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tivity, indicate a native-like structure with only subtle 
changes to the backbone fold. In contrast, a group of 
‘metal-binding region’ (MBR) SOD1 mutants that are de-
fi cient in copper and zinc exhibit severe thermal desta-
bilization and structural disorder of conserved loops 
near the metal-binding sites. A growing body of evi-
dence highlights specifi c stresses in vivo that may per-
turb well-folded, metallated SOD1 variants and thereby 
favor an increased burden of partially unfolded, metal-
defi cient species. For example, WTL SOD1 mutants are 
more susceptible than wild-type SOD1 to reduction of 
the intrasubunit disulfi de bond between Cys-57 and Cys-
146 at physiological pH and temperature. This bond an-
chors the disulfi de loop to the SOD1  � -barrel and helps 
to maintain the dimeric confi guration of the protein. 
Cleavage of the disulfi de linkage renders the well-folded 
WTL mutants vulnerable to metal loss and monomeriza-
tion such that they may resemble the destabilized and 
locally misfolded MBR mutant species. SOD1 proteins 
with disordered loops or monomeric structure are ex-
pected to be more susceptible to aberrant self-associa-
tion or detrimental interactions with other cellular con-
stituents. The challenge for future investigations is to 
relate these abnormal properties of partially unfolded 
SOD1 to specifi c mechanisms of toxicity in motor neu-
rons, supporting cells, or target tissues. 

 Copyright © 2005 S. Karger AG, Basel 
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  Abstract 
 The biological basis of preferential motor neuron degen-
eration in amyotrophic lateral sclerosis (ALS) remains 
incompletely understood, and effective therapies to pre-
vent the lethal consequences of this disorder are not yet 
available. Since 1993, more than 100 mutant variants of 
the antioxidant enzyme Cu/Zn superoxide dismutase 
(SOD1) have been identifi ed in familial ALS. Many stud-
ies have sought to distinguish abnormal properties 
shared by these proteins that may contribute to their 
toxic effects and cause age-dependent motor neuron 
loss. Complex networks of cellular interactions and 
changes associated with aging may link mutant SOD1s 
and other stresses to motor neuron death in ALS. Our 
laboratory and collaborators have compared physico-
chemical properties of biologically metallated wild-type 
and mutant SOD1 proteins to discern specifi c vulnerabil-
ities that may be relevant to the mutant toxicity in vivo. 
X-ray crystal structures obtained from metallated ‘wild-
type-like’ (WTL) SOD1 mutants, which retain the ability 
to bind copper and zinc and exhibit normal specifi c ac-
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 Introduction 

 Amyotrophic lateral sclerosis (ALS, motor neuron dis-
ease) is a lethal disorder that causes preferential degen-
eration of motor neurons in the spinal cord, brainstem, 
and brain  [1] . The sporadic form of ALS (90% of cases) 
typically strikes susceptible individuals during middle 
age, although the timing of clinical onset can be quite 
variable. Weakness may arise insidiously in a distal limb 
or may involve the bulbar muscles. Progressive muscle 
wasting and other motor signs including fasciculations, 
spasticity, and hyperrefl exia may spread to contiguous 
areas over months. Sensation and cognition are typically 
spared, but abnormalities in these functions can become 
apparent in some cases. The course is relentless and usu-
ally causes death by respiratory failure within 3–5 years 
of the onset. 

 About 10% of ALS cases show a familial inheritance 
that    is    usually    autosomal    dominant.    In   1993,   muta-
tions in the gene encoding Cu,Zn-superoxide dismutase 
(SOD1) were fi rst identifi ed in a subset of familial ALS 
cases, and since then over 100 different SOD1 mutations 
have been observed in worldwide populations (see www.
alsod.org). Since  � 20% of familial cases map to the SOD1 
gene, these mutants cause only  � 2% of all ALS cases. 
SOD1 is a ubiquitous antioxidant enzyme and is ex-
pressed abundantly in human liver at levels 3- to 5-fold 
greater than in brain and muscle  [2] . Although the en-
zyme is primarily located in the cytoplasm, it has also 
been detected in mitochondria and other organelles  [3–
10] . Despite the low occurrence of SOD1 mutations as a 
cause of ALS, understanding the consequences of mutant 
SOD1 expression may provide critical insights relevant 
to motor neuron vulnerabilities. 

 ALS-related SOD1 mutants generally exert a toxic ef-
fect in neuronal tissues that becomes more apparent with 
aging. Transgenic rodent models that overexpress SOD1 
mutants appear behaviorally healthy for several months 
but develop progressive biochemical abnormalities, glio-
sis, infl ammation, and motor neuron loss. Possible mech-
anisms of toxicity include aberrant oxidative chemistry, 
formation of noxious aggregates or oligomers, saturation 
of clearance mechanisms or chaperone functions, impair-
ment of glutamate re-uptake, dysfunction of mitochon-
dria, altered neurofi laments or axonal transport, and trig-
gering of infl ammatory or apoptotic cascades  [11–16] . 
Some observations suggest that toxicity exerted by mu-
tant SOD1 is not limited to motor neurons but also dis-
rupts the function of critical supporting cells  [17] . Motor 
neurons interact extensively with their neighbors and 

may be specifi cally vulnerable to stresses because of their 
unique structure, connections, and metabolic require-
ments. Models invoking crosstalk between motor neu-
rons, glia, and infl ammatory cells may also be relevant to 
the pathogenesis of sporadic ALS  [18] . Further experi-
ments using integrative cell culture and animal models 
hold promise to clarify the molecular pathways and se-
quence of events leading to motor neuron loss. 

