Mn/FeSOD have been
highly tuned to remove superoxide at near diffusion-limited rates and
in a controlled manner. Hopefully, future structure-based analyses
will reveal further key insights into the mechanisms of mitochondrial
MnSOD and its bacterial counterparts, and will include structure
determinations of MnSOD complexes with superoxide or peroxide.

7. NiSOD

The sodN gene, originally identified in Streptomyces [247,248] and
cyanobacteria [249], encodes a third, more recently characterized
class of SOD with a Ni metal center. Data mining suggests that NiSOD
occurs not only in actinobacterial species common to soil and marine
environments, but also in proteobacteria that include notable
pathogenic species, the obligate intracellular pathogens chlamydiae
and green algae eukarya [250]. NiSOD is a protein of ∼120 amino
acids, containing an acidic 14-residue N-terminal pro-sequence that is
removed in the mature enzyme [247]. Initial characterization of
NiSOD indicated that it differed from the other SOD classes in its
sequence, spectroscopic properties and immunological cross-reactiv-
ity. In the absence of Ni it was suggested that NiSOD is a monomer
[251], while the presence of Ni promotes formation of a tetrameric
species [247]. X-ray and electron paramagnetic resonance spectros-
copy studies indicated that Streptomyces seoulensis NiSOD contained
an oxidized Ni3+ ion with an axial nitrogen ligand [251]. Also,
extended X-ray absorption fine structure (EXAFS) data suggested a
dinuclear Ni–Ni active site and thiolate ligation that is not observed in
the other classes of SOD [251].
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7.1. NiSOD crystal structure

Our laboratory reported the crystal structure of S. coelicolor NiSOD
[252] and Kristina Djinović-Carugo and colleagues defined the S.
seoulensis homologue [253]; together these studies provided an
increased understanding of NiSOD architecture, metal coordination
and molecular mechanism. The two NiSOD crystal structures are
similar, containing a fold, assembly and active site unique among the
SODs. NiSOD forms a right-handed 4-helix bundle, which assembles
into a spherical homohexameric structure with an outside diameter of
approximately 60 Å and a 20 Å deep central cavity (Fig. 7A). Each
subunit contains a N-terminal hook-like structure that projects from
the four-helix bundle and chelates a single Ni ion; the closest distance
between two Ni ions is 23 Å, ruling out a previously suggested
dinuclear Ni–Ni active site. A nine-residue motif, His-Cys-X-X-Pro-
Cys-Gly-X-Tyr, forms the novel hook structure (Fig. 7B) and this
sequence provides nearly all the key interactions for both chelating
the Ni ion and for catalysis. Incubation with cyanide removes Ni from
the structure, disordering the hook motif, but not affecting the
hexameric structure [252]. These results, together with previous
biochemical data [254], indicate a mechanism for NiSOD maturation;
hexameric assembly occurs first and is followed by Ni mediated
proteolytic cleavage of the 14-residue N-terminal extension. Inter-
estingly, both the oxidized Ni3+ state and reduced Ni2+ state were
observed in the structural studies [252,253]. Ni2+ has four-coordinate
square planar geometry [252,253], with ligation by the backbone
nitrogen atoms of His1 and Cys2, and thiolate side chains (as
suggested by EXAFS data) of Cys2 and Cys6. Ni3+ has five-coordinate
pyramidal geometry, with axial ligation by the His1 side chain.
Ligation by the main-chain nitrogen of His1 explains why proteolytic
maturation to free His1 is crucial for activity.

Despite its independent evolution, NiSOD employs strategies
similar to those of the other SOD classes for restricting access to the
active site. Superoxide access in other SODs is controlled using a
combination of size constraint [41,198] and electrostatic steering
[42,74,198,255], in addition to the gatekeeper tyrosine for Mn/FeSOD
[198,256−258]. In NiSOD, a narrow active site channel also limits
access to the catalytic metal site, a nearby group of conserved lysine
residues likely aids electrostatic steering, and Tyr9 functions as a
gatekeeper. As in other SODs, the protein environment in NiSOD
adjusts the midpoint potential of the metal ion into a range suitable
for superoxide dismutation (−0.16 to 0.89 V vs. NHE) [259]. However,
themetal ligation differs in NiSOD, as the Ni ion does not have a bound
solvent molecule associated with proton supply and redox tuning as
in MnSOD/FeSOD [260]. Instead, the axial His ligand favors the Ni3+

state, and the cysteine ligands that are also observed in the other
Fig. 7. S. coelicolor NiSOD crystal structure. (A) NiSOD forms a hexameric assembly (1T6U.p
∼20 Å deep central cavity. Extending from each four-helix bundle are N-terminal Ni-hooks, w
hook contains the conserved His-Cys-X-X-Pro-Cys-Gly-X-Tyr motif, which chelates a single
characterized redox-active Ni enzymes [261], likely function to reduce
the redox potential [262,263].

