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ABSTRACT: Cu,Zn-superoxide dismutase (SOD1) is a cytosolic
antioxidant enzyme, and its mutation has been implicated in cu2+
amyotrophic lateral sclerosis (ALS), a disease causing a progressive apo- H43R\ O u
loss of motor neurons. Although the pathogenic mechanism of ALS SOD 1
remains unclear, it is hypothesized that some toxic properties
acquired by mutant SOD1 play a role in the development of unfo]ded/ pro- -oxidant
ALS. We have examined the structural and catalytic properties of an misfolded
ALS-linked mutant of human SOD1, His43Arg (H43R), which is apo-WT

characterized by rapid disease progression. As revealed by circular

dichroism spectroscopy, H43R assumes a stable 3-barrel structure in the Cu®",Zn”*"-bound holo form, but its metal-depleted apo
form is highly unstable and readily unfolds or misfolds into an irregular structure at physiological temperature. The conformational
change occurs as a two-state transition from a nativelike apo form to a denatured apo form with a half-life of ~0.5 h. At the same time
as the denaturation, the apo form of H43R acquires pro-oxidant potential, which is fully expressed in the presence of Cu*" and
H,0,, as monitored with a fluorogenic probe for detecting pro-oxidant activity. Comparison of d—d absorption bands suggests that
the Cu”" binding mode of the denatured apo form is different from that of the native holo form. The denatured apo form of H43R is
likely to provide non-native Cu”" binding sites where the Cu®" ion is activated to catalyze harmful oxidation reactions. This study
raises the possibility that the structural instability and the resultant Cu-dependent pro-oxidant activity of the apo form of mutant

SOD1 may be one of the pathogenic mechanisms of ALS.

myotrophic lateral sclerosis (ALS) is a fatal neurodegenera-
A.tlve disease characterized by a progresswe loss of motor
neurons in the brain and spinal cord." The pathogenesis of ALS is
not well understood, and no effective therapeutic treatments
have been established. Although ALS is mostly sporadic, the
disease is inherited within families in 5—10% of all ALS cases.>>
Approximately 20% of such familial ALS patients have a variety of
gene mutations of the cytosolic enzyme Cu,Zn-superoxide dis-
mutase (SOD1).>~” Sporadic ALS is clinically and pathologically
similar to familial ALS,* and gene mutations of SOD1 have also
been found in 2—7% of the sporadic ALS patients."®® Currently,
the SOD1 mutation is most commonly associated with ALS, in
particular with familial ALS.”'*"" Despite intensive biochemical
and pathological studies, it is still unclear how mutant SOD1 is
involved in the pathogenesis of ALS.

Wild-type SODI is a very stable and extremely eflicient
enzyme that catalyzes the dismutation of biologically toxic
superoxide into less toxic hydrogen peroxide and molecular
oxygen.'”'>'* The polypeptide chain of human SOD1 consists
of 153 amino acid residues, and two identical polypeptide chains
compose a noncovalently linked dimer."*"> Each subunit of the
dimeric protein is folded into a f-barrel structure and contains
one Cu and one Zn ion in the catalytic site located on the outer
surface of the 3-barrel as shown in Figure 1."%'7 In addition to the
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catalytic role, the active-site metal ions are reported to contribute
to the stability of the dimeric B-barrel structure of SOD1."

More than 140 mutations of SOD1 have so far been associated
with ALS, and the ALS-linked mutations are scattered over
approximately half of the total amino acid residues without
distinct localization near the catalytic site (Figure 1) (ref 7 and
http://alsod.iop.kcl.ac.uk/ ). Reflecting the variety of mutation
points, some mutants completely lose dismutase activity, while
others retain activity comparable to that of the wild-type
protein. 7 Transgenic mice expressing dismutase-active mutants
of human SOD1 show hallmarks of ALS pathology, whereas
those expressing the dismutase-active wild type do not.'®'
Accordingly, it is now considered that new toxic properties, but
not the altered dismutase activity, of mutant SOD1 are associated
with the pathogenesis of ALS.”'®"

The mechanisms so far proposed for the gain of toxic proper-
ties by mutant SOD1 include the following two major hypoth-
eses. (i) The mutation partly reduces the stability of protein
structure, in particular in the metal-depleted apo form, and the
structural instability gained by the mutant leads to the protein
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Figure 1. Dimeric f3-barrel structure of human SOD1 in the holo form.
Cu, Zn, and His43 are labeled in the left subunit. In the right subunit,
they are hiding behind the f-barrel. The C, atoms colored magenta
indicate the locations of ALS-linked mutations. The a-helix, 3-sheet,
and irregular structure are colored green, sky blue, and gray, respectively.
The atomic coordinates were taken from Protein Data Bank entry 1HLS,
and the locations of ALS-linked mutations are from http://alsod.iop.kel.
ac.uk/.

unfolding and formation of cytotoxic aggregates.20_23 (ii) The
mutation modifies the active-site structure to catalyze new
oxidative reactions, and the pro-oxidant activity gained by the
mutant leads to a significant increase in the level of cellular
oxidative stress.”* *® These two hypotheses are currently being
tested, in most cases as separate mechanisms, to elucidate the
toxic role of mutant SOD1 in the pathogenesis of ALS.

