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Cu/Zn superoxide dismutase can form pore-like structures
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Abstract

Mutations in Cu/Zn superoxide dismutase (SOD) are associated with familial amyotrophic lateral sclerosis (FALS), a neuro-

degenerative disease that is characterized by the selective death of motor neurons. Despite the genetic association made between the

protein and the disease, the mechanism by which the mutant SOD proteins become toxic is still a mystery. Using wild-type SOD and

three pathogenic mutants (A4V, G37R, and G85R), we show that the copper-induced oxidation of metal-depleted SOD causes its in

vitro aggregation into pore-like structures, as determined by atomic force microscopy. Because toxic pores have been recently

implicated in the pathogenic mechanism of other neurodegenerative diseases, these results raise the possibility that the aberrant self-

assembly of oxidatively damaged SOD mutants into toxic oligomers or pores may have a pathological role in FALS.

� 2003 Elsevier Inc. All rights reserved.
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Mutations in copper/zinc superoxide dismutase
(SOD) are associated with 20% of all cases of familial

amyotrophic lateral sclerosis (FALS) [1] and over 100

missense mutations have been identified to date [2]. It

has been well established that pathogenic SOD muta-

tions do not cause FALS by interfering with its normal

function as a scavenger of the superoxide radical, but

rather by acquiring one or more toxic properties [3].

There have been several hypotheses proposed to explain
the toxicity of mutant SOD, including that SOD muta-

tions cause FALS via oxidative damage mediated by

the SOD-bound copper molecule, or alternatively, by

inducing the formation of toxic SOD aggregates (re-

viewed in [3]). However, the mechanism by which SOD

mutations result in motor neuron death has not been

elucidated.

Most neurodegenerative diseases have been patho-
logically linked to the abnormal deposition of a specific

protein into fibrillar inclusions known as amyloid [4]. It

was generally believed that amyloid fibrils were toxic,

and therefore, the cause of cell death in amyloid dis-
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eases. However, evidence has been accumulating in re-
cent years pointing towards soluble oligomers as the

toxic species [5,6]. One particular type of oligomer

consisting of an annular pore-like structure has recently

been proposed to be the toxic intermediate in Alzhei-

mer’s and Parkinson’s diseases [7]. This is consistent

with the observation that many proteins linked to vari-

ous amyloid diseases possess the ability to permeabilize

membranes via the formation of ion channels [8].
In this study, we sought to investigate whether SOD

was able to self-assemble into pore-like structures. Here

we show that upon oxidative damage, wild-type (WT)

and several pathogenic mutants of SOD can form in-

soluble aggregates, as well as, pore-like oligomeric

structures. As may be expected, the highly pathogenic

SOD A4V mutant has the highest intrinsic tendency

towards aggregation.
Materials and methods

SOD expression and purification.The SOD expression vectors were a

gift from Joseph Beckman (Oregon State University). The SOD cDNA

was cloned into a PET21 vector between the BamHI and NcoI sites

and transformed intoEscherichia coli strainBL21pLysS-competent cells
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as previously described [9]. Cells were grown in Luria–Bertani (LB)

media to an OD600 of 0.8, at which time isopropyl-b-DD-thiogalactoside
was added toafinal concentrationof 0.3mM.After 1 hof induction, cells

were collected by centrifugation (8000g) at 4 �C and frozen at )80 �C.
The frozen cells were resuspended in 50mMphosphate buffer (pH7) and

150MNaCl, and then lysed by four cycles of sonication with 30 s bursts

with a 1min interval of cooling in ice. The purification of SOD was

carried out as previously described [10].

Demetallation of SOD. Purified SOD was demetallated as previ-

ously described [11]. SOD samples were then dialyzed against 20mM

tris(hydroxymethyl)aminomethane hydrochloride (Tris) buffer at pH

7.8. All SOD samples were prepared fresh just before the experiment.

SOD aggregation and kinetic observations. SOD aggregation was

achieved by mixing 10 lM SOD with 0.8mM copper sulfate (CuSO4)

and 10mM hydrogen peroxide (H2O2) in 20mM Tris at 37 �C (pH

7.4). To monitor the kinetics of aggregation, the SOD solution was

equilibrated in a quartz cuvette at 37 �C for 5min within the sample

chamber of a Hitachi F-4500 fluorimeter, at which point a freshly

made solution containing the CuSO4, H2O2, and Tris was added.

Using a small stir bar, the solution was mixed for 5 s, and the light

scattered at a 90� angle was immediately monitored for 1 h at an

excitation and emission wavelengths of 350 with 2.5 nm slit width.

Afterwards, the aggregation mixture was centrifuged at 18,000g and

the SOD aggregate was then resuspended in 50 lL fresh water for

storage at room temperature.