7.2. Proposed NiSOD molecular mechanisms

Substrate binding in NiSOD has yet to be observed through
enzyme-based methods. In NiSOD, two mechanisms have been
proposed for superoxide dismutation. First, an inner sphere mecha-
nismwas put forward from the discovery of the active site topography
and the metal ligand geometry of the S. coelicolor NiSOD structure
[252]. The superoxide was proposed to bind the open axial Ni
coordination position opposite to the His1 side chain and at the base
of the active site channel. Electron transfer from Ni2+ to the
superoxide substrate is coupled with protein transfer, which likely
comes from the backbone amides of Asp3 or Cys6, or the side chain
hydroxyl of Tyr9. Upon Ni oxidation the active site converts to square
pyramidal geometry and superoxide again binds axially to the Ni ion.
Electron transfer from the superoxide reduces Ni3+ to Ni2+ and
generates molecular oxygen, completing the catalytic cycle. The
second, recently proposed mechanism has the same general reaction
cycle, but an outer sphere, rather than inner sphere, mechanism. This
outer sphere mechanism is based on the crystal structure of an Y9F
NiSODmutant with a bound chloride ion, which is suggested to mimic
the binding of superoxide substrate or azide inhibitor. The chloride
ion is situated between the backbone amides of Asp3 and Cys6 and it
does not directly ligate the Ni ion [264]. Recent characterization of a
cyanide adduct of the Ni-hook peptide showed direct binding of
cyanide to the Ni ion, supporting an inner sphere mechanism for
NiSOD [265].

8. Discussion

Structural biochemistry studies have provided striking insights
into the functions of the superoxide dismutases. Crystallographic
studies confirmed that the FeSODs and MnSODs share a common fold,
suggesting a common ancestor. The evolution of similar SODs with
different catalytic metal ions has been linked to the availability of
these transition metals in the atmosphere during different geological
eras. FeSODmay be themore ancestral of the two, evolvingwhen Fe2+

was more abundant; as O2 levels increased, selective pressure shifted
towards the more available Mn3+ [266]. Cu,ZnSODs have a distinct
fold from Fe/MnSODs, indicating a distinct ancestor, yet the
evolutionary origin of Cu,ZnSODs may also be linked to increased O2

levels, which converted insoluble Cu1+ to soluble Cu2+. Despite
different evolutionary origins, all the SOD structures have evolved to
react at diffusion-limited rates with the aid of electrostatic guidance,
db) of right-handed four-helix bundles that create a ∼60 Å diameter structure with a
ith the Ni ions displayed as orange spheres. (B) The nine-residue NiSOD metal-binding
metal ion and provides key residues for catalysis.
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alter the redoxpotential of the transitionmetal into a range suitable for
disproportionation of superoxide, and sequester the active site metal
ion to protect against inhibition by other anions such as phosphate.

SOD enzymatic function provides a protective effect to the cell,
as ROS mediated damage is linked to many disease states. If left
unchecked, superoxide can convert to the hydroxyl radical, which is
especially damaging and can cause alterations to DNA, damage
proteins and lipids. Damage to DNA can include base mutations
right up to chromosomal rearrangements and thus can promote
genomic instability and tumorigenesis (reviewed in ref. [21]).
Oxidative damage to DNA-processing enzymes, such as DNA
polymerases or DNA repair proteins, can also lead to mutagenesis.
Interestingly, oxidative damage has been noted in the key DNA
repair protein WRN [267], a DNA exonuclease/helicase [268,269]
whose dysfunction results in a rapid-aging phenotype (reviewed in
refs. [270,271]). Peroxynitrite, generated by ROS reacting with NO,
can also attack key cellular proteins [272-274], such as those
controlling signal transduction processes or proteins modulating
ROS levels, such as MnSOD [246,275]. A mutagenic effect also occurs
through lipid peroxidation, as these peroxides can breakdown into
mutagenic carbonyl products, such as genotoxic 4-hydroxylnonenal
[276]. ROS may additionally damage mitochondrial DNA, a process
which is likely relevant to aging and to human disease, including
neurodegenerative disorders [277,278].