In this study, we have investigated the possibility of the
concomitant occurrence of structural instability and pro-oxidant
activity by using an ALS-linked mutant of human SODI,
His43Arg (H43R), which is classified into a group of mutants
that cause rapid progression of ALS.”*’ His43 is one of the
residues comprising the core of the f5-barrel (Figure 1), and its
imidazole side chain interacts with the hydrophobic “cork”
(Leu38) that closes one end of the f3-barrel.'” Furthermore,
His43 is hydrogen bonded with one of the Cu ligands,'® implying
a contribution to the catalytic activity.”® Accordingly, the H43R
mutation is expected to affect both structural and catalytic
properties of the enzyme. Structural and biochemical analyses
by circular dichroism (CD), visible—near-infrared absorption,
and fluorometric assay have clearly shown that H43R gains a
strong propensity to unfold or misfold into an irregular structure
upon removal of the active-site Cu’* and Zn>* ions. The metal-
depleted apo form of H43R acquires pro-oxidant activity when
Cu”" binds to non-native binding sites of the denatured struc-
ture, implying a toxic role of denatured, mismetalated SOD1
mutants in the development of ALS.

B MATERIALS AND METHODS

Preparation of Recombinant Human SOD1 in the Holo
Form. Recombinant human SOD1 was expressed in Escherichia
coli cells harboring plasmid pET15b, which contained a human
SOD1 ¢DNA fused with an N-terminal hexa-His tag.31 A
QuickChange site-directed mutagenesis kit (Stratagene) was
used to create the H43R mutant. The resulting plasmid was
sequenced to confirm the mutation. The gene-transformed
E. coli cells were cultured in Luria-Bertani medium containing
50 ug/mL ampicilin at 37 °C and harvested by centrifugation,
followed by sonication for cell disruption and by solubilization

of the protein from inclusion bodies.>” Isolation of His-tagged
SOD1 from the supernatant of the cell lysate was performed by
using an immobilized metal affinity chromatography (IMAC)
column charged with Ni** (HisTrap HP, GE Healthcare). The
His tag was proteolytically cleaved from the protein with
thrombin, and the resultant His tag fragments were removed
with the IMAC column. Cu®" and Zn>" ions were incorporated
into the His tag-removed protein by dialysis against sodium
acetate (pH 5.5) containing (CH;COO),Zn and CuSO,.>* A
chelation assay using 4-pyridylazaresorcinol showed full meta-
lation for both the wild type and mutant.** The protein in the
Cu”*,Zn*"-bound holo form (holo-SOD1) was purified on a
gel filtration column (Sephacryl-100, GE Healthcare), dialyzed
against deionized water, and then freeze-dried. The dried
protein was stored at —80 °C. The identity and purity of the
final products were analyzed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, activity gel electrophoresis,
and a colorimetric dismutase activity assay.>> More detailed
procedures for expression, isolation, purification, and charac-
terization of the recombinant SOD1 proteins in the holo form
are given in the Supporting Information together with a figure
(Figure S1) demonstrating high purities and reasonable dis-
mutase activities of the final products.

Preparation of the Apo Form of SOD1. Dried powder of
holo-SOD1 was dissolved in SO mM sodium phosphate (pH
7.4), and then the solution pH was gradually decreased by
dialysis against SO mM sodium acetate (pH 3.8) for 6 h.
Demetalation was performed by a 48 h dialysis against
50 mM sodium acetate (pH 3.8) containing 10 mM ethylene-
diaminetetraacetic acid (EDTA).'> After the demetalation,
EDTA was removed by dialysis against S0 mM sodium acetate
(pH 3.8) supplemented with 0.1 M NaCl for 48 h.*® Desalting
and subsequent buffer exchange were performed by two
successive 24 h dialyses against SO mM sodium acetate (pH
3.8) and 50 mM sodium phosphate (pH 7.4), respectively. All
the demetalation procedures described above were performed
at 4 °C to minimize any thermal effects on the structure of the
metal-depleted protein. The complete removal of Cu*" and
Zn*" ions from the final sample was ensured by an analysis with
a polarized Zeeman atomic absorption spectrophotometer
(Hitachi Z-5010). The solution of metal-removed SOD1
(apo-SOD1) was quick-frozen in liquid nitrogen and then
stored at —80 °C.

