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ABSTRACT: Familial amyotrophic lateral sclerosis (FALS) is linked to over 90 point mutations in superoxide
dismutase-1 (SOD1), a dimeric metalloenzyme. The postmortem FALS brain is characterized by SOD1
inclusions in the motor neurons of regions in which neuronal loss is most significant. These findings,
together with animal modeling studies, suggest that aggregation of mutant SOD1 produces a pathogenic
species. We demonstrate here that a mutant form of SOD1 (A4V) that is linked to a particularly aggressive
form of FALS aggregates in vitro, while wild-type SOD1 (WT) is stable. Some A4V aggregates resemble
amyloid pores formed by other disease-associated proteins. The WT dimer is significantly more stable
than the A4V dimer, suggesting that dimer dissociation may be the required first step of aggregation. To
test this hypothesis, an intersubunit disulfide bond between symmetry-related residues at the A4V dimer
interface was introduced. The resultant disulfide bond (V148C-V148C′) eliminated the concentration-
dependent loss of enzymatic activity of A4V, stabilized the A4V dimer, and completely abolished
aggregation. A drug-like molecule that could stabilize the A4V dimer could slow the onset and progression
of FALS.

Amyotrophic lateral sclerosis (ALS, Lou Gehrig’s disease)
is a relatively common adult-onset neurodegenerative disease,
having a worldwide prevalence of ca. 5 per 100000 (1). ALS
is characterized by the selective degeneration of spinal cord
motor neurons (2), leading to rapid and progressive atrophy
of skeletal muscles. Death typically occurs by asphyxia,
almost always within 5 years of diagnosis. There is no
effective therapy.

Approximately 10% of ALS cases are autosomal-domi-
nantly inherited (FALS)1. Of these, ca. 20% involve missense
mutations in the gene encoding superoxide dismutase-1
(SOD1), a housekeeping metalloprotein responsible for
dismutation of superoxide. Over 90 FALS-linked SOD1
mutations have been characterized (3-6). Animal modeling
studies indicate that the pathogenicity of the SOD1 mutations
does not involve loss of its normal function, but rather the

gain of a toxic function (7-10). The mechanism of patho-
genicity is unknown. One hypothesis holds that mutant forms
of SOD1 have abnormal and toxic enzymatic activity (11).

Degenerating populations of motor neurons in postmortem
FALS brain are characterized by abnormal proteinaceous
cytoplasmic inclusions. These inclusions contain mutant
SOD1. Since several FALS mutations affect the stability or
unfolding of SOD1 or both (12-14), it has been suggested
that aggregation of mutant SOD1 produces a pathogenic
species. However, the identity of the pathogenic aggregate
and the mechanism linking aggregation and neurotoxicity
remain elusive (15). Although fibrillar substructure has not
been conclusively detected in FALS inclusions, parallels
between FALS and other familial neurodegenerative diseases
suggest that the process of SOD1 aggregation, if not the
product, may resemble aggregation of the proteins linked to
those diseases (16).

The FALS mutations are distributed throughout the SOD1
primary and tertiary structures. Some, but not all of the
mutations are known to affect SOD1 stability (11, 17-23).
Others affect metal binding or enzymatic activity or both
(12, 24-26). We demonstrate here that the FALS mutant
A4V, which is linked to a common early onset and rapidly
progressing (typically 1 year between diagnosis and death
(27)) form of FALS, spontaneously aggregates in vitro under
conditions at which the WT dimer is stable. At low protein
concentrations A4V, but not WT, populates a monomeric
form. To determine whether the reduced stability of the A4V
dimer was wholly or partly responsible for its rapid aggrega-
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tion, we engineered an intersubunit disulfide bridge across
the A4V dimer interface to produce an A4V/V148C covalent
dimer that could not monomerize. This mutant SOD1 did
not aggregate in vitro, suggesting a novel therapeutic strategy
against FALS.