FALS-inducing mutations in Cu,ZnSOD provide a direct link to
neurodegenerative disease. The recognition that SOD1-linked FALS
resulted from structural destabilization [44,48] rather than in-
creased stability and activity [64] or a gain of new toxic enzyme
activity [65] provides a unified understanding of how mutations
frequently cause disease. Other examples of disease-causing protein
structural destabilization include mutations in the DNA repair
proteins, XPD, Mre11, and Nbs1 that can similarly cause cancer,
aging, and neurodegenerative diseases [279−281]. Structural de-
stabilization in SOD1 results in an amyloid-like of fibril aggregate,
resembling those found in Alzheimer's, Huntington's, Parkinson's
and prion diseases. A single mutation is sufficient to cause FALS, as
SOD1 has a core β-sheet structure that appears to be relatively
susceptible to aggregation and fibril formation. Interestingly, the
increased aggregation propensity of certain SOD1 mutants directly
relates to decreasing patient survival [63,282]. Thus, it is likely that
the differing SOD mutations result in a general structural destabi-
lization mechanism [44,48] and promote aggregation to a greater or
lesser extent. Many of the SOD1 mutations result in a decreased net
charge of the enzyme, a property suggested to increase aggregation
propensity of proteins [283]. Thus, the likelihood that the 100 plus
mutations all contribute to the disease via different mechanisms, as
suggested in refs. [132,284] is low. Therefore, this detailed
understanding of SOD1 molecular mechanisms and aggregation
propensities provides a new avenue of research to generate
therapeutics to FALS, for which currently there is no effective
treatment. Molecules targeting SOD1 could function at different
levels, by down-regulating transcription [285], by helping maintain
SOD1 structural stability, preventing aggregation and/or disrupting
fibril formation.

Interestingly, MnSOD and its small molecule mimetics may form
useful therapeutics by limiting the free radical mediated damage in
amyloid-forming neurodegenerative diseases. Also, MnSOD
mimetics may help reduce the cellular load of ROS species to help
alleviate or reduce the symptoms of neuropathologies generated
from inherited DNA-repair defects, including Cockayne syndrome.
Interestingly, studies on MnSOD and/or catalase and their mimetics
in mice have proved fruitful, revealing potential functions in
protecting against neurodegenerative disease and in slowing aging
phenotypes [191,192]. Moreover, mouse studies have also revealed
other potentially important roles, for example a polymer-conjugated
BtCu,ZnSOD protected against death from influenza virus infection
[286]. This protective role of BtCu,ZnSOD appears to counter the
pathogenicity of influenza virus infection caused, at least in part, by
an overreaction of the immune response. Early structure-based
genetic engineering of HsCu,ZnSOD sought to increase in vivo
stability for biotechnology and medical applications [287]. With the
increased knowledge from many SOD structures, including the
ultra-stable ApSOD, substantial improvements to these strategies
can be envisioned. Also, the more recent discovery that in vivo SOD
expression levels can be modified through the Nrf2 transcription
factor and its regulator Keap1 [288] may provide a new approach to
SOD-mediated therapies.

To date, the structural biochemistry of Cu,ZnSOD has defined the
stable subunit and dimer assembly that braces the entire side of
subunit, while acting to double the activity per molecule, and
provide the efficient bi-directional electrostatic recognition and
consequent faster-than-diffusion rate. The stable native Cu,ZnSOD
fold excludes non-substrate anions and provides a substantial
barrier to aberrant interactions. All known experimental data
support the proposal that structural defects cause Lou Gehrig's
disease. The framework destabilization hypothesis whereby loss of
native SOD fold-assembly is the molecular basis for the subsequent
death of motor neurons provides both a unified general mechanism
and a strategy for intervention. Although the discovery of SODs
never won the Nobel Prize, it has certainly had enormous impacts
on our understanding of cell biology and the medical implications of
reactive oxygen species including nitric oxide. The unified frame-
work destabilization hypothesis [44,48,59] proposed from structures
and biochemistry best matches all relevant available data. Collec-
tively, the results on the structural biology of SODs, as outlined
here, have provided profound insights into molecular mechanisms
for ROS control. Moreover, such SOD structural analyses are now
providing detailed mechanistic understanding relevant to develop-
ing the tools and therapeutics for treating degenerative disease
states involving ROS and protein destabilization.

Besides the direct link of SOD destabilization to ALS, the major
roles of superoxide and of SODs in biology andmedicine are becoming
increasingly evident as outlined above. The discovery of superoxide
dismutase activity by Fridovich and McCord [1] had divided the
opinion of researchers into two camps. One agreed with and built
upon on this initial finding. The second thought that superoxide was
unlikely to exist in cells, or to interact with cellular substances, or that
superoxide dismutase did not function to remove superoxide, and
that SOD activity was inhibited by phosphate [7,8,39,43,289].
However, due to the many breakthroughs in SOD research, initiated
by Fridovich and McCord and which we have outlined in this review,
there is now overwhelming evidence for critical roles of superoxide
and of SODs in controlling ROS to alleviate pathogenesis, aging,
degenerative diseases, and cancer.
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