Determination of the Protein Concentration. The concen-
tration of human SOD1 in the holo or apo form was determined
by Bradford’s Coomassie Brilliant Blue method using bovine
SOD1 (CALZYME Laboratories) as a standard protein.37 A
literature value of the molar extinction coefficient of bovine
SODI1 (£555 = 10300 M~ ' em ™' in the dimeric holo form) was
used to calibrate the absorption intensities at 595 nm of the
protein samples stained with Coomassie dye.'> The concentra-
tion of human SODI1 thus determined will be expressed in
monomer units throughout this paper.

Acquisition of Spectral Data. CD spectra of SOD1 were
recorded at room temperature (~23 °C) and pH 7.4 (50 mM
phosphate buffer) on a Jasco J-820 spectropolarimeter using a
quartz cell with a path length of 0.5 mm. The spectra of individual
samples were averaged over four scans (each taking 3 min),
and the measured ellipticity values were converted to mean
residue molar ellipticity. Evaluation of the secondary structure
contents from the observed CD spectra was performed by using
CONTINLL in the CDPro package.’® Visible—near-infrared
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Figure 2. CD spectra of wild-type SOD1 and the H43R mutant in the
holo and apo forms: holo-WT, apo-WT, holo-H43R, and apo-H43R.
The spectrum of apo-WT completely denatured by heating at 100 °C for
10 min is also shown for comparison. The spectra were recorded at a
protein concentration of 20 M in SO mM phosphate buffer (pH 7.4)
using a 0.5 mm quartz cell at room temperature. The measured ellipticity
values were converted to mean residue molar ellipticity. The 207 nm
negative band is assigned to the 3-barrel structure of the holo form and
the 198 nm negative band of denatured apo-WT to irregular structure.

absorption spectra were recorded on a Hitachi U-3300 spectro-
photometer using a quartz cell with a path length of 5 mm. A 3
mm X 3 mm quartz cell was used to record fluorescence spectra
on a Jasco FP-6500DS spectrofluorometer.

Assay for the Pro-Oxidant Activity of SOD1. The pro-
oxidant activity of apo-SOD1 was assayed by using 2,7'-dichlor-
odihydrofluorescein (DCFH), which is known to be oxidized to
fluorescent 2',7'-dichlorofluorescein (DCF) by peroxidase/
H,0, systems and reactive oxygen species (ROS) such as
*OH, NO,", and CO;"~.**~* Fresh DCFH was prepared before
use by alkaline hydrolysis of its acetylated precursor [2/,7'-
dichlorodihydrofluorescein diacetate (Wako Pure Chemical
Industries)].*” The oxidation of DCFH was initiated by mixing
DCFH (50 uM), H,O, (50 uM), and SOD1 (10 uM in
monomer units) in 50 mM phosphate buffer (pH 7.4) with or
without Cu>* (CuCl,, 10 uM) and/or Zn>* (ZnCl,, 10 uM).
The solution was kept in the dark for 5 min at room temperature
and immediately subjected to fluorescence analysis (excitation at
495 nm, emission at S24 nm). A separate experiment using
absorption spectroscopy indicated a linear increase in the
amount of the oxidation product DCF over a period of more
than 10 min even in the fastest reaction, indicating that the S min
reaction time employed in the fluorometric assay is appropriate
for determining the rate of DCFH oxidation. The oxidation of
DCFH was also tested in the absence of H,O,, protein, ca’T,
and/or Zn*". Autoxidation of DCFH gave a weak background
fluorescence as observed for a solution of DCFH alone, and the
background intensity was subtracted from the fluorescence
intensity of the sample.

B RESULTS

CD Spectra of Wild-Type SOD1 and the H43R Mutant.
Effects of mutation on the secondary structure of SOD1 were
examined by CD spectroscopy at room temperature and pH 7.4.
Figure 2 shows the CD spectra of wild-type SOD1 (hereafter
abbreviated as WT) and the H43R mutant in the Cu®*- and
Zn”>*-bound holo form (holo-WT and holo-H43R). Holo-WT
gives a broad negative CD band mainly consisting of a strong

minimum at 207 nm (black solid line in Figure 2), which is
attributed to an eight-stranded antiparallel 3-barrel connected by
three major external loops (Figure 1).'* The CD spectrum of
holo-H43R (black dotted line) is nearly identical to that of holo-
WT, indicating that the overall secondary structure is not
significantly affected by the H43R mutation when the protein
is properly metalated. This observation is consistent with the
result of an X-ray crystallographic study of holo-SOD1 mutants
including the H43R substitution.'”

