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ABSTRACT: The proteinaceous aggregates rich in copper, zinc superoxide dismutase (SOD1) have been
shown to be involved in pathogenesis of amyotrophic lateral sclerosis (ALS). Since negatively charged
species such as nucleic acids have frequently been found associated with the proteinaceous deposits in
the tissues of patients with amyloid diseases, we examined here the aggregation behavior of SOD1 in the
presence of DNA under acidic conditions that facilitate protein aggregation. Several forms of double-
stranded DNA were tested to trigger SOD1 aggregation by light scattering, single- and double-fluorescence
imaging with dyes, atomic force microscopy, and direct observations under visible light. The results reveal
that DNA acts as a template for accelerating the formation of SOD1 aggregates and is incorporated into
SOD1 aggregates. The spherical and ellipsoidal SOD1 aggregates were characterized in both hydrated
and dried states and have morphology similar to those identified in the diseased neurons. Light scattering
experiments indicate that the aggregation first undergoes a rapid phase where the aggregates with average
diameters of 40-80 nm rapidly form in<2 min, and then passes through a slow phase where the average
diameters of aggregates were increased to at least 200-260 nm in 2 h. All forms of DNAs tested can lead
to the aggregation of SOD1 at nanomolar levels. The association of SOD1 with DNA, driven by electrostatic
interactions between both, can restrict the orientation of SOD1 molecules and increase a SOD1 population
along DNA strands. This facilitates the hydrophobic interactions between SOD1 molecules, as indicated
by hydrophobic probe binding and chemical denaturant treatment experiments. Demonstration of the DNA-
accelerated aggregation of SOD1 might establish a possible role of DNA in the pathogenesis of some
diseases because of the ubiquitous expression of SOD1 and the coexistence of SOD1 and DNA in the
crowded molecular environment of a cell.

It is well-known that the primary function of wild type
Cu,Zn superoxide dismutase (SOD11) is to lower the steady-
state concentration of the superoxide anion as an antioxidant
enzyme. The enzyme is found in the cytosol, nucleus,
peroxisomes, lysosomes, and mitochondrial intermembrane
space as a homodimeric enzyme of∼32 kDa containing one
copper and one zinc per subunit (1). However, the mutations
of SOD1 create unfavorable effects. It has been found that
SOD1 involves development of amyotrophic lateral sclerosis
(ALS), and causes motor neuron death through an as-yet
unidentified molecular mechanism (2-11). Although it is
well-established that the SOD1-mediated toxicity in diseases
is not due to loss of function but instead due to a gain of

one or more injurious properties that are independent of the
levels of SOD activity, little is currently known about the
roles of SOD1 in neurocytotoxicity (6, 7, 12, 13).

Over 100 different mutations have been identified in the
sod1genes of patients diagnosed with the familial form of
ALS (fALS). These mutations result in a highly diverse group
of mutant proteins, some of them very similar to and others
enormously different from wild-type SOD1. Recent studies
of fALS mutant SOD1 proteins suggest that the mutants
partition into two groups with distinctly different biophysical
characteristics with respect to metal content, SOD activity,
and spectroscopy (2-5). These two groups have been termed
metal-binding region (MBR) and wild-type-like (WTL) fALS
mutant SOD1 proteins on the basis of their SOD activities
and metal-binding properties (2-5). The MBR subset of
SOD1 proteins has mutations that are localized in and around
the metal-binding sites, including the electrostatic and zinc
loops, and was found to have significantly altered metal-
binding properties relative to wild-type SOD1. Two pre-
dominant models, including the abnormal aggregation or
inclusion of SOD1 and aberrant copper-mediated oxidation
chemistry in the misfolded enzymes, have been proposed to
support the assumption that the toxicity of fALS mutant
SOD1 proteins may induce motor neuron death and ALS
(6-19).
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The aggregation hypothesis maintains that mutant SOD1
proteins are or become misfolded and consequently oligo-
merize into high-molecular-weight species that ultimately
aggregate and end up in proteinaceous inclusions (20).
Proteinaceous aggregates rich in SOD1 have been found in
tissues from ALS patients, ALS-SOD1 transgenic mice, and
in cell culture models, leading to the conclusion that SOD1-
associated familial ALS is a protein conformational disorder,
similar to other neurodegenerative diseases in which protein
aggregates are found (21). High-molecular-weight oligomer-
ized species of SOD1, which may be more closely related
to the toxic form, are found in the spinal cords of mice
expressing mutant SOD1 well before disease onset or the
appearance of the much larger microscopically visible fibrils
or inclusions (22-24). The visible aggregates or inclusions
in SOD1-linked diseases contain neurofilament proteins,
ubiquitin, and covalent adducts to other components in
addition to SOD1, but it is not known if copper, zinc, or
any other metal ions and any other components including
lipids and nucleic acids are involved in their formation (6,
7). The aggregation of SOD1 is a complex multistep process
that consists of dimer dissociation, loss of metals, conforma-
tion changes, nucleation, and accretion, and involves many
components (25). Perturbing the environmental conditions,
such as lowering pH, adding metal chelator, disulfide linkage
reduction, and oxidative modification, can help us understand
the formation processes of protein aggregates (26-28).

Although protein aggregation may be a common feature
of SOD1-mediated toxicity, to date the ultimate mechanisms
underlying the SOD1-mediated cytotoxicity are still un-
known, despite years of intensive study (6, 7, 12, 13).
Aggregates are clearly identifiable, but thus far have not been
directly linked to any of the disruptions in cellular functions
and could be protective rather than pathogenic (6, 7). The
oxidation chemistry might be only one of the chemical steps
occurring in the SOD1 aggregation. Perhaps SOD1 might
possess some unknown properties that cause the injurious
effects (7). In this study, we examined the propensity of
SOD1 to aggregate in acidic solutions (pH 3.6) upon addition
of DNA, a phenomenon that we have noted during observa-
tion of the SOD1-mediated DNA hydrolytic cleavage activity
(29, 30), based on the following considerations. First, since
lowering pH can also compromise the metal-binding proper-
ties and lead to loss of metals like the MBR mutants, the
aggregation behavior of SOD1 occurring under acidic
conditions could mimic the effect of mutations and reflect
the practical process done under physiological conditions to
a high extent (26, 28). Second, X-ray structure determination
has shown that some of the fALS SOD1 mutants form a
highly ordered structure that is an amyloid-like linear or
helical filament, or a water-filled nanotube with an outside
diameter of∼9 nm and an inside diameter of∼3 nm (31-
33). DNA might be sequestered within the aggregate structure
due to matched sizes. The coexistence of SOD1 up to
40 µM (34) and DNA in the cellular crowded environments
can assist SOD1 binding to DNA (35). Third, a complete
composition of SOD1 aggregates observed in a variety of
in vivo models remains to be examined (7, 8, 12, 17, 18,
24, 36-38), and the involvement of DNA in the aggregation
of SOD1 cannot be ruled out. Indeed, in the brain tissue from
victims of Alzheimer’s disease, nucleic acids have been
detected in senile plaques composed of the Aâ peptides (39).