 Recent investigations suggest that misfolding or par-
tial unfolding of mutant SOD1 proteins in a cellular en-
vironment may be related to their toxicity. SOD1 mu-
tants exhibit rapid biological turnover  [19]  and accumu-
late in the presence of proteasome inhibitors  [20, 21] . 
When mutants are expressed in cultured cells or in trans-
genic mice, insoluble complexes containing SOD1 are ob-
served  [21–25] . Cell lines that tolerate overexpression of 
mutant SOD1s induce chaperone defenses, while concur-
rent expression of hsp70 can protect cultured motor neu-
rons from mutant SOD1 toxicity  [26] . Chaperones can 
associate with mutant but not normal SOD1 in tissue ly-
sates  [27] , and vulnerable cells such as spinal motor neu-
rons exhibit a weakened endogenous heat shock response 
that fails to induce hsp70  [28] . SOD1 mutants, but not 
WT SOD1, can also be specifi cally recognized and ubiq-
uitinated by the ubiquitin-protein isopeptide ligases Dor-
fi n  [29]  and NEDL1  [30] , which may target the proteins 
for turnover by the proteasome. 

 Our laboratory and collaborators have sought to un-
derstand the physicochemical properties shared by ALS-
related SOD1 mutants that may produce toxicity in vivo. 
Here we will review aspects of SOD1 structure with spe-
cial regard to factors that may infl uence global and local 
stability of the enzyme. We will then discuss shared char-
acteristics of the ALS-related SOD1 mutants as discerned 
from as-isolated preparations and from transgenic rodent 
tissues. These properties may provide clues toward un-
derstanding the early consequences of mutant SOD1 ex-
pression upon motor neurons and their neighbors. 

 Structural Aspects of SOD1 That Infl uence 
Global and Local Stability 

 The most striking topological feature of ALS-related 
SOD1 substitutions is the scattering of mutant residues 
at conserved locations throughout the protein ( fi g. 1 A). 
Most SOD1 mutations cause missense substitutions, 
though a minority produce truncation of the C-terminus 
of the enzyme. SOD1 is a highly conserved 32-kDa ho-
modimer  � -barrel protein, with eight  � -strands connect-
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 Mutant SOD1 Instability  Neurodegenerative Dis 046-T1 3

  Fig. 1.  Loop disorder may be a key property shared by toxic SOD1 
species in a cellular environment.  A  Backbone structure of SOD1 
indicating ALS-associated mutant residues. The backbone of ho-
modimeric WT SOD1 is shown, including the  � -barrel (yellow), the 
disulfi de subloop (brown), the zinc-binding subloop (blue), the 
Greek key loop (green), and the electrostatic channel loop (red). The 
copper and zinc ions are shown as gold and blue spheres, respec-
tively. Small green spheres on the protein backbone represent the 
location of ALS-related missense substitutions scattered through-
out the SOD1 structure [adapted from  45] .  B  Fully metallated, di-
sulfi de-intact WT SOD1 (Cu-Zn-SS). For purposes of clarity, the 
 � -barrel strands are not shown in detail, and loops on the partner 
subunit are omitted. In WT SOD1, the copper (II) ion is coordi-
nated by four histidines at positions 46, 48, 63, and 120. The met-
al-binding sites and loops are maintained in their confi guration by 
an extensive hydrogen bonding network and other interactions ex-
ternal to the  � -barrel. The disulfi de/zinc loop and electrostatic 
channel loop are linked at one end by a conserved intrasubunit di-
sulfi de bond (Cys-57 to Cys-146, yellow bar) and at the opposite 
end by the secondary bridge between copper and zinc (His-46 to 

Asp-124 to His-71, yellow dashed lines) and a conserved salt bridge 
(Asp-76 to Lys-128, blue dashed line).  C  Copper-defi cient, zinc-
containing WT SOD1 with an intact disulfi de bond (E-Zn-SS) is 
dimeric and appears to retain ordered loop interactions. The zinc 
ion is coordinated by residues within the folded zinc subloop, in-
cluding three histidines (at positions 63, 71, and 80) and Asp-83 
(not shown behind the zinc ion).  D  Zinc-containing, disulfi de-re-
duced human WT SOD1 (E-Zn-SH) remains dimeric in solution 
 [57, 61] .  E  Disulfi de-intact WT SOD1 apoenzyme (E-E-SS) is di-
meric in solution  [57, 61–63]  but exhibits disorder of the zinc and 
electrostatic loops  [40]  and a less compact structure compared to 
E-Zn-SS WT SOD1 and E-Zn C57S SOD1  [63] . Loss of  � -sheet 
edge strand protection by loop disorder may expose interacting 
surfaces as indicated and produce cross- �  fi lamentous packing in 
crystals  [40, 65, 74] . ALS mutations may thus increase the accumu-
lation of this aberrant and potentially toxic SOD1 species.  F  Disul-
fi de reduction of the WT SOD1 apoenzyme (E-E-SH) strongly fa-
vors monomerization in solution  [61, 62]  and increases the ten-
dency of the protein to aggregate in vitro  [57] . Surfaces that may 
be exposed in monomeric SOD1 apoproteins are indicated. 
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ed by loops according to an immunoglobulin-like folding 
motif  [31, 32] . Each subunit is acetylated at the amino 
terminus and normally binds a solvent-exposed catalytic 
copper ion at its active site and a buried zinc ion that 
plays an important stabilizing role. SOD1 normally cata-
lyzes the disproportionation of superoxide radicals (O 2  