CD spectra of WT and H43R in the metal-depleted apo form
(apo-WT and apo-H43R) were also examined because such
metal-deficient states exist during the post-translational modifica-
tions in vivo.” In contrast to the holo form, the CD spectrum of
the apo form exhibits an increase in negative CD intensity at
198 nm for both apo-WT (blue chain line in Figure 2) and apo-
H43R (blue dashed line). To study the origin of the 198 nm
negative signal, apo-WT was completely denatured by being
heated at 100 °C for 10 min. The CD spectrum of the heat-
denatured protein exhibits a single strong negative band at 198 nm
that can be assigned to an irregular structure (red double-chain
line).** Thus, the 198 nm negative signals in the apo-WT and apo-
H43R spectra are ascribed to a partial unfolding of the polypep-
tide chain caused by removal of the metal. Comparison of the
X-ray crystal structures of apo-WT and holo-WT has shown that
the Cu*" and Zn>* bindin% sites and their neighboring loops are
disordered in the apo form, ® being consistent with the increase in
negative CD at 198 nm upon removal of the metal. Apo-H43R,
which shows stronger negative CD at 198 nm than apo-WT, is
likely to be more disordered. Secondary structure analysis sup-
ports this interpretation (see below).

Structural Stability of Apo-SOD1. To further investigate the
effect of the H43R mutation on the structural properties, apo-
WT and apo-H43R were incubated at physiological temperature
(37 °C) and their structures were analyzed by CD spectroscopy.
Panels A and B of Figure 3 show the CD spectra of apo-WT and
apo-H43R, respectively, at the 0 (no incubation), 15, 30, 45, 60,
90, and 120 min points of the 37 °C incubation. The spectrum of
apo-WT does not significantly change during the incubation
(Figure 3A), indicating a high conformational stability of apo-
WT even at physiological temperature. In sharp contrast, apo-
H43R exhibits a time-dependent growth of the negative CD
signal at 198 nm, suggesting a large conformational transition
involving an increase in the content of irregular structure
(Figure 3B). Furthermore, two isodichroic points are observed
at 208 and 220 nm for apo-H43R. Generally, the occurrence of
isodichroic points is included by assuming a transition between
two conformational states. In this case, the initial state of the
transition must correspond to a partially disordered structure
produced by the removal of active-site metal ions (hereafter
called “nativelike apo form”), giving the spectrum at 0 min
(before incubation) in Figure 3B. On the other hand, the final
conformational state is likely to be an extensively disordered
structure (“denatured apo form”) because the CD spectrum of
apo-H43R incubated at 37 °C for 120 min gives a strong negative
CD band at 198 nm (Figure 3B), which is very similar to that of
the apo-WT sample completely denatured by heating at 100 °C
(Figure 2). The presence of isodichroic points indicates that the
conformational transition from the nativelike apo form to the
denatured apo form takes place without going through any stable
intermediates. Formation of insoluble aggregates during the
conformational transition is also excluded by the observation
of isodichroic points.
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Figure 3. CD spectral and secondary structural changes during the incubation of SOD1 at 37 °C: (A) CD spectral change of apo-WT, (B) CD spectral
change of apo-H43R, and (C) changes in secondary structure content calculated from the CD spectra for apo-WT (empty symbols) and apo-H43R
(filled symbols). The spectra were recorded after incubation at 37 °C for 0 (no incubation), 15, 30, 45, 60, 90, and 120 min, but those at 45 and 90 min are
not shown in panels A and B for the sake of clarity. Two isodichroic points at 208 and 220 nm observed for apo-H43R are indicated with arrows in panel
B. Three smooth curves in panel C represent fits with exponential growth/decay functions with a common half-life of 26 min. The CD spectra were
recorded at a protein concentration of 20 #M in SO mM phosphate buffer (pH 7.4) using a 0.5 mm quartz cell at room temperature. The measured
ellipticity values were converted to mean residue molar ellipticity. The secondary structure analysis was conducted with CONTINLL.