Fourth, the observation that long-chain unsaturated fatty acids
induce the formation of high-molecular-weight aggregates
containing SOD1 under neutral conditions (38) indicates that
the negatively charged species play a role in the self-
assembly of misfolded proteins. It is obvious that the
negatively charged phosphate diester backbones of DNA
might play a role in the aggregation of SOD1. Finally, it
has been reported that interactions between DNA and some
proteins including cellular prion protein (PrP),R-synuclein,
and human muscle acylphosphatase promote the formation
of spherical amyloids and fibrils containing these proteins
(40-44). The results obtained here show that DNA that acts
as a template significantly accelerates the formation of SOD1
aggregates, confirmed by light scattering, size measurement,
dye binding, imaging under visible and fluorescence light,
and atomic force microscopy (AFM).

EXPERIMENTAL PROCEDURES

Materials. Bovine SOD1, calf thymus DNA (ctDNA),
guanidinium chloride (GdmCl), ethidium bromide (EtBr),
thioflavin S (ThS), and 8-anilino-1-naphthalene-sulfonic acid
(ANS) were obtained from Sigma. GeneGreen (GG) is a gift
from Tiangen. The plasmid pRK5 DNA, pBR322 DNA,
bacteriophageλDNA, and double-stranded DNA fragment
(dsDNA, 792 base pairs that are randomly distributed over
DNA double strands) were obtained from TaKaRa. Removal
of impurity from the SOD1 samples was monitored by LC-
ESI-MS on an Agilent1100 Cap LC/MSD XCT mass
spectrometer. The dimer concentration and activity at pH
5.5 of SOD1 was determined as previously reported (45, 46).
Unless otherwise stated, DNA concentrations were expressed
in base pairs. All samples were prepared using distilled water
that had been passed through a Millipore-Q ultrapurification
system.

Quenching of SOD1 Intrinsic Fluorescence by DNA.To
monitor quenching of SOD1 intrinsic fluorescence, 4.0µM
SOD1 was titrated with 0.8-30 µM ctDNA in 20 mM
acetate (pH 3.6) at 37°C. The tyrosine fluorescence of SOD1
was excited at 277 nm, and emission spectra were recorded
between 290 and 350 nm (bandwidth 5 nm), or the emission
intensity was recorded at 305 nm on a JASCO 770 spec-
trofluorometer. All reactions were incubated for 1 min at
37 °C to reach pre-equilibrium prior to measurements. The
fluorescence of each DNA concentration was subtracted from
the total intensity of the corresponding sample.

Aggregation of SOD1 upon Addition of DNA.Aggregation
reactions consisted of SOD1 (0-15 µM) and any one of
pRK5 DNA, λDNA, ctDNA, and dsDNA with varied
concentrations, whereas control reactions were each con-
centration of SOD1 and each one of the DNAs, respectively.
Reactions were initiated by adding DNA into SOD1, and
were incubated for 0-2 h and 1, 2, and 15 days at 37°C in
20 mM acetate buffer (pH 3.6), respectively, and then were
quenched by cooling to 0°C. In order to examine the effect
of ionic strength on the aggregation of SOD1, a mixture of
4 µM SOD1 and 7.5µM ctDNA was incubated for 2 h at
37 °C in the buffer containing 10-800 mM NaCl or MgSO4.
The pH effect was observed in a three-buffer system
(20 mM phosphate-citric acid, pH 3.0-3.6; 20 mM HAc-
NaAc, pH 3.6-5.6; and 20 mM Tris-HCl, pH 6.0-7.4). On
the other hand, inhibition of the aggregation by the chemical
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denaturant GdmCl was examined by incubating a mixture
of 4 µM SOD1 and 7.5µM ctDNA or 15µM pBR322 DNA
for 2 h at 37°C in the acetate buffer containing 0-6.0 M
GdmCl or 0-8 M urea. GdmCl was also used to promote
the disaggregation of SOD1 aggregates. The disaggregation
reactions occurred after adding 0-6.0 M GdmCl into SOD1
aggregates provided by 24 h of incubation.

Agarose Gel Electrophoresis.The mixtures containing
SOD1 and DNA were electrophoresed on a 0.5× TBE buffer
(45 mM Tris, 45 mM boron hydroxide, 1 mM EDTA, pH
8.0) agarose (0.8%) gel at 80 V. The DNA bands in the gel
were visualized by staining in an EtBr solution (0.5µg/mL)
and quantified by a Bio-Rad phosphoimaging autodensito-
meter.

Right Angle Light Scattering (RALS) (17, 47).RALS
measurements were made at 37°C with the JASCO spec-
trofluorometer for each sample and each control (300µL,
including aggregation kinetic assays). Excitation and emis-
sion wavelengths were set at 400 nm (different bandwidths
used here). All of the samples were vortexed in the buffer
to dislodge aggregates prior to measurement. Each spectrum
represents an average of ten accumulations.

Dynamic Light Scattering (DLS) (17, 26).At various time
points, samples were analyzed by DLS to determine their
extent of aggregation. DLS data were collected at 37°C with
a HORIBA LB-550 dynamic light scattering particle size
analyzer. Consecutive measurements (200 times) were made
with a cell of 2 mL. The average hydrodynamic diameters
and their distribution were recorded for each sample and each
control.