–  �  ) 
to O 2  and H 2 O 2  in a reaction that involves sequential re-
duction and re-oxidation of the copper ion. The copper 
and zinc ions are linked directly by a bridging histidine 
residue (His-63) and indirectly via interactions of His-46 
(a copper ligand) and His-71 (a zinc ligand) with Asp-124, 
which forms an extended secondary bridge ( fi g. 1 ). The 
fully metallated SOD1 dimer remains active in 4% SDS 
or 8  M  urea  [33]  and retains its native folding until heat-
ed to  � 90   °   C  [34] . This extreme thermochemical stability 
of mature SOD1 implies that biological selection has oc-
curred against less stable forms of the enzyme. 

 Many of the ALS mutants occur in short hairpin loops 
between strands of the  � -barrel or within three larger in-
terconnected loops (for loop locations, see  fi g. 1 ). The 
longest of these loops is formed by two distinct compo-
nents. The disulfi de subloop (residues 48–62) forms part 
of the dimeric interface and attaches to the  � -barrel 
through an unusual intrasubunit disulfi de linkage be-
tween Cys-57 and Cys-146. Residues near the disulfi de 
linkage also help to orient Arg-143 for optimum copper 
ion reactivity  [35] . The zinc-binding subloop (residues 
63–83) contains three histidine residues that normally 
coordinate the zinc ion. Another major loop, the electro-
static channel loop (residues 120–143), contributes to the 
formation of a charged network that promotes rapid in-
fl ux of superoxide toward the catalytic site. A third short 
loop, known as the Greek key loop (residues 102–115), 
forms a plug at one pole of the  � -barrel and also contrib-
utes to the dimeric interface. 

 Zinc binding plays a critical role in stabilizing the con-
formation of SOD1, and some studies have proposed that 
zinc-defi cient forms of SOD1 may underlie its ALS-re-
lated toxicity  [14, 36, 37] . In metallated SOD1, the zinc-
binding subloop is tethered to the electrostatic loop by the 
extended bridge (His-71 to Asp-124) and by a conserved 
salt bridge (Asp-76 to Lys-126). These loops are highly 
structured when zinc is bound, even if the copper-binding 
site is empty and the protein is made monomeric by mu-
tations at the dimeric interface  [38, 39] . In contrast, met-
al-less WT SOD1 exhibits disorder of the zinc-binding 
and electrostatic loops  [40] . In yeast, prior zinc binding 
 [41]  and a reduced disulfi de state  [42]  appear to be re-
quired for copper loading in vivo by a copper chaperone 
protein, CCS  [43] . The presence or absence of bound zinc 

may also affect subcellular targeting of SOD1 in yeast, as 
only disulfi de-reduced, metal-less SOD1 species can be 
imported into mitochondria  [44] . 

 Metal Content and Activity of SOD1 Mutants 

 Given the importance of metal ion binding to stability 
and activity of SOD1, our collaborative group character-
ized normal SOD1 and 14 ALS-related human SOD1 
mutants produced in an insect cell expression system to 
evaluate differences in copper and zinc binding and spe-
cifi c activity  [45] . An earlier study showed that reconsti-
tution in vitro of mutant SOD1s by titration of metal ions 
into apoenzyme forms of several mutants (A4V, L38V, 
G93A) caused metal mislocalization  [46]  that was most 
likely related to perturbation of the native zinc site  [47] . 
For this reason, we have focused our analysis on the bio-
logically metallated ‘as-isolated’ SOD1s that more closely 
resemble the proteins in vivo, even though these prepara-
tions may exhibit variable extents of metal loading. Based 
on the results below, we initially divided the mutants into 
two broad groups. ‘Wild-type-like’ (WTL) mutants bound 
copper and zinc in amounts comparable to WT SOD1 
and exhibited normal specifi c activity, while ‘metal-bind-
ing region’ (MBR) mutants generally exhibited poor met-
al binding and low activity  [45] . 