For quantitative evaluation of the structural change during the
incubation at 37 °C, the secondary structure contents were
calculated from the experimental CD spectra by using
CONTINLL.*® Figure 3C shows the calculated contents of o.-
helix, B-sheet, turn, and irregular structure as a function of the
time of incubation at 37 °C. At 0 min, the content of irregular
structure is slightly higher for apo-H43R than apo-WT, confirm-
ing that apo-H43R is slightly more disordered than apo-WT even
before the incubation. For apo-WT (empty symbols in
Figure 3C), little time dependence is seen in the secondary
structure contents as expected from the CD spectra in Figure 3A.
For apo-H43R, on the other hand, a large increase in the content
of irregular structure and concomitant decreases in 3-sheet and
turn content take place during the incubation (filled symbols in
Figure 3C). The time-dependent variation of the secondary
structure contents of apo-H43R can be fitted to exponential
growth/decay functions with a common half-life of 26 min as
shown with three smooth curves in Figure 3C. This observation
implies that the 3-sheets and turns comprising the 3-barrel decay
to irregular structure following a first-order kinetics. The spon-
taneous and rapid decay of the [3-barrel structure in apo-H43R
may be ascribed to structural instability introduced by the
removal of active-site metal ions. The pronounced structural
instability in the apo form is a characteristic of the ALS-linked
H43R mutant.

Pro-Oxidant Activity of Apo-SOD1. In addition to the
structural properties of SOD1 mutants, their catalytic properties
are also proposed to be relevant to the pathogenesis of ALS.**>*
We have investigated the possible pro-oxidant activity of SOD1
by using DCFH, a fluorogenic probe for detecting pro-oxidant
activity.” * In a typical assay procedure, DCFH and H,O,
were mixed with SOD1 at room temperature, and the intensity
of the green fluorescence emitted from the oxidation product
DCF was recorded S min later to evaluate the rate of DCFH
oxidation. The fluorometric DCF assay on apo-SOD1 was also
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conducted in the presence of Cu”* and/or Zn*" to examine the
possibility of metal-induced pro-oxidant activity. Incubation of the
protein at 37 °C prior to the fluorometric assay was adopted to
investigate the effect of protein unfolding on pro-oxidant activity.

Figure 4 summarizes the DCF fluorescence intensities re-
corded 5 min after the various reaction components had been
mixed. The column graph clearly indicates that H,O, alone does
not oxidize DCFH to DCF under the assay conditions used in
this study (see column 1 of Figure 4). Addition of Cu®" only
slightly promotes the oxidation of DCFH (column 2), which is
consistent with a previous report.*’ A small increase in the
DCFH oxidation rate is seen in the additional presence of apo-
WT (column 3) or apo-H43R (column 4), which is not
incubated at 37 °C. Incubation of the protein at 37 °C for 90
min does not much affect the rate of DCFH oxidation by apo-
WT (column $) but very strongly enhances the pro-oxidant
activity of apo-H43R (column 6). The high pro-oxidant activity
of apo-H43R after the 37 °C incubation is largely diminished in
the absence of H,0, (column 7) or Cu’" (column 8). No
significant pro-oxidant activity is seen for holo-H43R, which
contains Cu®" at the native Cu-binding site (column 9). These
observations suggest that the incubation at 37 °C endows apo-
H43R with marked pro-oxidant potential, which is fully ex-
pressed in the presence of Cu”" and H,0,. The pro-oxidant
potential is characteristic of apo-H43R and lacking in holo-
H43R.

The dependence of the pro-oxidant potential of apo-H43R on
the time period of 37 °C incubation is shown in Figure S. Seven
samples of apo-H43R were individually incubated at 37 °C for 0,
15, 30,40, 60, 90, or 120 min, and then their pro-oxidant activities
were fluorometrically assayed in the presence of DCFH, H,0,,
and Cu®" (white columns). The DCF fluorescence intensity
rises steeply within the first 60 min of protein incubation and
then gradually increases toward a plateau over the next 60 min,
indicating that the incubation at 37 °C is important for

dx.doi.org/10.1021/bi200338h |Biochemistry 2011, 50, 4242-4250
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Figure 4. Intensities of fluorescence (in arbitrary units) from DCF
produced by the oxidation of DCFH in the presence of (1) H,O, only,
(2) a mixture of H,0, and cu’t, (3) H,0, and Cu*" mixed with apo-WT,
(4) H,0, and Cu®" mixed with apo-H43R, (5) H,0, and Cu®*" mixed
with apo-WT preincubated at 37 °C for 90 min, (6) H,O, and Cu®* mixed
with apo-H43R preincubated at 37 °C for 90 min, (7) a mixture of Cu®"
and apo-H43R preincubated at 37 °C for 90 min, (8) a mixture of H,O, and
apo-H43R preincubated at 37 °C for 90 min, and (9) a mixture of H,O, and
holo-H43R preincubated at 37 °C for 90 min. The fluorescence was excited
at 495 nm and monitored at 524 nm after a S min reaction at room
temperature. The initial concentrations of DCFH and H,0, were 50 1M,
and the concentrations of Cu”" and proteins were 10 uM
(for proteins, in monomer units). Three independent assays were con-
ducted, and the error bars represent standard errors of the mean.

apo-H43R to acquire the pro-oxidant potential. The pro-oxidant
activity of Cu®"-supplemented apo-H43R is further enhanced in
the additional presence of Zn>" (hatched columns), though
Zn>" alone does not induce any significant pro-oxidant activity
(black columns). The Cu®" ion is essential for apo-H43R to
exhibit pro-oxidant activity, and the Zn>" ion assists the activity
directly or indirectly.