MATERIALS AND METHODS

Expression and Purification of Human SOD1 Variants
(WT, A4V, and A4V/V148C).Genes encoding human SOD1,
WT and A4V, were cloned by a PCR strategy into pGex6P1
(Amersham) using theBamH1 andXho1 restriction sites of
the vector. SOD1 was expressed as a glutathione-S-trans-
ferase (GST) fusion in the RosettaEscherichia colistrain
(Novagen). During IPTG induction, 200µM copper chloride
and zinc chloride were added to the growth media without
any apparent toxicity. Recombinant proteins were purified
to homogeneity with GST-agarose affinity matrix (Phar-
macia) and anion-exchange chromatographies. Following
proteolytic cleavage of the affinity tag with PreCission
protease (Pharmacia) (cut site, NH2-LEVLFQLP-COOH)
and removal of the tag (three (NH2-GPL-) remained at the
N-terminus of the protein, but this had no effect on A4V
behavior as compared to A4V expressed in insect cells, which
was kindly provided to us by Larry Hayward), the molecular
masses of WT, A4V, V148C, and A4V/V148C were

determined by matrix-assisted laser desorption ionization
(MALDI) mass spectrometry (under oxidizing conditions,
the dimeric forms of A4V/V148C (32 775 Da) and V148C
(32 721 Da) were characterized). The purity of each protein
was greater than 99%, as judged by SDS-PAGE.

Measurement of SOD1 Enzymatic ActiVity. The superoxide
dismutase activity of WT and A4V was measured by a
coupled enzyme assay using xanthine oxidase to generate
superoxide. SOD1 activity was measured colorimetrically
with (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetra-
zolium-5-carboxanilide) (28).

Monitoring SOD1 Aggregation by Gel Filtration and Light
Scattering.Dimeric SOD1 was purified on a Superdex 75
(16/60) gel-filtration column (Pharmacia) to produce starting
material for each aggregation experiment. Incubation was
performed at 37°C, and aliquots were periodically removed
and analyzed by gel filtration on a Superdex 200 (3.2/30)
gel-filtration column (Pharmacia). All chromatography was
performed in TBS (20 mM Tris, 150 mM NaCl), pH 7.4, on
a Waters 2690 Alliance HPLC or Agilent 1100 series HPLC
and monitored at 276 nm. After 80 h, three fractions (Figure
1) were collected and analyzed by electron microscopy. An
online multiangle light scattering (MALS) detector (DAWN
EOS, Wyatt Technology, Santa Barbara, CA) and differential
refractive index (DRI) detector (Optilab DRI, Wyatt Tech-

FIGURE 1: (a) Aggregation of A4V followed by size-exclusion chromatography (Superdex 200) as a function of time at 37°C. The appearance
of aggregates corresponded with the loss of dimer. (b) Negative-staining electron microscopy of A4V aggregate fractions collected after
175 h. The vertical bars drawn on the chromatography profile (panel a) indicate each fraction. (c) Averaged EM images show three
morphological types: dimers (top panels), pore-like structures (middle panels), and large spherical aggregates (bottom panels).
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nology) setup was used to measure the light scattered as a
function of angle and absolute protein concentration of
fractions eluting from the size-exclusion chromatography
column. The Rayleigh-Gans-Debye approximation was
used in the Astra software (Wyatt Technology) to estimate
molar mass. Data were fit using a first-order polynomial.
For the dimer-monomer dissociation of A4V and WT SOD,
samples were analyzed on Superdex 75 (3.2/30) gel-filtration
column (Pharmacia).

Characterization of Oligomeric A4V by Electron Micros-
copy.Purified A4V fractions were diluted 6-fold with TBS
prior to adsorption to glow-discharged, carbon-coated copper
grids. Grids were washed with four drops of buffer and
stained with two drops of freshly prepared 0.75% (w/v)
uranyl formate (Pfaltz & Bauer, Waterbury, CT 06708).
Specimens were inspected with a Philips Tecnai 12 electron
microscope operated at 120 kV, and images were taken at a
nominal magnification of 52 000 using low-dose procedures.
For image processing, 31 images of A4V (late fraction and
void peak) and 51 images of A4V (middle fraction and dimer
peak) were digitized with a Zeiss SCAI scanner using a pixel
size of 4.04 Å at the specimen level. From the digitized
images, 5815 (A4V) particles were selected for further

computational processing using the SPIDER image-process-
ing package. The 5000-6000 particle images were subjected
to 10 rounds of alignment and classification specifying 100
output classes.