Atomic force microscopy and the sample preparation. Aggregated

pellet resuspended in 50lL fresh water was sonicated for 10min. The

suspension was then spun at �18,000g for 30 s. A 20lL drop of the

supernatant was placed onto a freshly cleaved mica and it was dried by

slow evaporation over 3 h followed by 30min vacuum-drying before

imaging using tapping mode AFM in a Multimode Nanoscope IIIa

instrument (Digital Instrument/Veeco Metrology Group, Santa Bar-

bara, CA). Silicon tips with a radius of �10 nm (nominal spring con-

stant¼ 31–43N/m, resonant frequency¼ 160–210kHz) were used as

probes.
Fig. 1. (A) Time-course of apo SOD (10 lM, 20mM Tris, pH 7.4,

37 �C) aggregation after the addition of CuSO4 (0.8mM) and H2O2

(10mM). (B) Extent of SOD aggregation after 1 h. Error bars indicate

standard deviation based on at least three replicates. Numbers inside

the bars indicate the mean survival associated with each mutant [18].
Results and discussion

The presence of oxidatively damaged aggregated

SOD in transgenic mice expressing FALS-related SOD
mutants [12] and the demonstration that copper-medi-

ated oxidative damage can induce SOD mutant aggre-

gation in vitro [13,14] suggest that oxidative damage of

SOD may unleash its toxic effect via the formation of an

abnormally self-assembled SOD species. It has been well

established that when SOD is incubated with copper and

H2O2, the latter reduces Cu2þ to Cuþ, resulting in oxi-

dative damage to SOD (reviewed in [15]). Therefore, to
explore whether oxidatively damaged SOD can form

pore-like structures in vitro, we added CuSO4 and H2O2

to solutions of metal-depleted (apo) WT SOD and three

pathogenic SOD mutants (A4V, G37R, and G85R).

These experiments were carried out using apo SOD

because recent studies suggest that the toxic effect of

SOD mutants may involve the apo protein [16,17].

Upon exposing SOD to CuSO4 and H2O2, SOD
mutants began to aggregate within seconds. As ex-

pected, control experiments showed that aggregation did

not occur when CuSO4 and H2O2 were added indepen-

dently, indicating that the presence of both reagents

was required for aggregation to occur (data not shown).
The aggregation of SOD was monitored by measuring
the signal of the light scattered at a 90� angle after ex-

citation at 350 nm (Fig. 1A). Under the oxidizing con-

ditions used in our study even the WT SOD protein

exhibited mild aggregation, as did the G37R SOD mu-

tant, which is involved in very mild cases of FALS [18].

Interestingly, the extent of SOD aggregation revealed a

clear trend consistent with the known disease severity of

the mutants (Fig. 1B) [18]. Due to the limited number of
mutants studied, it is not possible to assess here the

physiological relevance of this trend.

The SOD aggregates were incubated in fresh water

and imaged at various times by AFM. Remarkably, the

morphology of the SOD aggregates, including those of

WT SOD, revealed numerous pore-like structures with a

diameter of about 19 nm and an inner diameter of 5 nm

(Fig. 2). When the samples were analyzed by AFM after
incubating the SOD aggregates for 10 days, the pores

were largely absent and replaced by amyloid-like fibrils

(J.C. et al., unpublished results). It is intriguing that

these annular structures are very similar to those formed

by b-amyloid and a-synuclein [7], which are associated

with Alzheimer’s and Parkinson’s diseases, respectively.



Fig. 2. AFM phase image of A4V (A), G37R (B), G85R (C), and WT

(D) SOD after incubating the aggregates in water for three days at

room temperature. The bar indicates 100 nm.

J. Chung et al. / Biochemical and Biophysical Research Communications 312 (2003) 873–876 875
It will be very important to determine whether these
SOD pores also share their toxic ability to permeabilize

membranes via the formation of ion channels, as has

also been shown for many amyloidogenic proteins [8].

Perhaps this could explain various key phenotypic fea-

tures in ALS, such as mitochondrial dysfunction and

increased cytosolic calcium levels [19]. It has been pro-

posed that mitochondrial dysfunction via the activation

of mitochondrial permeation transition pores (MPTP)
may be the key step in committing motor neurons to cell

death in ALS [20]. Furthermore, the increased immu-

noreactivity of SOD around the outer membranes of
mitochondria [20], and the involvement of SOD aggre-
gates in expanding the intermembrane space of mito-

chondria [21], suggests that this may be the determining

site of SOD damage in FALS.

The fact that FALS and sporadic ALS are virtually

pathologically indistinguishable suggests that although

different genetic and/or environmental factors may

trigger the disease, a common toxic species may exist.

Although SOD has only been linked to a small per-
centage of ALS cases, our results suggest a plausible

mechanism by which SOD may be the common toxic

agent in ALS. Our demonstration that metal-depleted

WT SOD can be induced to self-assemble into pores

upon oxidative damage suggests that SOD mutations

may not always be required for SOD toxicity, as situa-

tions may exist where oxidative stress leading to metal

loss, copper misloading, or other cellular factors may
lead to the formation of toxic WT SOD pores. Even

though the role of these pores in familial and sporadic

ALS remains to be tested, the fact that SOD mutants

form these structures much faster than WT SOD, and

the growing evidence that mis-assembled oligomers and

pores are linked to toxicity in other neurodegenerative

disease, provides a compelling argument for the poten-

tial significance of these putative SOD pores. It will be
interesting to see, as the toxicity of these pores is tested

and other genetic factors associated with ALS are dis-

covered in the future, whether SOD will turn out be the

common culprit in ALS.
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