Correlation between the Pro-Oxidant Potential and Struc-
ture of Apo-H43R. As described above, the incubation at 37 °C
induces unfolding of apo-H43R and promotes the conversion
from the nativelike apo form to the denatured apo form
(Figure 3). Furthermore, the incubation at 37 °C endows apo-
H43R with pro-oxidant potential, which increases with the time
of incubation (Figure S). To further examine the relationship
between the protein structure and the pro-oxidant potential, we
have plotted the DCF fluorescence intensity observed for Cu**-
supplemented or Cu"- and Zn>*-supplemented apo-H43R
(Figure S) against the content of irregular structure obtained
from the CD spectra (Figure 3C). The plot in Figure 6 clearly
indicates a strong correlation between the DCF fluorescence
intensity and the content of irregular structure (correlation
coefficients of 0.973 for addition of Cu”* and 0.997 for addition
of Cu®" and Zn"). Because the DCF fluorescence intensity is a
measure of pro-oxidant activity and the irregular structure
content serves as a measure of the population of the denatured
apo form, the strong positive correlation in Figure 6 suggests that
the pro-oxidant potential arises from the denatured apo form.
The denatured apo form is rich in irregular structure as shown by
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Figure 5. Dependence of the pro-oxidant activity of apo-H43R on the
time of incubation at 37 °C. Samples of apo-H43R were individually
incubated at 37 °C for 0, 15, 30, 45, 60, 90, or 120 min and added to a
mixture of DCFH and H,0, supplemented with Cu>*, Zn>*, or both.
The initial concentrations of DCFH and H,O, in the reaction mixture
were 50 #M, and the concentrations of the protein, Cu*", and Zn*"
(if present) were 10 uM. The DCF fluorescence intensity at 524 nm was
recorded after a 5 min reaction using an excitation wavelength of
495 nm. Three independent assays were conducted, and the error bars
represent standard errors of the mean.
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Figure 6. Correlation between the DCF fluorescence intensity in
Figure S and the content of irregular structure in Figure 3C. The
correlation coefficient was 0.973 for the DCF fluorescence data observed
in the presence of Cu*". A slightly better correlation (0.995) was
observed for the DCF fluorescence assays in the presence of both Cu®"
and Zn>*. The content of irregular structure was calculated from the CD
spectrum observed in the absence of metal ions.

CD spectroscopy (Figure 3), and the unfolded or misfolded
polypeptide chain may provide Cu*" binding sites, where the
redox-active Cu”" ion is activated to catalyze peroxidation and/
or ROS production, leading to the oxidation of DCFH. H,0, is
likely to serve as an electron acceptor (oxidizing agent) in the
conversion of DCFH to DCF by the activated Cu”" ion. This
may be the mechanism by which the denatured apo form of
H43R exhibits pro-oxidant activity in the presence of Cu>" and
Hzoz.

The pro-oxidant activity of apo-H43R was elevated by the co-
addition of Cu®" and Zn>* compared to the addition of Cu**
alone (Figure S). This observation may be explained as follows.
The nativelike apo form of H43R is not largely deformed from
the holo form as shown by CD spectra (Figurer 2) and is
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Figure 7. Visible—near-infrared absorption spectra of Cu®"- and Zn*"-
bound holo-WT and mixtures of azpo-H43R (incubated at 37 °C for 90
min) with equimolar Cu*" and Zn* or 2 equiv of Cu®". The absorption
bands at 671 and 640 nm are assigned to d—d transitions of the Cu> " ion
bound to the individual proteins. The spectrum of a solution containing
Cu”" alone is also shown, and the absorption around 800 nm is ascribed
to a d—d transition of hydrated Cu*". Aqueous solutions of the metal
ions were prepared from chloride salts. The samples were dissolved
in 50 mM phosphate buffer (pH 7.4) at a concentration of 160 uM
(in monomer units for SOD1 protein) and placed in a quartz cell with a
path length of 5 mm.

therefore expected to be able to reversibly accommodate Cu®"
and Zn>" in the native metal binding sites. (Such native metal
binding sites may be destroyed in the denatured apo form.)
Because the native Zn>" site has an affinity for Cu®*" as well,”
addition of Cu®" alone to the nativelike apo form would induce
binding of Cu®" not only to the Cu®" site but also to the Zn*"
site. Co-addition of Cu®*" and Zn*", on the other hand, would
prevent the Cu>" ion from binding to the Zn>" site of the
nativelike apo form, thereby increasing the number of Cu”* ions
available to the denatured apo form and enhancing the pro-
oxidant activity of a mixture of the nativelike and denatured apo
forms. This interpretation is supported by the observation that
the effect of Zn>" co-addition on the DCF fluorescence intensity
(pro-oxidant activity) is more pronounced at lower levels of
irregular structure (at higher proportions of the nativelike apo
form) in Figure 6.