RESULTS

The A4V Mutation Promotes Aggregation of SOD1.
Alanine 4 is located at the SOD1 dimer interface (Figure 3)
(29), which suggests that the A4V dimer could be destabi-
lized relative to the WT dimer. Not surprisingly, A4V
differed significantly from WT (12, 18, 30). First, consistent
with the observations of Hayward et al. (12), A4V had a
significantly lower copper content (ca. 50% of WT) than
WT (UV-visible spectrum, 680/278 nm). Second, A4V was
more prone to aggregate than WT: when incubated at 100
µM at 37 °C, WT was stable for days, whereas A4V dimer
began to disappear within 1 h (Figure 1a). Concurrent with
dimer disappearance, a heterogeneous population of A4V
aggregates appeared.

A4V Oligomers Include Pore-like and Large Spherical
Structures.The heterogeneous population of A4V aggregates
was fractionated using Superdex 200 size-exclusion chro-
matography (indicated in Figure 1a), and the fractions were
analyzed by electron microscopy (Figure 1b). The fraction
of highest molecular weight (F1) contained large (diameter
of ca. 50 nm) sphere-like and irregular oligomeric structures
(Figure 1b). Smaller structures, including pore-like structures
that resembled “amyloid pores” formed byR-synuclein or
â-amyloid protein (31), were found in fractions of lower
molecular weight (F2 and F3, see red arrows). No fibrillar
structures were produced under these conditions (or any
others that were tested). Images of the fraction containing
the A4V dimer (F4) revealed structures consistent with the
WT dimer structure in the crystalline state (diameter of ca.
7 nm). To improve resolution, similar structures were
grouped, and images were averaged. Three distinct mor-
phologies were observed: the A4V dimer (Figure 1c, top
panels), A4V pore-like oligomers comprising different
numbers of distinct subunits (each “subunit” may be an A4V
dimer or monomer) and with diameters of 7-20 nm, (middle
panels), and large spherical structures (bottom panels). Close
examination of the latter structures suggests that they may
be products of pore aggregation.

FIGURE 2: (a) Size-exclusion chromatography (Superdex 75) profile
for A4V as a function of protein concentration followed over a
concentration range of 2-30 µM. The peak that elutes at ca. 14
mL and is populated at low concentration was determined to be
monomeric SOD from light scattering studies. (b) WT was
completely dimeric over the same concentration range.

FIGURE 3: Ribbon diagram of WT with the engineered disulfide
bridge (its conformation is optimized) between residues C148 and
C148′ of opposite subunits. The red/ indicate the position of the
residue that was changed to cysteine to make the disulfide bridge.
Alanine 4 is shown in space-filling mode (carbon is gray; carbonyl
oxygen is red).
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At Lower Concentrations, Where Aggregation Is Extremely
Slow, A4V Exists as a Mixture of Dimer and Monomer, While
WT Is Purely Dimeric.To determine whether the A4V
mutation destabilized the dimeric enzyme, A4V and WT (1-
30 µM) were analyzed by size-exclusion chromatography
(Superdex 75) (Figure 2). WT dimer was stable over this
concentration range (Figure 2b). In contrast, the A4V dimer
population decreased at low concentration ([A4V]< 20µM)
and a species of lower molecular weight appeared (Figure
2b). Multiangle light scattering indicated that the molecular
mass of this species was ca. 16 kD, consistent with the mass
of A4V monomer (not shown). The A4V-derived∼16 kD
species was populated in a concentration-dependent manner
(Figure 2b), such that it was the predominant species at 2
µM. The approximate dissociation constant for A4V was 3
µM. The fact that A4V caused dimer destabilization and
aggregation suggested that dissociation of the A4V dimer
may be required for aggregation to occur. To test this
possibility, we engineered a covalent dimeric form of A4V
that was incapable of dissociation.