Single- and Double-Fluorescence Staining Imaging (18,
26, 40, 47).Fluorescence and visible microscopy studies of
the dyes ThS and EtBr or GG, and both, bound to SOD1
aggregates were carried out via three pathways using the
Olympus IX71 microscope under fluorescence (excitation
wavelength 330-385 nm for ThS, 520-550 nm for EtBr,
and 460-490 nm for GG) and visible light, respectively.
All samples were preincubated for 10 min at 37°C with
20 µM ThS, 20µM EtBr or GG (1×) or their combinations
in the acetate buffer (pH 3.6) before imaging. First, the
aggregates provided by 1 or 15 days of equilibration at
37 °C of a mixture containing 4µM SOD1 and 30µM DNA
were directly observed under the microscope without cen-
trifugation. Then, the sample produced by 2 h of incubation
of a mixture of SOD1 and DNA was examined via two
pathways (1). The samples were sandwiched between two
glass slides to obtain clear images of aggregates under the
hydrated state (2). The aggregates were collected by cen-
trifugation (8000 rpm, 10 min, 4°C). The sediments were
spread on a glass slide, washed, and air-dried, followed by
examination under the Olympus microscope. All of these
operations were carried out for SOD1 and DNA controls.

Visualization by AFM (27, 48).All images were obtained
under dry conditions using a Seiko SPA400 atomic force
microscope. The aggregates collected by centrifugation
(8000 rpm, 10 min, 4°C) were diluted with the buffer,
deposited, washed, and air-dried onto freshly cleaved mica
for measurement. Contact mode images were obtained using
typical models.

Fluorescence Property of ANS Bound to SOD1 Aggregates
(17, 40).The fluorescence property of the extrinsic fluoro-
phore ANS (final concentration 20µM, excitation at

360 nm, bandwidth 5 nm) was examined by 10 min of
incubation at 37°C with SOD1 alone or aggregates in the
buffer (pH 3.6) on the JASCO 770 spectrofluorometer.

RESULTS

Affinity of SOD1 for DNA.Quenching of SOD1 intrinsic
fluorescence by DNA was used to characterize the interac-
tions between SOD1 and DNA at pH 3.6. The fluorescence
(290-350 nm) of tyrosine was specifically excited at
277 nm because bovine SOD1 does not contain any tryp-
tophan residue. DNA produces no significant emission at
this excitation wavelength in the region. The intrinsic
fluorescence of SOD1 decreased as ctDNA concentration
rose, whereas the emission of SOD1 control remained
unchanged (Figure 1A), indicating that association of SOD1
with DNA may occur. Fitting the quenching curve (see the
inset in Figure 1A) to a Scatchard equation (49) provides an
apparent affinity constant ofKd ∼ 500 nM, indicating that
SOD1 can bind to DNA at pH 3.6. However, this fitting is
very simple, since there are not available models for the
binding events where protein aggregation may simulta-
neously appear. The observation that SOD1 can associate

FIGURE 1: Affinity of SOD1 for DNA was examined by quenching
of SOD1 intrinsic fluorescence and DNA gel shift assay. (A)
4.0 µM SOD1 was titrated with 0.8-30 µM ctDNA in 20 mM
acetate buffer (pH 3.6). The control was 4.0µM SOD1. Reactions
were incubated for 1 min at 37°C to reach pre-equilibrium prior
to measurement. The inset is a Scatchard fitting to the plot of
θ/[DNA] againstθ to estimate the apparent dissociation constant
of DNA-SOD1 complexes. Here,θ is the binding fraction of SOD1
to ctDNA. (B) The DNA retardation phenomenon in gel electro-
phoresis was shown after reactions containing 10µM pBR322 DNA
and 0-10 µM SOD1 were incubated for 60 min at 37°C at pH
3.6 and 4.0.
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with DNA was supported by DNA gel shift assays at pH
3.6 and 4.0 (Figure 1B). The results show a significant smear
and mobility retardation phenomenon in the electrophoresis
of plasmid DNA as SOD1 concentration rises, compared to
DNA controls without SOD1, suggesting that the SOD1
binding to DNA is nonspecific to DNA sequences.

Formation of SOD1 Aggregates upon Addition of DNA.
The determination of affinity above implies that DNA might
induce a large number of SOD1 molecules to associate with
it. Moreover, comparison with other proteins tested has
indicated that the association with DNA is specific for some
copper proteins including SOD1 (29, 50). Because the
aggregation of SOD1 upon addition of DNA is a phenom-
enon that we have noted during observation of the SOD1-
mediated DNA cleavage activity (29, 50), we examined the
formation and morphology of aggregates resulting from
incubation of the mixtures of SOD1 and DNA at pH 3.6
biophysical and biochemical methods. The used dyes EtBr
and GG (51) are specific for DNA, whereas the dye ThS is
highly specific for the cross-â-sheet structures in aggregates.
Moreover, the ThS binding is accompanied by a large red
shift in its excitation spectra. ThT was not used here because
it interferes with the amyloid detection in the presence of
DNA (44).

ThS-binding experiments were first used to characterize
the formation of SOD1 aggregates upon addition of DNA.
The presence of DNA alone cannot exert obvious influence
on ThS fluorescence, but SOD1 alone can lead to an increase
of ∼17% in ThS fluorescence (Figure 2A), indicating that
SOD1 undergoes an aggregation process at pH 3.6. A 1- or
2-fold enhancement of ThS fluorescence with 20-60 nm
red shift in its excitation spectra (Figure 2B), relative to the
reaction containing SOD1 alone, was observed with the
mixtures of SOD1 and DNA (increasing concentration),
suggesting that an aggregation phenomenon may appear
between SOD1 and DNA, implying that the aggregates
generated upon addition of DNA may have an ordered
structure-like feature with cross-â-sheet structures (52). In
addition, it was here noted that the enhancement in ThS
fluorescence markedly depends on the sizes or types of DNA
molecules tested (Figure 2B).

The fluorescence imaging of ThS is a method to character-
ize the morphology of protein aggregates. As controls, SOD1
and DNA all did not appear in any observable form of
aggregates under microscope, indicating that the aggregation
of SOD1 without DNA can be left out of consideration here.
The ThS fluorescence images (Figure 3A) showed that the
aggregates produced by incubating a mixture of SOD1 and
λDNA were an amyloid-like and amorphous species. The
same results hold for other DNA molecules tested (see
Figure S1A,B).