Interaction of Cu?" with Apo-H43R. To examine the inter-
action of Cu”" with the denatured apo form of H43R, we
recorded the visible—near-infrared absorption spectra of apo-
H43R (incubated at 37 °C for 90 min) in the presence of
equimolar Cu”* and Zn>" or 2 equiv of Cu*". The spectrum of
holo-WT was also recorded for comparison. As shown in
Figure 7, holo-WT, containing Cu*" and Zn*", exhibits an
absorption at 671 nm due to a d—d transition of the Cu®" ion
bound to the native Cu®" binding site. (The filled d orbitals of
Zn>" do not give rise to d—d transitions.) On the other hand,
apo-H43R mixed with equimolar Cu®" and Zn*" shows an
absorption at 640 nm, which is also ascribed to a Cu®* d—d
transition on the basis of its peak position and low intensity. In
the presence of 2 equiv of Cu®", the 640 nm absorption is
enhanced without a significant change in peak position. Because
hydrated Cu*" gives a d—d absorption around 800 nm as shown
in Figure 7, the appearance of the 640 nm d—d absorption clearly
indicates that Cu”" binds to the denatured apo form of H43R.
Furthermore, the significant blue shift of the peak position from
671 nm (holo-WT) to 640 nm (Cu®-bound apo-H43R)
suggests that the Cu”" binding mode of the denatured apo form
of H43R differs from that of holo-WT because the wavelength of

d—d absorption is sensitive to the coordination geometry and
nature of the ligand.*® Possibly, some amino acid side chains
and/or main chain components of the denatured apo form of
H43R provide non-native Cu”" binding sites, where pro-oxidant
activity is produced. The d—d transition wavelength (640 nm) of
the Cu”"-bound denatured apo form is independent of Zn>*
(Figure 7), indicating that the Zn*" ion is not directly involved in
Cu”" binding. This is consistent with the indirect mechanism
proposed in a previous section to explain the Zn>*-induced
enhancement of pro-oxidant activity (Figure S).

H DISCUSSION

In this study, we have shown that the ALS-linked H43R
mutant exhibits significant structural instability in the metal-
depleted apo form, and apo-H43R spontaneously unfolds or
misfolds into an irregular structure at physiological temperature.
The denatured apo form of H43R acquires pro-oxidant potential,
which is fully expressed in the presence of Cu®" and H,0,. The
structural instability leading to the pro-oxidant activity is char-
acteristic of apo-H43R and is lacking in holo-H43R, apo-WT,
and holo-WT. Currently, structural instability and pro-oxidant
activity are independently hypothesized as major toxic 0progperties
that may be acquired by ALS-linked SOD1 mutants.”®~** Here,
we have demonstrated that both toxic properties are not always
mutually independent and the structural instability can lead to
pro-oxidant activity.

The structural instability of apo-H43R may be related to the
role of His43 in protein architecture. In the crystal structure of
WT (holo-WT and apo-WT),'®'” His43 forms a hydrogen bond
with the main chain C=0 group of His120 (a Cu ligand) inside
the f-barrel, and the imidazole ring plane of His43 faces the
side chain of Leu38, which works as a hydrophobic cork to close
one end of the -barrel. In the H43R mutant, on the other hand,
the elongated side chain of Arg introduced by the mutation
clashes with neighboring residues and loosens the residue
packing near the hydrophobic cork.'” An analogous defect of
packing has been found near the other end of the f-barrel in
another ALS-linked mutant, Ala4Val (A4V), which is also
unstable compared to WT.*’ Accordingly, packing defects near
the ends of the [3-barrel are likely to introduce an inherent
instability into the structure of mutant SODI1.