Introduction of an Intersubunit Disulfide Bond into A4V
To Produce (A4V/V148C)2 PreVented Monomerization.Sta-
bilization of the A4V dimer was attempted by insertion of
an intersubunit disulfide bond. Since the mere proximity of
cysteine residues is not sufficient to guarantee formation of
a disulfide bond (32, 33) (geometric constraints are also
important), we utilized the program MODIP (gift from Dr.
R. Sowdhamini, NCBS, TIFR) (34) to predict stereochemi-
cally suitable sites for mutagenesis and insertion of an
unstrained disulfide bond. The coordinates of WT (pdb code;
1spd.pdb) were used for our calculations, since the A4V
dimer structure has not been determined. Valine 148 was
chosen for mutagenesis since the resultant C148-C148′
disulfide bond was predicted to be virtually strain-free
(Figure 3). The double mutant A4V/V148C was purified and
analyzed by SDS-PAGE undernonreducingconditions was
found to migrate at∼32 kDa, confirming that the inter-
molecular disulfide bond had indeed formed (Figure 4a). Like
WT (and unlike A4V), the A4V/V148C dimer, (A4V/
V148C)2, was stable over the concentration of range of 30-1

FIGURE 4: (a) SDS-PAGE analysis of the engineered mutants. Lanes 1 and 2 are V148C and A4V/V148C, respectively, analyzed under
nonreducing conditions. These proteins migrate as∼32 kDa on SDS-PAGE indicating the presence of an intersubunit disulfide. Lanes 3
and 4 are V148C and A4V/V148C analyzed under reducing conditions. Protein samples for analysis under reducing conditions were boiled
for 10 min with SDS-PAGE loading buffer (5% SDS, 0.1 M Tris, pH 8.8, 20% glycerol, and 25 mM DTT), and samples for nonreducing
conditions were boiled with SDS-PAGE loading buffer without DTT (5% SDS, 0.1 M Tris, pH 8.8, and 20% glycerol) for the same time
period. (b) Size-exclusion chromatography (Superdex 75) profile for (A4V/V148C)2 under conditions described in Figure 2 legend. (c)
Specific activity of WT (b), A4V (9), and (A4V/V148C)2 (1) as a function of protein concentration using a coupled enzyme assay with
xanthine oxidase (see Materials and Methods section for details). (d) Size-exclusion chromatography of (A4V/V148C)2 under conditions
described in Figure 1a legend. (A4V/V148C)2 does not aggregate under these conditions (nor does V148C).
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µM (Figure 4b). As a control, the V148C mutation was made
in the WT background. V148C was dimeric ((V148C)2) by
SDS-PAGE and gel filtration (not shown).

(A4V/V148C)2 and WT Had Comparable Specific ActiVity
at Concentrations Where A4V ActiVity Was Reduced.To test
whether disulfide bond formation altered the enzymatic
activity of A4V, we determined the specific activity of WT,
A4V, and (A4V/V148C)2 over a range of concentrations.
The specific activity of WT (ca. 10000 U/mg) was indepen-
dent of concentration between 1 and 10µM (Figure 4c). At
concentrations below 4µM, A4V had a lower specific
activity than WT, confirming published observations (12).
However, A4V activity was concentration-dependent, con-
sistent with the notion that the monomeric species has
reduced activity due to minor changes near the active site
of SOD (35). The double mutant (A4V/V148C)2 had greater
catalytic activity than A4V at low concentrations (Figure 4c),
and like WT, the specific activity was concentration-
independent, consistent with the proposal that the intersubunit
disulfide bond had stabilized a WT-like dimeric structure.
The copper content of (A4V/V148C)2 was ca. 75% that of
WT (150% of A4V). The control protein (V148C)2 had
comparable specific activity to WT (not shown).

(A4V/V148C)2, Unlike A4V, Did Not Aggregate.(A4V/
V148C)2 was incubated under conditions where A4V ag-
gregated but WT did not (37°C, see above and Figure 1).
(A4V/V148C)2 was stable over an 80 h period (A4V began
to aggregate within 1 h) (Figure 4d). In fact, no aggregation
was observed after 170 h at 42°C (not shown). Like (A4V/
V148C)2 and WT, (V148C)2 did not aggregate (not shown).