In order to further examine the morphology of SOD1
aggregates, direct imaging of samples under the hydrated
state was performed. First, the images of hydrated aggregate
samples in solution stained by GG showed that the granular
aggregates contain DNA (Figure 3B). Then, the bubbles that
can collect a large number of aggregates were fixed between
two glass slides. Clear images of GG-staining particles were
observed under excitation light of 460-490 nm
(Figure S1C,E,G). Finally, the particles were directly ob-
served under visible light (Figure S1D,F,H). Obviously, these
pictures are well consistent with each other. However, the

fact that the particles under the dried state are larger and
more amorphous in morphology (Figures 3A, and S1A,B),
compared to the particles under the hydrated state, can be
ascribed to a conglomeration of small aggregates. Here, it
was noted that the dsDNA-containing particles have a narrow
distribution of sizes (2-6 µm), whereas the distribution is
very wide (2-20 µm) for ctDNA molecules with different
sizes.

Double-fluorescence staining experiments were also per-
formed with both ThS and EtBr to obtain a line of evidence
for the composition of SOD1 aggregates. The results showed
that the image with ThS staining is well superimposed over
that with EtBr (Figures 3C,D, and S1I,J). These results,
together with those delineated above, reveal that the ag-
gregates contain both SOD1 and DNA, and the dye ThS is
specifically bound to protein parts in the aggregates, and EtBr
is specifically bound into DNA double helix.

For 15 days of incubation at 37°C, a precipitate resulting
from a mixture of SOD1 and ctDNA was directly observed
without centrifugation. The precipitate was also stained with
EtBr (Figure S1K) in addition to ThS (Figure 3E), and
observed in hydrated states under the excitation light with
variable wavelengths, indicating that the precipitate is a kind
of macroaggregate. Obviously, the larger particles are formed
by further self-assembly of a great body of small aggregates,
since their diameters are at the micrometer level, and were
not found in 2 h of incubation. The EtBr staining showed
that the macroaggregates have morphological characteristic

FIGURE 2: Comparison of ThS binding to SOD1, dsDNA, and
SOD1 aggregates formed upon addition of ctDNA (O), λDNA (2),
pRK5 DNA (4), or dsDNA (b) in 20 mM acetate buffer (pH 3.6).
Mixtures of 4µM SOD1 with and without 0.75-45µM DNA were
incubated for 120 min at 37°C. The resulting solutions were
reincubated for 10 min at 37°C with 20 µM ThS before
measurements. (A) The excitation (left, emission wavelength
460 nm) and emission (right, excitement wavelength 340 nm)
spectra of ThS bound to 4µM SOD1, 45µM dsDNA, or mixtures
of SOD and dsDNA of increasing concentration. (B) DNA
dependences of enhancement in emission intensity of ThS for the
mixtures of SOD1 and DNA. Here,∆F represents an enhancement
percentage in the fluorescence of ThS caused by the mixtures of
SOD1 and DNA relative to SOD alone, respectively.
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similar to that by ThS staining, a demonstration that the DNA
are incorporated into the macroaggregates, as observed
above.

AFM examination showed that granular particles with
diameters of 200-1000 nm (Figure 4A) were formed by
incubating the mixtures of SOD1 and DNA, a firm support
to the observations done by the fluorescence imaging. For
SOD1 as control, we did not observe a significant aggrega-
tion phenomenon. The AFM images indicated that the sizes
of aggregates were markedly reduced with diluting the
mixtures of SOD1 and DNA, suggesting that the larger
particles are provided by self-assembly of small aggregates,
as indicated by long periods of incubation. This was

supported by the observation that the diameter distribution
of aggregates was changed with time (see Figure 5A). The
AFM images obtained by 10-fold dilution of the mixtures
(Figure 4B-C) indicated that the aggregates absorbed to the
mica surfaces are spherical and ellipsoidal. Their average
diameter (∼40 nm over 40 particles) and narrow diameter
distribution were well consistent with those measured by
DLS at the initial aggregation moment (<2 min, see
Figure 5A). Therefore, the small particles were generated at
the initial aggregation stage after SOD1 was bound to
DNA.

Time Courses of SOD1 Aggregation.In conjunction with
visualization studies, time-course analysis of SOD1 aggrega-

FIGURE 3: Visualization of SOD1 aggregates formed in the presence of DNA in 20 mM acetate buffer (pH 3.6) at 37°C. The aggregates
produced by 2 h of incubation were collected by centrifugation, followed by being suspended into the same volume of buffer prior to
staining, and those done by 2 or 15 days of incubation were directly stained. Each dye was reacted for 10 min at 37°C with various forms
of SOD1 aggregates prior to imaging. (A) ThS(amplication 400×)-staining images of aggregates formed by incubating for 2 h amixture
of 4 µM SOD1 and 15µM λDNA. (B) GG-staining image (200×) of hydrated aggregates produced by incubating for 2 days a mixture of
4 µM SOD1 and 7.5µM λDNA. (C, D) Images (200×) of aggregates simultaneously stained with both ThS (C, excitation at 330-385 nm)
and EtBr (D, excitation at 520-550 nm), after incubating for 2 h amixture of 4µM SOD1 and 37.5µM dsDNA. (E) ThS-staining images
(200×) of hydrated precipitates resulted from incubating for 15 days a mixture of 4µM SOD1 and 30µM ctDNA.
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tion upon addition of DNA was performed using DLS and
RALS to quantify the sizes of aggregates in terms of average
hydrodynamic diameters. The experiments were carried out
in the presence and absence of DNA, respectively, to assess
the promotion effect of DNA as a template on the SOD1
aggregation. The sizes of SOD1 dimer (∼6.6 nm× 4.1 nm
× 3.7 nm) (26) and DNA exhibit no observable change
before and after incubation. However, it is difficult to obtain
the real sizes of SOD1 and DNA of interest, due to the
limited precision of the instrument used.