 We observed that SOD1 proteins produced in insect 
cells, including human WT SOD1, generally contained 
less than one equivalent of bound copper per dimer 
( fi g. 2 ), as measured by inductively coupled plasma mass 
spectrometry (ICP-MS). This most likely refl ected satura-
tion of the copper loading mechanism during overexpres-
sion, as the extent of copper incorporation could be in-
creased by adding higher amounts of copper to the growth 
medium. The fi nding that a portion of SOD1 was copper 
defi cient is consistent with observations by others imply-
ing that a fraction of SOD1 exists in vivo with unoccupied 
copper sites  [48] . A preformed copper-less pool of SOD1 
has been demonstrated in human lymphoblasts that com-
poses  � 35% of total SOD1 and may provide a rapidly 
available sink for excess copper  [49] . Furthermore, both 
copper-free and holoenzyme forms of dimeric SOD1 can 
be distinguished in cell lysates, with a rapid equilibrium 
between these species dependent upon the availability of 
copper provided by CCS  [50] . It is noteworthy that nei-
ther the absence of CCS nor decreased copper loading 
affects the turnover rate of SOD1  [50] , which suggests 
that zinc binding may be more important than copper 
binding for biological stability of SOD1. 
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 In our as-isolated SOD1 preparations, the amount of 
zinc binding was quite variable, but a majority of the mu-
tants (A4V, L38V, G41S, H48Q, D76Y, D90A, G93A, 
and E133 � ) were capable of retaining more than one 
equivalent of zinc per dimer after purifi cation, as was ob-
served for WT SOD1 ( fi g. 2 ). Some of the as-isolated mu-
tants (e.g. A4V and L38V) can retain zinc well in vivo 
despite having a reduced affi nity for zinc in vitro  [36] . We 
observed that several mutants with substitutions near the 
metal-binding region (H46R, G85R, D124V, D125H, 
and S134N) bound both copper and zinc poorly, if at all. 

 Measurements by UV-vis spectroscopy showed that 
most of the mutants that bound copper well exhibited  d-
d  transitions comparable to that of WT SOD1  [45, 46] , 
suggesting little disturbance to the coordination geometry 
of bound copper (except for the H48Q mutant, described 
below). SOD1 activity was also measured as a function of 
pH using pulse radiolysis for the as-isolated SOD1s that 
bound copper. WTL mutants of the  � -barrel pole and di-
mer interface exhibited specifi c activities, normalized to 
copper content, that were similar to WT SOD1 over a 
broad pH range  [45] . Mutants that altered the hydrogen 
bonding network in the vicinity of the metal-binding sites 
(H48Q, D125H, S134N) exhibited reduced specifi c activ-
ity beyond that expected from copper defi ciency alone, 
while those that did not contain any copper (H46R and 
G85R) were inactive. These results support the notion 
that most of the copper that bound to SOD1 mutants in 
vivo was localized to the correct binding site, although 
copper can bind aberrantly to SOD1 mutant species in 
vitro  [46] . Further studies are needed to characterize the 
thermodynamics of copper and zinc binding to SOD1 
mutants under conditions that mimic the environment 
in vivo. 

 Thermal Stability 

 We next investigated the effects of ALS-associated 
mutations on the global thermal stability of as-isolated 
SOD1s using differential scanning calorimetry (DSC) 
 [51] . The heat-induced unfolding of a partially metallated 
sample of human WT SOD1 produced a DSC profi le con-
sisting of three overlapping endothermic transitions ( fi g. 
3 , top trace). Melting temperature (T m ) values obtained 
for the three transitions of this as-isolated WT SOD1 
sample were 60, 76, and 83   °   C and were denoted as T m1 , 
T m2  and T m3 , respectively. This pattern indicated the 
presence of at least three distinctly metallated forms of 
SOD1, and further experiments implied that the species 
melting at 60   °   C derived from E-E:E-Zn SOD1, that at 
76   °   C was from E-Zn:E-Zn SOD1, and that at 83   °   C was 
from E-Zn:Cu-Zn SOD1, where ‘E’ denotes an empty 
metal site  [52] . Determination of T m  values under these 
same conditions for the E-E:E-E SOD1 apoenzyme (52   °   C) 
and commercially prepared Cu-Zn:Cu-Zn SOD1 holoen-
zyme (94   °   C) indicated that neither species was detectable 
in our as-isolated WT SOD1 preparations [J.A. Rodri-
guez et al., unpubl. data], although a small fraction of 
some WTL mutants (G41S and G93A) behaved as the 
holoenzyme with a transition  1 90   °   C ( fi g. 3 ). 