DISCUSSION

We demonstrate here that A4V, a protein linked to the
most aggressive form of FALS, has an increased propensity
(relative to WT) to monomerize, to aggregate, and to form
amyloid pores. The pore-like A4V aggregates, which re-
semble those formed in vitro from A4V and WT (36), also
resemble amyloid pores comprising disease-linked mutant
forms of R-synuclein (familial Parkinson’s disease) and
â-amyloid protein (familial Alzheimer’s disease) (16).
Similar pore-like structures comprising WT, A4V, and two
other FALS-linked mutants, G85R and G37R, have been
reported (36). Hart et al. have reported annular forms of
G85R and G37R in crystals (37, 38). These structures do
not involve rearrangements at the dimer interface, so they
are not likely to be identical to the A4V pores shown here
(see below), though they may have some features in common.
Several potential targets for the A4V amyloid pore can be
envisioned, including the mitochondrial membranes, which
are compromised in ALS motor neurons (39). Of course,
A4V aggregates may have additional pathogenic effects that
do not depend on pore formation, such as toxin-generating
abnormal enzymatic activity (30).

The behavior of the engineered disulfide-stabilized dimer
(A4V/V148C)2 suggests that dimer dissociation and aggrega-
tion are necessarily linked. The fact that SOD dimer
dissociates to yield monomers has been observed previously
for SOD purified from other species (40-43). The dissocia-
tion of multimeric proteins often leads to unfolding and
aggregation (44-50), and these processes can be promoted
by disease-associated mutations (44, 48, 51-53). The best-

characterized example of such a system is the protein
transthyretin (TTR), product of a gene linked to familial
amyloid polyneuropathy (FAP) (54, 55). Many FAP muta-
tions (which in the case of FALS, they are predominantly
autosomal dominant, gain of function mutations) destabilize
the native TTR tetramer, facilitating its dissociation, unfold-
ing, and aggregation (56-60). Stabilization of the TTR
tetramer by interaction with analogues of its natural ligand,
thyroxine, prevents its in vitro aggregation (57, 58). Whether
these block pathogenesis in vivo is under investigation.

We have not yet determined whether some or all of the
less common FALS-linked SOD1 mutations also result in
population of an aggregation-prone monomer. Some of these
mutations have been demonstrated to affect [1] substrate
binding, [2] copper binding at the active site, [3] thermo-
dynamic or kinetic stability of the protein or both, [4] zinc
binding, and [5] intersubunit interactions (12, 19, 61, 62). It
is likely that all of these changes are linked to increased
population of the aggregation-prone, partially unfolded
monomer. Metal binding and dimer stability appear to be
linked. Thus destabilization of the dimer interface by A4V
affects copper binding, despite the fact that the mutation is
located far from the copper binding site (12, 19, 62).
Conversely, removal of metal affects dimer stability and
aggregation: treatment of A4V with EDTA greatly desta-
bilizes the dimer and accelerates aggregation (S.R. and P.L.,
unpublished results). EDTA treatment promotes in vitro
aggregation of other FALS-associated mutants including
G93A, G85R, H46R, and S134N, as well as WT (S.R. and
P.L., unpublished results).

Engineering of disulfide bridges to stabilize protein
structures and prevent in vitro unfolding and aggregation is
effective in the case of A4V/V148C, as well as other cases
(49, 50, 63-69). However, the greatest potential value of
this approach is that it allows the link between SOD1
aggregation and FALS pathogenesis to be tested in vivo. The
V148C-V148C′ disulfide bridge, provided that it forms in
vivo, should prevent aggregation and, if aggregation is
pathogenic, disease onset in mouse models of FALS (70).
Demonstration of this effect would validate an extensive
search for drug-like molecules that had a similar dimer-
stabilizing effect, analogous to those described in the case
of TTR (57, 58). Such molecules could be developed into
desperately needed therapeutics for FALS.
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