The DLS data showed that upon addition of DNA an
aggregation phenomenon was immediately observed, indicat-
ing that DNA is an accelerating agent for SOD1 aggregation
because SOD1 has relatively low propensities to aggregate
in solution. The aggregation processes of SOD1 pass through
two phases (Figure 5A). The reactions first undergo a rapid
phase where the aggregates with average diameters of 40-
80 nm (dependent on the type of DNA) rapidly form in
<2 min, and then pass through a slow phase where the
average diameters of aggregates were increased nearly
linearly to 200-260 nm over time (Figure 5A,B). Here, it
is not possible to measure the sizes of aggregates in the rapid
phase because the shortest data-collecting time required by
the DLS is 2 min. After 2 h of incubation, the sizes of
aggregates yet remained at a slight increase. The time courses
of aggregation monitored by RALS, in good agreement with
those by DLS, showed a kinetic process (Figure 5C) in that
the sizes of aggregates were sharply increased at the initial
time point of reaction. In contrast, for ctDNA or dsDNA as

control, no change in RALS data over time is observed under
the conditions tested. For SOD1, an increase of∼10% in
RALS data is due to its self-aggregation at pH 3.6, in
agreement with those reported previously (26). In addition,
it was here also noted that the initial rates of aggregation
were different for different DNA molecules (see the inset in
Figure 5C).

Effects of Solution Conditions.The effects of solution
conditions including types of DNA, SOD1 concentration, pH,
ionic strength, and chemical denaturant GdmCl on the
aggregation of SOD1 were examined. The imaging analysis
and time courses delineated above have shown that the SOD1
aggregation was significantly affected by types of DNAs
tested. Therefore, four types of DNAs were tested at pH 3.6
by DLS and RALS. First, it was observed that the sizes of
aggregates increase in the order ctDNA> pRK5 DNA ≈
λDNA > dsDNA in the range of given DNA levels
(<50 µM) (Figure 6A,B), indicating (a) that the sizes of
DNA molecules are one of the factors that control the
aggregation and (b) that the large and linear ctDNA and
λDNA molecules led to the formation of large aggregates.
This fact might be ascribed to different length and structures
of the DNAs. The plasmid DNA has a compactly supercoiled
structure, leading to the sizes of aggregates that are close to
those of aggregates byλDNA, although its base pairs
(∼8000) are much less than those ofλDNA (∼48000 base
pairs). The small and linear dsDNA molecules can provide
only a limited space for the aggregation of SOD1, leading
to the formation of the smaller aggregates.

FIGURE 4: AFM images of aggregates formed by incubating for 2 h amixture of SOD1 and DNA in 20 mM acetate buffer (pH 3.6) at
37 °C. The aggregates collected by centrifugation, followed by being suspended into the same volume of buffer, were deposited and
air-dried onto freshly cleaved mica. (A) AFM image of aggregates formed by incubating a mixture of 4µM SOD1 and 50µM dsDNA. (B,
C) The solution containing the aggregates was diluted by 10-fold with the buffer and immediately added to the mica surface for AFM.
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The effect of SOD1 concentration on the sizes of ag-
gregates was observed by fixing ctDNA concentration
(7.5 µM). The RALS data show that, first, the sizes were
sharply, but linearly, increased when SOD1 concentration
was
<0.5 µM, then remained at a slight increase when SOD1
was>5 µM (Figure 6C), indicating that DNA can promote
nanomolar levels of SOD1 to aggregate. Increasing SOD1
concentration only led to a weak enhancement (by 1.5-fold
up to 16µM SOD1) in fluorescence of ThS bound to the
aggregates, suggesting that the aggregates do not possess
fibrous characteristics because fibrous aggregates can lead
to a 3-fold enhancement in ThS fluorescence (40).

The pH dependences of aggregation of SOD1 upon
addition of DNA were observed by RALS and gel electro-
phoresis. The RALS data show (a) that the formation of
SOD1 aggregates after 2 h of incubation with DNA was
significant and their sizes remain basically unchanged at pH

< 4.0, and (b) that an observable aggregation phenomenon
was not found at pHg 4.5 (Figure 6D), in agreement with
the smearing phenomenon observed by the gel retardation
experiments (Figure 6E), demonstrating that the aggregation
of SOD1 does not occur even in the presence of DNA when
the pH is more than 4.5.

Probing the effect of ionic strength on the aggregation can
provide an insight into the nature of interactions between
SOD1 and DNA. First, we observed that quenching of SOD1
intrinsic fluorescence by DNA was markedly reduced with
increasing Na+ or Mg2+ concentration, indicating the interac-
tions between both become progressively weaker. Then,
RALS data showed that the high ionic strength markedly
inhibited the aggregation (at 800 mM Na+ or Mg2+, reduction
of 87% or 89% in aggregation degree, Figure 6F). All these
data suggest that electrostatic interactions are one of the key
factors that control the enrichment of SOD1 along DNA
double strands.

In addition, a significant inhibition of the aggregation was
observed at pH 3.6 upon addition of chemical denaturant
GdmCl or urea. First, the inhibition was examined by RALS,
indicating that 2 M GdmCl or urea led to a reduction of
90% or 80% in aggregation degree (Figure 6G, Figure S2).
Then, the disaggregation experiments (Figure 6H) showed
that the disaggregation of SOD1 aggregates takes place
immediately upon addition of GdmCl, supported by DNA
electrophoresis experiments (Figure S3). For example, 2 and
6 M GdmCl led to disaggregation of 77% and 90% of
aggregates in 1 min, respectively. The data indicate (a) that
the SOD1 intermolecular hydrophobic interactions play a
crucial role in the DNA-accelerated SOD1 aggregation
because urea can disrupt these hydrophobic interactions, and
(b) that the electrostatic forces between SOD1 and DNA play
only a role of concentrating SOD1 molecules along DNA
double strands because the guanidinium cations at a high
level (6 M) can disrupt this force by competing against SOD1
in binding to DNA. It is noteworthy in Figure S3 that the
DNA molecules released from the aggregates remained
intact, revealing that the DNA was not damaged in the
aggregation.