  Fig. 2.  WT and mutant SOD1 proteins expressed in insect cells 
exhibit a diverse range of copper and zinc incorporation. The con-
tent of copper (gray bars) and zinc (black bars) for each as-isolated 
SOD1 protein as measured by ICP-MS is shown. Fully metallated 
SOD1 holoenzyme contains 2.0 equivalents each of copper and 
zinc ions per dimer. The concentration of copper and zinc ions (50, 
 $  $  $ , or 300  �  M ) added to the culture medium during protein ex-
pression is listed for each sample  [ adapted from  45] . 
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 Neurodegenerative Dis 046-T1 6

 The differences in metal contents observed previously 
between WTL and MBR mutants were also clearly re-
fl ected in their thermal melting profi les ( fi g. 3 ). WTL mu-
tants that contained zinc and small amounts of copper 
(A4V, L38V, G41S, D76Y, D90A, G93A, and E133 � ), 
similar to WT SOD1, also exhibited three comparable 
unfolding transitions. In general, T m1 , T m2  and T m3  for 
each of these mutant species were coordinately reduced 
by 1–7   °   C compared to the corresponding transitions for 
WT SOD1. This indicated that each WTL mutant substi-
tution directly produced only a modest reduction of the 
global stability of metallated SOD1 species. However, 
metal defi ciency of mutants correlated with a greater frac-
tion of severely destabilized SOD1 protein. For example, 
preparations of WTL mutants with lower metal contents 
(D76Y-2 and E133 � -2) compared to species that were 
otherwise identical by mass spectrometry (D76Y-1 and 
E133 � -1, respectively) exhibited a much greater propor-
tion of enzyme that began to unfold at  � 45   °   C ( fi g. 3 ). In 
contrast to the WTL mutants, most of the MBR mutants 
(H46R, G85R, D124V, D125H, and S134N) did not ex-
hibit profi les corresponding to T m1–3  but instead showed 
a more dramatic reduction in overall thermal stability 
( fi g. 3 ), a fi nding that paralleled their severely perturbed 
metal binding. 

 The interesting H48Q mutant, which altered a copper-
binding residue, contained as much copper as WT SOD1 
in our as-isolated preparations but had only  � 1% of nor-
mal SOD1 activity  [45, 53] . This mutant exhibited a 
prominent shift in the visible  d-d  absorption maximum 
for Cu(II) to 610 rather than 680 nm, which, along with 
other structural evidence, suggested that copper may bind 
to this mutant in a square planar orientation rather than 
the normal distorted tetragonal geometry  [45] . In  fi gure 
3 , the most highly metallated species of H48Q showed an 
increase in global stability compared to as-isolated WT 
SOD1. An increased rigidity of the active site region in 
the presence of bound metals could explain both the in-
creased melting temperatures and the reduced enzymatic 
activity despite bound copper, since the conformational 
change associated with copper ion reduction during each 
enzymatic cycle could be impeded. In contrast, the less 
metallated species of H48Q exhibited a broad melting 
transition for T m1  that began  � 5   °   C below that of the WT 
enzyme and indicated decreased cooperativity of unfold-
ing. 

 Overall, these results demonstrated that copper- and 
zinc-defi cient as-isolated SOD1 mutants exhibited great-
ly decreased thermal stability compared to metallated 
species. Subsequent studies have also shown that metal-

  Fig. 3.  Both WTL and MBR SOD1 mutants exhibit thermal desta-
bilization compared to metallated WT SOD1 species. Best-fi t curve 
(solid line) and individual transitions (dotted lines) obtained from 
the de convolution of DSC profi les for as-isolated WT and mutant 
SOD1s. Arrows labeled T m1 , T m2 , and T m3  show the midpoints of 
the three unfolding transitions for WT SOD1 species. Arrow la-
beled ‘Apo’ indicates the T m  for metal-free disulfi de-intact WT 
SOD1, and arrow labeled ‘Holo’ shows the T m  for fully metallated 
Cu:Zn WT SOD1 dimer. ‘Wild-type-like’ (WTL) mutants retain a 
native-like structure, can bind copper and zinc well, and have nor-
mal specifi c enzymatic activity. ‘Metal-binding region’ (MBR) mu-
tants have impaired metal binding and decreased SOD activities 
 [45] . The vertical bar indicates an excess heat capacity change of 
20 kcal/mol/K  [ adapted from  51] . 
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depleted SOD1 mutants exhibit increased sensitivity to 
chemical denaturants  [54]  and to acid-induced unfolding 
 [55] . Factors in addition to copper and zinc loading and 
the metal-binding site confi guration that may affect sub-
unit T m  include perturbation of the  � -barrel or connect-
ing loops, the presence or absence of the intrasubunit di-
sulfi de bond, and interactions across the dimeric inter-
face with the partner subunit. Therefore, additional 
infl uences that favor monomerization or weaken the di-
sulfi de linkage in vivo may be expected to convert metal-
defi cient SOD1 species into forms that could unfold at 
physiological temperatures  [56, 57] . 

 Disulfi de Sensitivity, Monomerization, and 
Protease Susceptibility 

 The conformation of ALS-related SOD1 mutants in 
affected tissues may be infl uenced directly by the mutant 
substitutions or indirectly as a consequence of increased 
vulnerability to destabilizing infl uences in vivo. WT 
SOD1 maintains a conserved intrasubunit disulfi de link-
age between Cys-57 of the disulfi de subloop and Cys-146 
of the  � -barrel (see above). Such bonds are unusual in in-
tracellular proteins because the strongly reducing cyto-
solic environment is unfavorable for disulfi de formation 
 [58] . A specifi c mechanism involving the copper-bound 
species of CCS may establish the bond in yeast SOD1  [42]  
and once formed, the disulfi de is kinetically stable and 
resistant to endogenous reducing agents. Because the di-
sulfi de subloop forms part of the dimeric interface and is 
also continuous with the zinc-binding subloop ( fi g. 1 ), re-
duction of the disulfi de linkage could facilitate SOD1 mo-
nomerization or could alter metal-binding affi nities of the 
mutants. 