Because the active-site Cu>" and Zn>" ions make a contribu-
tion to the structural stability of SOD1,'® removal of these metal
ions is expected to enhance the inherent structural instability of
H43R. Actually, apo-H43R readily unfolds or misfolds into an
irregular structure at physiological temperature as demonstrated
in this study. Thermal unfolding at physiological temperature
was also reported for two other ALS-linked mutants, A4V and
Gly93Ala (G93A), in the apo form if these mutants were further
destabilized via cleavage of the Cys57—Cysl46 intrasubunit
disulfide bridge.”” For the apo-H43R studied here, no reduction
of the disulfide bridge is needed to induce denaturation at
physiological temperature, suggesting that apo-H43R is more
unstable than the apo forms of A4V and G93A. Structural
destabilization in the apo form has also been found for ~20
other ALS-linked mutants via examination of the resistance to
denaturants,** acid,*® or heat’"** under varied solution con-
ditions. Significant structural instability in the apo form appears
to be a common characteristic of a number of ALS-linked SOD1
mutants, including H43R.
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Binding of Cu”" to the denatured apo form of H43R is a key
step that the protein must take to acquire pro-oxidant activity as
described in Results. Copper is a redox-active metal that can
catalyze reduction and/or oxidation by recycling between the
oxidized Cu>" and reduced Cu™ forms. The redox activity of Cu
in Cu-binding proteins is controlled by designed coordination of
amino acid residues at the native binding sites.”>>* In denatured
proteins, however, such native Cu-binding sites are likely to be
destroyed, and Cu ligand residues exposed on the protein surface
would form non-native binding sites that cannot control the Cu
redox activity. Probably, the denatured apo form of H43R has
one or more non-native Cu”" binding sites where Cu>" ions are
activated to catalyze peroxidation or ROS production with the
help of H,O,. Although further details of the reaction mechanism
are not clear at present, aberrant chemical reactivity of the Cu®"
ions bound to non-native binding sites has been implicated also
in other neurodegenerative diseases.*> >

Several lines of evidence sugport the involvement of Cu®" in
the pathogenesis of ALS. Cu”" chelators reduce the oxidative
activities of ALS-linked SOD1 mutants in vitro.”* The survival
time of transgenic mice overexpressing an ALS-linked mutant of
human SOD1 is extended by administration of Cu®" chelators®**’
and shortened by decreasing the level of genetic expression of
metallothioneins that bind and detoxify heavy metals such as
Cu®".*® The pro-oxidant activity of the Cu®>"-bound denatured
apo form of H43R is consistent with these observations.

In vivo, the native holo form of SOD1 is prepared by post-
translational modifications of disulfide-reduced, metal-unbound
immature SOD1. The copper chaperone for SOD1 (CCS) assists
in the formation of the intrasubunit Cys57—Cys146 bridge and
inserts Cu into the Cu-binding site.’” "> The recognition of apo-
SOD1 by CCS may be eflicient for WT. However, some ALS-
linked mutants in the apo form are structurally unstable, and the
denatured apo form would not be properly recognized by
CCS.1M% Nevertheless, the denatured protein may have a chance
to bind Cu, which is released from CCS or supplied by CCS-
independent pathways,®> because SOD1 is abundant in motor
neurons,®* mutant SOD1 has a higher affinity for Cu than wild-
type SOD 1,% and Cu accumulates in motor neurons expressing
mutant SOD1.%

The Cu-bound denatured apo form of mutant SODI1 exerts
significant pro-oxidant activity in the presence of H,O,. Because
the concentration of H,O, in vivo ranges from 10 % to 10 //LM,67
it may be possible that the Cu-bound denatured SOD1 mutant
encounters H,O, molecules in neuronal cells and causes oxida-
tive damage to cellular components. In fact, motor neuron-like
cells expressing the ALS-linked A4V, Gly85Arg (G8SR), and
G93A mutants, which are all unstable in the apo form like
H43R,*>**"** have been reported to be more susceptible to
H,0,-induced cell death compared to the cells expressing
WT.% A correlation between the instability of the SOD1 mutant
and the rate of disease progression has also been reported.*” The
structural instability and the resultant Cu®'-dependent pro-
oxidant activity of mutant SOD1 may be relevant to the
pathogenesis of ALS, presumably in cases with rapid disease
progression such as H43R-associated ALS.

Bl CONCLUSION

The H43R mutant of SOD1 acquires strong structural in-
stability in the apo form and readily unfolds or misfolds into an
irregular structure at physiological temperature. The denatured

apo form of H43R binds Cu”" at non-native binding sites and
exhibits pro-oxidant activity, which is largely enhanced in the
presence of H,O,. Because some other ALS-linked mutants of
SOD1 also exhibit structural instability, the pro-oxidant activity
in the presence of Cu>" and H,0, is likely to be shared by such
mutants. Although further extensive studies are required to
generalize the relationship between structural instability and
pro-oxidant activity, this study raises the possibility that the
Cu’"-dependent pro-oxidant activity of denatured mutant
SOD1 may be one of the pathogenic mechanisms of ALS.
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