Changes in Hydrophobicity.The hallmark of SOD1 is
exceptional stability and specificity of fold due to conserved
features within the Greek-keyâ-barrel structure (1). How-
ever, due to lower pH coupled with the presence of DNA,
the SOD1 hydrophobicity might be altered to a certain
degree. Therefore, in order to determine if changes in
hydrophobicity occur, ANS dye binding experiments were
first performed before and after SOD1 binding to DNA. ANS
binding is a probe of exposed hydrophobic surfaces in
proteins that indicates the disruption and formation of
hydrophobic clusters. The wild-type SOD1 does not show
any ANS binding. However, the ANS fluorescence was
observed to have a 2-fold enhancement for the SOD1 alone
after 2 h of incubation, likely due to a conformational change
resulting from removal of metals at low pH (27). On the
other hand, DNA of different forms was also observed to
enhance considerably the ANS fluorescence under conditions
tested. Figure 7A shows the influence of DNA on ANS
fluorescence bound to SOD1 aggregates. Here, the total
enhancement value in the ANS fluorescence caused by the
respective presence of DNA and SOD1 was subtracted from
those caused by SOD1 aggregates upon addition of DNA at

FIGURE 5: The time courses of SOD1 aggregation upon addition
of DNA in 20 mM acetate buffer (pH 3.6) at 37°C were observed
by DSL and RALS. (A) The average diameters of aggregates
generated from reactions containing 4µM SOD1 and 7.5µM pRK5
DNA (4), λDNA (2), or 37.5µM dsDNA (b) were changed with
time (0-120 min). (B) The diameter distributions of aggregates
between SOD1 and pRK5 DNA were measured by DSL at different
time points. (C) The aggregation processes of SOD1 in the presence
of 7.5µM pRK5 DNA, λDNA, ctDNA, or dsDNA were monitored
by RALS. The inset shows that the initial rates of aggregation were
changed with types of DNA. The control was the corresponding
concentration of SOD or DNA alone.
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each concentration. The data showed that the ANS fluores-
cence was nearly increased by up to 4-9-fold, accompanied
by a large blue shift in the ANS fluorescence maximum from

532 to 473 nm, with DNA concentrations. Obviously, this
large enhancement is caused by SOD1 aggregates, but not
by the simultaneous presence of DNA and SOD1, because

FIGURE 6: The dependences of SOD1 aggregation at 37°C on reaction conditions. (A, B) The dependences of SOD1 aggregate sizes on
types and concentrations of DNA were monitored by DSL (A) and RALS (B). Reactions containing 4µM SOD1 and 0.75-45 µM ctDNA
(O), pRK5 DNA (4), λDNA (2) or dsDNA (b) were incubated for 2 h in 20 mMacetate buffer (pH 3.6) prior to measurements. (C) The
dependence of SOD1 aggregation on its concentration was monitored by RALS. Reactions containing 0-16 µM SOD1 and 7.5µM ctDNA
were incubated for 2 h. (D, E) The pH dependences of of DNA-accelerated SOD1 aggregation were observed by RALS (D) and gel
electrophoresis (E). A three-buffer system (pH 3.0-3.6, 20 mM phosphate-citrate; pH 3.6-5.6, 20 mM HAc-NaAc, and pH 6.0-
7.4, 20 mM Tris-HCl) was used for measurements between pH 3.0 and 7.4. Reactions containing 4µM SOD1 and 7.5µM ctDNA, pRK5
DNA, λDNA, dsDNA (D), or 4µM SOD1 and 15µM pBR 322 DNA (E) were incubated for 2 h prior to measurements. The controls were
corresponding type of DNA or SOD. (F) The effect of ionic strength on SOD1 aggregation was monitored by RALS. Reactions containing
4 µM SOD1 and 7.5µM ctDNA were incubated for 2 h in thebuffer containing 0-800 mM NaCl (O) or MgSO4 (9). (G, H) Inhibition
of aggregation and disaggregation of aggregates caused by GdmCl were monitored by RALS. Inhibition reactions contained 4µM SOD1
and 7.5µM ctDNA in the buffer containing 0-6 M GdmCl (G). Disaggregation reactions contained 0-6 M GdmCl and aggregates formed
by incubating for 24 h a mixture of 4µM SOD1 and 7.5µM ctDNA (H). The insets are time courses of inhibition or disaggregation
reactions.
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low pH coupled to the interactions with DNA can cause
conformational changes in SOD1, resulting in exposure of
more hydrophobic residues to the surfaces. In addition, the
ANS fluorescence enhancement shows that types of DNA
molecules tested can obviously affect exposure degrees of
SOD1 hydrophobic residues. The large DNA molecules such
as ctDNA andλDNA lead to a larger fluorescent enhance-
ment (see the inset in Figure 7A), causing more SOD1
molecules to alter their conformation than does the small
DNA.

Then, the pH-dependent profiles of ANS binding and
intrinsic fluorescence quenching of SOD1 were examined
and the data were normalized for comparison (Figure 7B).
Moreover, the pH dependence of aggregation degree mea-
sured by RALS was also normalized to correlate the

aggregation degree with the changes in hydrophobicity. The
results indicate that the ANS fluorescence was enhanced and
the intrinsic fluorescence was quenched with lowering pH,
revealing that the low pH resulted in exposure of more
hydrophobic residues to the surface of SOD1 and an
enhanced propensity of SOD1 to form aggregates. This was
firmly supported by the fact that the pH-dependent curve of
intrinsic fluorescence quenching of SOD1 was well super-
imposed over that of aggregation degree and was well
consistent with pH dependences of DNA-accelerated SOD1
aggregation at a given DNA level (Figure 6D).

DISCUSSION

The aim of this study was to identify the potential target
of SOD1 aggregation-induced cytotoxicity and to contribute
to our understanding to the previous reports by illustrating
that the interaction with DNA may affect the aggregation
pathways of SOD1. The results presented indicate that the
aggregation of SOD1 upon addition of DNA occurs rapidly
under the conditions tested. The resulting DNA-containing
SOD1 aggregates are unlikely to be nonspecific staining
artifacts because they were directly observed under both
hydrated and dried states by single- and double-fluorescence
labeling microscopy, light scattering, and AFM imaging, and
are similar to those observed by previously reported studies
in morphology (16, 19, 25). It is noteworthy that the double-
labeling method used here, specific for both protein ag-
gregates and DNA, respectively, is convenient and simple
to characterize the complex compositions of DNA-containing
protein aggregates.