 We showed that as-isolated ALS-related SOD1 mu-
tants are more susceptible than the WT enzyme to cleav-
age of the disulfi de linkage and that this property is also 
observed for mutant SOD1 in tissue lysates from trans-
genic mice  [56] . Even WTL SOD1 mutants containing 
zinc exhibited electrophoretic mobility shifts suggestive 
of monomerization upon incubation with GSH or other 
disulfi de-reducing agents, while WT SOD1 was resistant 
( fi g. 4 ). Exposure to disulfi de-reducing agents also corre-
lated with increased effectiveness of EDTA to produce 
monomeric SOD1, presumably by facilitating the remov-
al of metal ions  [56] . The as-isolated A4V mutant was 
especially sensitive to GSH, consistent with the observed 
structural destabilization at the dimeric interface for this 
mutant in crystals  [59, 60]  and in solution  [60] . Monom-

erization of SOD1 apoenzyme species in vitro has been 
confi rmed more quantitatively for disulfi de-reduced WT 
and mutants that lack Cys-57 using size exclusion chro-
matography  [61, 62]  and analytical ultracentrifugation 
 [63] . Furthermore, the T m ’s of both WT and mutant 
SOD1s following disulfi de reduction and metal depletion 
are decreased such that these species may be signifi cantly 
unfolded under physiological conditions  [57, 64] . 

 Although the disulfi de bond of WT SOD1 could be 
disrupted by strongly reducing conditions, the ALS-re-
lated mutants exhibited more rapid and more extensive 
exposure of reactive cysteine residues, as measured using 
mass spectrometry to detect alkylation by iodoacetamide 
 [56] . All four cysteines in disulfi de-reduced mutant sub-

  Fig. 4.  ALS-related SOD1 mutants exhibit aberrant electropho-
retic migration after exposure to physiological concentrations of 
reduced glutathione (GSH). Purifi ed SOD1 proteins were incubat-
ed with the indicated concentration of GSH for 24 h at 37   °   C and 
then subjected to partially denaturing PAGE (0.1% SDS, no boil-
ing). While WT SOD1 was relatively resistant to GSH, the mutant 
enzymes exhibited faster migration suggestive of monomerization 
 [ from  56] . 
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units became accessible to modifi cation, including the 
side chain of Cys-6, which is normally buried within the 
 � -barrel. Mutant SOD1s were also susceptible to diges-
tion by proteinase K in the presence of a reducing agent, 
while WT SOD1 was not  [56] . Moreover, analysis of sol-
uble lysates from ALS mouse tissues showed that SOD1 
cysteines in G85R and G93A but not WT mouse spinal 
cord lysates showed similarly increased accessibility to 
chemical modifi cation by conjugated maleimide ( fi g. 5 ). 
If apoenzyme or zinc-defi cient SOD1 species are present 
in vivo under pathological conditions, it is possible that 
key loops and even the  � -barrel itself could be destabi-
lized into a more open confi guration. Overall, these re-
sults indicate that the presence of both an ALS mutation 
and a disulfi de-reducing environment may greatly in-
crease the population of partially unfolded SOD1 species 
at physiological pH and temperature. 

 Hydrophobic Mutant SOD1 Species 

 One potential consequence related to partial unfolding 
of SOD1 is the exposure of normally buried hydrophobic 
surfaces that could favor abnormal binding interactions 
 [65] . Consistent with this, we observed that purifi ed ALS 
SOD1 mutants bound much more avidly than WT SOD1 
to uncharged nitrocellulose membranes under partially 
denaturing conditions  [66] . Furthermore, purifi ed metal-
defi cient SOD1 mutants (H46R, G85R, D124V, D125H, 

and S134N) exhibited strong binding to hydrophobic 
phenyl Sepharose beads, while as-isolated WTL SOD1 
mutants showed increased hydrophobic binding after ex-
posure to both a disulfi de-reducing agent and a metal ion 
chelator  [66] . Our results suggest that hydrophobic SOD1 
species may arise in vivo from direct failure to bind zinc 
normally, as in MBR mutants, or from sensitivity to di-
sulfi de reduction and zinc loss, as in WTL mutants. 

  Figure 6  shows that a small fraction of SOD1 in tissue 
lysates from transgenic mice overexpressing human 
SOD1 mutants (G93A-Tg or G85R-Tg) exhibited abnor-
mal hydrophobic binding, while SOD1 from WT-Tg or 
non-transgenic controls did not  [66] . It is noteworthy that 
soluble hydrophobic SOD1 species were not restricted to 
spinal cord but were also observed in other brain regions, 
cardiac and skeletal muscle, and even liver for G93A-Tg, 
but not in kidney lysates ( fi g. 6 ). The amount of hydro-
phobic SOD1 in these tissues should refl ect a balance be-
tween its accumulation and clearance. A better under-
standing of how some tissues, such as kidney, are able to 
minimize the burden of potentially toxic hydrophobic 
SOD1 may provide insights regarding cellular adaptive 
defenses. The widespread tissue distribution of hydro-
phobic SOD1 is distinct from reports of high molecular 
weight complexes or insoluble aggregates that preferen-
tially accumulate in spinal cord and brain  [21, 25, 67, 68] . 
It is plausible that the soluble hydrophobic species may 
be precursors to higher molecular weight complexes or 
aggregates found in clinically affected tissues. 