Using the low pH conditions, which could mimic the effect
of mutations and reflect the practical process done under
physiological conditions to a high extent, is common to study
the aggregation of SOD1 and other proteins (26, 27). The
acidic conditions have been shown to decrease the affinity
of SOD1 for metals by protonation of the ligating histidine
residues and to promote dissociation of SOD1 into mono-
mers, resulting in loss of metals from SOD1 like MBR
mutants (53, 54). In fact, to create amyloidogenic conditions
under which the aggregation of proteins can be induced
readily, acidic conditions are routinely used. For example,
amyloidogenic intermediates of transthyretin, microglobulin,
prion protein, and lysozyme have been characterized at pH
4.5 (55), pH 3.6 (56), pH 4.4-6 (57), and pH 2 (58).

Interactions between SOD1 and DNA.The calculation of
electrostatic potential has revealed some striking positively
charged regions over SOD1 surfaces under neutral conditions
(59), suggesting that SOD1 may be a potential DNA-binding
enzyme, and the presence of positively charged residue side
chain containing peptide segments could meet the require-
ment for DNA binding. The nonspecifically electrostatic
interaction may occur between the positively charged
residues over SOD1 surfaces and the negatively charged
DNA backbone, supported by two facts. (a) The aggregation
of SOD1 along DNA double strands was significantly
inhibited with increasing ionic strength. (b) The affinity of
SOD1 for DNA is pH-dependent because the dissociation
constant of the enzyme-DNA complex is decreased from
10 µM at pH 7.4 (29) to 500 nM at pH 3.6, and low pH can
result in an increase in the net positive charge on SOD1,
strengthening the binding of SOD1 to DNA.

FIGURE 7: Changes in hydrophobicity of SOD1 measured by ANS
binding and intrinsic fluorescence quenching of SOD1. (A)
Fluorescence spectra of ANS bound to the aggregates formed by
incubating for 2 h 4µM SOD1, 30µM dsDNA, or the mixtures of
SOD and 0-30 µM dsDNA at 37°C. The inset shows that DNA
concentration dependences of enhancements in the fluorescence of
ANS bound to the aggregates formed by incubating mixtures of 4
µM SOD1 and 0-30µM ctDNA (O), pRK5 DNA (4), λDNA (2),
or dsDNA (b). Here,∆F represents an enhancement percentage
in the ANS fluorescence intensity at 473 nm caused by the
aggregates relative to ANS alone. The enhancement values in the
ANS fluorescence caused by DNA alone and SOD alone were
subtracted from those caused by the aggregates at each DNA
concentration, respectively. (B) The pH-dependent profiles of
changes in both the fluorescence intensity of ANS bound to the
aggregates and the intrinsic fluorescence intensity of SOD1 alone.
The 4 µM SOD1 alone or mixtures of 4µM SOD1 and 20µM
ANS were incubated for 2 min in pH 3.0-3.6, 20 mM phosphate-
citrate; pH 3.6-5.6, 20 mM acetate; and pH 6.0-7.4, 20 mM Tris-
HCl, respectively, prior to measurements. Here,∆F (4) represents
a normalized reduction in the intrinsic fluorescence intensity of
SOD1 at 305 nm at each pH tested relative to SOD1 at pH 7.4.∆F
(O) represents a normalized enhancement in ANS fluorescence
intensity at 520 nm caused by the SOD1 relative to ANS alone at
each pH tested. The pH-dependent data of aggregation degree was
also normalized to correlate the aggregation degree with changes
in hydrophobicity. Here,∆A (2) was used to represent a normalized
enhancement in aggregation degree of SOD1 upon addition of
ctDNA in Figure 6D relative to SOD1 alone.
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Changes in Hydrophobic Interactions.Rapid aggregation,
including formation of fibrous species, is often associated
with the disruption of the native structure of a protein,
provided that the latter is achieved under conditions whereby
strong intermolecular interactions can occur (60). Such
conditions can also include low pH and interactions with
other species. Both low pH and interactions with DNA can
result in a significant alteration in the native hydrophobic
interactions and may permit a gain of non-native interactions
among SOD1 subunits, supported by several lines of
evidence. First, the enhancement in the ANS fluorescence
upon addition of DNA reveals the formation and disruption
of hydrophobic clusters (Figure 7A). Then, the pH-dependent
change of SOD1 hydrophobicity was well consistent with
pH dependences of DNA-accelerated SOD1 aggregation
(Figure 7B), and SOD1 aggregates were degraded with given
levels of either GdmCl or urea, indicating that SOD1
intermolecular hydrophobic interactions were predominantly
responsible for the aggregation of SOD1. Finally, quenching
of SOD1 intrinsic fluorescence (Figure 1) showed that at
least the hydrophobic environments around the tyrosine
residues are altered under the conditions tested. The low pH
coupled to the binding to DNA not only affects the stability
of SOD1, but also acts upon the free energy barrier to
unfolding and aggregation.

Acceleration Role of DNA as a Template in SOD1
Aggregation.Protein aggregation has been shown to be
affected by several factors, including protein concentration,
interactions with other species, and macromolecular crowd-
ing. Under physiological conditions, almost any protein can
be induced at high concentration to form amorphous ag-
gregates (60). Obviously, the enrichment in SOD1 along
DNA double strands is in agreement with this situation
because the DNA-mediated SOD1 enrichment may mimic
the in vivo macromolecular crowding environments. It has
been reported that the interactions with the negatively
charged fatty acids, micelle, heparin, or acidic peptides
stimulate the in vitro polymerization of SOD1 (38), Aâ (61),
tau (62), or R-synuclein (28). Nucleic acids have been
observed to promote the formation of amyloid fibril and
fibers of different morphologies by interacting with PrP,
R-synuclein, human muscle acylphosphatase, and tau protein
in solutions (40-42, 63). The studies mean that the
negatively charged species that may act as a template to
promote further growth of aggregates play a pivotal role in
self-assembly of misfolded proteins, and the resulting ag-
gregation processes may be independent of protein amino
acid sequences. Here, we observed that SOD1 was robustly
converted into a small particle at the initial addition time
point of DNA, and then a large particle was formed from
the resulting small particles (Figure 5), indicating that the
DNA-accelerated SOD1 aggregation is not in agreement with

the situation of nucleation-dependent aggregation (63, 64),
although the possibility that the lag stage in the nucleation-
dependent aggregation is minimized or removed by addition
of DNA cannot be excluded.