  Fig. 5.  SOD1 in ALS transgenic mouse tis-
sue lysates shows increased accessibility of 
cysteines to chemical modifi cation. Spinal 
cord soluble lysates were obtained from WT 
(age 15 weeks), G85R (age 27 weeks), and 
G93A (age 15 weeks) human SOD1-ex-
pressing transgenic mice. Lysates were in-
cubated with the indicated concentration of 
tris(2-carboxyethyl)phosphine (TCEP) for 
12 h at 25   °   C, exposed to 3 m M  maleimide 
coupled to polyethylene glycol (MP) for 1 h, 
and subjected to SDS-PAGE followed by 
Western blot detection. Of the four cyste-
ines in SOD1, one is exposed on the surface 
(Cys-111), one is buried within the core of 
the  � -barrel (Cys-6), and two participate in 
forming the intrasubunit disulfi de bond 
(Cys-57 and Cys-146). Incubation with 
TCEP increased the accessibility of cysteine 
residues in spinal cord lysates from ALS 
mutants but not from WT transgenic mice 
[from  56] . 
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 Loop Disorder and Aberrant Interactions of 
Zinc-Defi cient SOD1 

 Both metal occupancy and disulfi de status of SOD1 
species (either WT or mutant) may be important deter-
minants of their potential toxicity.  Figure 1  illustrates 
known structural differences between WT SOD1 species 
that may be further infl uenced by the presence of an ALS 
mutation. As discussed above and shown in  fi gure 1 B, 
fully metallated, disulfi de-intact WT SOD1 (Cu-Zn-SS) 
is dimeric and contains highly structured loops critical 
for copper and zinc ion binding, subunit-subunit interac-
tions, and optimization of enzymatic rate and substrate 
specifi city  [31, 40, 69, 70] . Extensive hydrogen bonding 
interactions and the overall loop ordering are generally 
maintained in crystal structures of fully metallated WTL 
SOD1 mutants G37R  [71] , A4V/C6A/C111S  [59] , H43R/
C6A/C111S  [72]  and A4V and I113T  [60] . Despite gen-
eral preservation of backbone structure, subtle but sig-
nifi cant changes in local packing, backbone dynamics, 
and fl exibility of specifi c regions in the metallated mu-
tants were suggested  [59, 60, 71, 72] , and differences in 
backbone mobility were observed in a solution NMR 
structure of G93A SOD1  [73] . 

 Studies of copper-defi cient, zinc-containing SOD1 
with an intact disulfi de bond (E-Zn-SS,  fi g. 1 C) imply that 
this species exists as a stable dimer in solution  [57, 61, 
63]  and exhibits sedimentation properties indicative of a 
compact structure  [63]  similar to fully metallated SOD1. 
Consistent with this, SOD1 in tissue lysates equilibrates 
between pools of active holoenzyme and dimeric but in-
active copper-free forms  [50] . Binding of zinc alone to a 
SOD1 variant is suffi cient to order the loops and may 
preorganize the copper-binding site residues  [38, 39] . In 
contrast, at least one ALS-related mutant (H46R) that can 
bind zinc nevertheless exhibits severe disorder of the elec-
trostatic and zinc loops. Structural analysis of Zn-bound 
H46R revealed an abnormal zinc-binding site, with fail-
ure of His-71 to coordinate the bound zinc ion or to main-
tain the bridge to Asp-124  [65, 74] . Similarly, it is con-
ceivable that aberrant binding of copper in the zinc site 
of mutants could produce a SOD1 species with toxic cop-
per reactivity, although such a species has not yet been 
identifi ed in vivo. 

 Zinc-containing, disulfi de-reduced human WT SOD1 
(E-Zn-SH,  fi g. 1 D) remains dimeric in solution  [57, 61] . 
The E-Zn form of variants lacking one or both cysteines 
required for disulfi de formation also behaves as a dimer 
 [61, 63] . Furthermore, the E-Zn form of C57S SOD1 ex-
hibits a less compact structure than E-Zn-SS WT SOD1, 

  Fig. 6.  Abnormal hydrophobic species of SOD1 in mouse tissue 
lysates from ALS transgenic mice. Soluble lysates containing 
100  � g of total protein from mouse tissues (SC = spinal cord, BN 
= forebrain, BS = brainstem, CB = cerebellum, SK = skeletal mus-
cle, HT = heart muscle, K = kidney, L = liver) were incubated with 
phenyl Sepharose beads overnight at 4   °   C and then washed three 
times. Retained SOD1 proteins were eluted with denaturing buffer, 
separated by SDS-PAGE, and detected by Western blot using a 
sheep anti-SOD1 antibody.  A  Bead-bound SOD1 species from 
most G93A-Tg (age 19 weeks) tissues greatly exceeded those from 
corresponding WT-Tg (age 18.5 weeks) tissues (upper blot). For 
comparison of expression levels, the lower blot shows the total 
amount of SOD1 present in 2  � g of total lysate protein, while the 
fraction of input SOD1 that was retained by hydrophobic beads is 
shown below the blots.  B  Bead-bound SOD1 species from G85R-
Tg (age 20 weeks) and non-transgenic (age 18.5 weeks) mouse tis-
sues (upper blot), total SOD1 in 10  � g of total lysate protein (lower 
blot), and fraction of input SOD1 retained by beads (bottom plot) 
[from  66] . 
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which suggests increased fl exibility of the disulfi de sub-
loop  [63]  related to its detachment from the  � -barrel. In 
contrast, ALS-related mutants A4V and G93A in a C6A/
C111S background that have been disulfi de-reduced and 
remetallated with zinc in vitro have an increased tenden-
cy to monomerize compared to similarly prepared WT 
SOD1  [57] . 

 Disulfi de-intact WT SOD1 apoenzyme (E-E-SS, 
 fi g. 1 E) is dimeric in solution  [57, 61–63]  but exhibits 
disorder of the zinc and electrostatic loops  [40]  and a less 
compact structure compared to E-Zn-SS WT SOD1 and 
E-Zn C57S SOD1  [63] . This copper- and zinc-free apo-
protein species would not normally be expected to exist 
in large amounts in vivo but could be favored by the pres-
ence of an MBR mutation. Metal-defi cient mutant SOD1 
subunits exhibit similar loop disorder  [60, 65]  and an in-
creased tendency to form aggregates  [57, 62, 75] . Loop 
disorder may expose interacting surfaces ( fi g. 1 E) to fa-
cilitate formation of a cross- �  fi lamentous packing ar-
rangement in crystals  [40, 65, 74]  and may also increase 
the hydrophobic character of the proteins in solution 
 [66] . 

 Disulfi de reduction of the WT SOD1 apoenzyme (E-
E-SH,  fi g. 1 F) strongly favors monomerization in solution 
 [57, 61, 62] . Moreover, two disulfi de-reduced, metal-de-
pleted SOD1 mutants in a C6A/C111S background (A4V 
and G93A) can form monomers and oligomeric aggre-
gates, while C6A/C111S SOD1 under the same condi-
tions forms monomers without aggregation  [57] . In the 
presence of an ALS-related mutation that impairs metal 
binding or facilitates disulfi de reduction, monomeric spe-
cies may accumulate and interact aberrantly with other 
cellular constituents. SOD1 destabilization by oxidative 
damage or metal loss also produces monomeric forms on 
the pathway to aggregation  [76] . 

 Overall, these observations suggest that mutant SOD1 
toxicity may be related to the burden of unfolded SOD1 
species, which are possibly concentrated in specifi c sub-
cellular locations such as mitochondria, axons, or nerve 
terminals. A recent study showed that the presence in 
steady state of only very small quantities of misfolded 
SOD1 lacking the disulfi de bond is associated with motor 
neuron degeneration  [68] . Furthermore, these species 
were more abundant in the nervous system compared to 
other tissues  [68] . It is possible that toxicity is caused di-
rectly by interactions of these aberrantly folded SOD1 
species or aggregates with cellular components. Alterna-
tively, toxicity could be the indirect consequence of a 
sustained requirement for high turnover of the misfolded 
species. In either case, it is plausible that adaptive mech-

anisms to refold, degrade, or sequester partially unfolded 
SOD1 may help to delay the onset of motor neuron de-
generation until age-related declines in these capabilities 
occur. 

 Conclusions 

 SOD1 exhibits very high structural conservation and 
conformational stability, which suggests that these prop-
erties are critical for normal biological function. ALS-re-
lated mutants perturb SOD1 local stability in a cellular 
disulfi de-reducing environment by favoring metal loss 
that produces loop disorder or monomerization. Even 
relatively well-folded WTL mutant species are vulnerable 
to disulfi de reduction and impaired metal binding, which 
converts them into less stable forms resembling the MBR 
mutants. The susceptibility to partial unfolding at physi-
ological pH and temperature appears to be a shared prop-
erty of the ALS mutants that may be relevant to their 
toxicity. Loop disorder or monomerization may allow a 
fraction of mutant SOD1 to interact aberrantly with itself 
or with other critical cellular constituents in motor neu-
rons or supporting cells. SOD1 oligomers or other abnor-
mally unfolded SOD1 species with increased hydropho-
bic properties could also produce localized dysfunction 
in specifi c cellular compartments such as mitochondria, 
axons, or nerve terminals. Further characterization of the 
molecular consequences of mutant SOD1 interactions in 
spinal cord tissue and its targets is needed. A more com-
plete understanding of the defense capabilities of specifi c 
tissues against the burden of mutant SOD1 during aging 
may help us to develop more effective therapies for both 
familial and sporadic forms of ALS. 
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