A detailed time-course analysis of aggregation (Figure 5)
was performed using light scattering experiments to quantify
the sizes of aggregates in terms of their diameters. The same
experiments were also carried out in the absence of DNA to
assess the accelerating effect of DNA on the SOD1 aggrega-
tion. The data show that SOD1 was aggregated much more
rapidly with DNA than without DNA, and than aggregation
of SOD1 mutants (without DNA) (16, 26). The aggregate
particles of 40-80 nm were formed in<2 min of incubation
upon addition of DNA, whereas the formation of SOD1
aggregates with such a diameter requires, in general, a growth
period of many days or weeks in the absence of DNA (27).
Thus, DNA acts only as a kinetic template that alters the
aggregation pathways of SOD1 because the aggregation
reactions are favorable in thermodynamics due to changes
in hydrophobicity of SOD1.

Possible Pathways of SOD1 Aggregation.SOD1 is here
shown to form large granular aggregates upon addition of
DNA at SOD1 levels near to, or even less than, those found
in the cytoplasm of neurons. Morphological comparison with
those obtained previously in vivo and in vitro shows that
the granular morphology of the DNA-containing SOD1
aggregates resembles those in both familial and sporadic
forms of ALS, and in AD brains (18, 19, 22, 36-38). The
formation propensity of SOD1 aggregates correlates not only
with electrostatic interactions between SOD1 and DNA but
also with changes in the hydrophobicity of SOD1.

Although the precise mechanism of how the negatively
charged molecule accelerates the formation of protein
aggregates remains elusive, the DNA-accelerated SOD1
aggregation has some characteristics that are consistent with
the proposed gain-of-interaction models (31, 65). The con-
formational change of SOD1 exposes some previously
inaccessible surfaces upon addition of DNA at low pH. These
newly exposed surfaces bind to the corresponding surfaces
of another SOD1 molecule, building up an aggregate.
Therefore, a model is proposed to explain the possible
pathways of SOD1 aggregation. As shown in Figure 8, first,
it is clear that an orientation-specific binding of SOD1 to
DNA double strands occur via the electrostatic interactions,
leading to the neutralization of the positive charges of the
SOD1 side chains that prevent from aggregation. The
resulting removal of the positive charges could promote the
association of SOD1 molecules with each other through the
hydrophobic interactions. Then, the SOD1 molecules can
assemble into aggregates along DNA double strands via a
SOD1 proximity-dependent process that can be described
as a one-dimension assembly like beads on a string, forming

FIGURE 8: A proposed model of SOD1 aggregation upon addition of DNA.
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a helical structure along DNA duplex. A DNA-filled nano-
tube might be produced via this pathway, in which the wall
of nanotubes is consisted of SOD1 molecules. The nanotubes
can further self-coil into a granular structure that may be
spherical or ellipsoidal because they seem to be characterized
by a high degree of flexibility. Finally, the granular ag-
gregates can self-cluster into a macroaggregate. An alterna-
tive pathway may be that short and linear SOD1 oligomers
associate with DNA via the electrostatic interactions, result-
ing in the direct formation of large particles. Addition of
SOD1 into DNA-containing solutions might lead to appear-
ance of the former pathway, and vice versa the latter pathway
might be crucial.

In conclusion, the observations presented here establish
that the rapid initiation of granular SOD1 aggregates is
dependent on the presence of DNA, supporting the concept
that DNA acts as a kinetic template that alters the aggregation
pathways of SOD1 because the aggregation reactions are a
favorable process in thermodynamics due to changes in
hydrophobicity of SOD1 under acidic conditions. Although
it is not known if nucleic acids are involved in the formation
of SOD1 aggregates in vivo (6, 7), nucleic acids have been
detected in neurofibrillary tangles, intracellular inclusions
primarily composed of the tau protein, as well as in senile
plaques composed of Aâ (39).

Based on recently reported results (38-44, 60-63), the
negatively charged species-accelerated protein aggregation
appears to be a general phenomenon and is likely to
contribute significantly to the formation of proteinaceous
aggregates and inclusions in vivo. Moreover, in light of the
discussion above, the presence of nucleic acids might be
expected to increase dramatically the strength of intermo-
lecular hydrophobic interactions of proteins. Such an effect
could have major consequences for a range of cellular
functions. First, aberrant changes in hydrophobicity have
directly or indirectly been observed for the fALS-related
SOD1 mutants (66), and environmental conditions such as
low pH and oxidation of metal-binding sites compromise
the metal-binding ability of SOD1, as do MBR mutants (2-
5, 26-28, 53-54), resulting in changes in hydrophobicity
of SOD1 (17, 47). Therefore, SOD1 of any one form with
aberrant changes in hydrophobicity, even at very low levels,
may form aggregates due to the enrichment effect of DNA
in physiological pH conditions. Then, most notably, because
DNA is the source of genetic information and a potential
target of misfolded SOD1-induced cytotoxicity, the aggrega-
tion with DNA could have profound effects on viability and
genetic stability, likely leading to destruction of DNA
expression. Finally, an interesting implication in this work
is that the formation of DNA-accelerated proteinaceous
deposts might promote depletion of essential proteins.
However, if the DNA-accelerated aggregation of SOD1 in
solution can be borne out by further in vivo tests, there are
significant therapeutic implications. Since there is recent
evidence that the inclusions may be protective (67, 68) and
that earlier aggregation oligomers may be more toxic than
larger inclusions (67-70), the formation of DNA-accelerated
SOD1 inclusions would be become a potential pathway to
avoid the accumulation of toxic protein oligomers.

SUPPORTING INFORMATION AVAILABLE

The dye-staining images of SOD1 aggregates formed
upon addition of DNA (Figure S1) under visible and
fluorescent light, and inhibition of aggregation caused by
urea (Figure S2), and disaggregation of aggregates and
inhibition of aggregation caused by GdmCl monitored by
agarose gel electrophoresis (Figure S3). This material is
available free of charge via the Internet at http://pubs.acs.org.
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