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In the absence of suitable oxidizable substrates, the
peroxidase reaction of copper-zinc superoxide dis-
mutase (SOD) oxidizes SOD itself, ultimately resulting
in its inactivation. A SOD-centered free radical adduct
of 2-methyl-2-nitrosopropane (MINP) was detected upon
incubation of SOD with the spin trap and a hydroperox-
ide (either H,0, or peracetic acid). Proteolysis by Pro-
nase converted the anisotropic electron paramagnetic
resonance (EPR) spectrum of MNP/SOD to a nearly iso-
tropic spectrum with resolved hyperfine couplings to
several atoms with non-zero nuclear spin. Authentic his-
tidinyl radical (from histidine + HO’) formed a MNP
adduct with a very similar EPR spectrum to that of the
Pronase-treated MNP/'SOD, suggesting that the latter
was centered on a histidine residue. An additional hy-
perfine coupling was detected when histidine specifi-
cally ®C-labeled at C-2 of the imidazole ring was used,
providing evidence for trapping at that atom. All of the
experimental spectra were convincingly simulated as-
suming hyperfine couplings to 2 nearly equivalent nitro-
gen atoms and 2 different protons, also consistent with
trapping at C-2 of the imidazole ring. Free histidinyl
radical consumed oxygen, implying peroxyl radical for-
mation. MNP-inhibitable oxygen consumption was also
observed when cuprous SOD but not cupric SOD was
added to a H,0, solution. Formation of 2-oxohistidine,
the stable product of the SOD-hydroperoxide reaction,
required oxygen and was inhibited by MNP. These re-
sults support formation of a transient SOD-peroxyl
radical.

Copper-zinc superoxide dismutase (SOD)! is the primary
cytosolic superoxide detoxification enzyme in eukaryotes. The
enzymatic disproportionation of superoxide produces molecular
oxygen and hydrogen peroxide. Under normal conditions, hy-
drogen peroxide is further detoxified through its reaction with
either catalase or glutathione peroxidase. In addition to its
normal reaction with superoxide, SOD has also been shown to
react with the hydrogen peroxide product of its catalytic cycle,
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ultimately leading to the inactivation of the SOD (1, 2). In
addition to the inactivation of SOD, the latter (peroxidase)
activity has also been shown to oxidize substrates (3, 4).

The peroxidase activity of SOD has been proposed to contrib-
ute to the toxicity associated with the mutant forms of SOD
that cause some cases of familial amyotrophic lateral sclerosis
(fALS) (5-7). In support of that hypothesis, a higher intracel-
lular concentration of H,O, has been measured in lymphoblast
cell lines derived from fALS patients compared with cell lines
from control patients (8). Increased oxidative damage to pro-
teins has been detected in transgenic mice expressing a fALS-
associated mutant human SOD (9-10), supporting the possi-
bility that oxidation of SOD and/or other cellular proteins may
contribute to the development of the disease.

The normal enzymatic reaction mechanism of SOD involves
the alternating reduction and oxidation of the active site copper
ion (Reactions 1-2).

SOD-Cu**+03;—S0D-Cu*+0,
ReacTION 1
SOD-Cu*+03+2H*—S0D-Cu*" +H,0,
REAcTION 2

The peroxidase reaction of SOD involves the reaction be-
tween the cuprous SOD intermediate formed in Reaction 1
above with H,0,. The SOD product of that reaction is highly
oxidizing and has been alternately described as hydroxyl rad-
ical (free or bound to the active site cupric ion), or as some
highly oxidizing hypervalent copper species (Reaction 3) (11).

SOD-Cu*+H,0,—SOD-Cu*"—O0H or SOD-Cu®**=0+H"
REAcTION 3

That intermediate can oxidize substrates directly or by way
of its reaction with bicarbonate ions to form an intermediate
carbonate radical, which subsequently oxidizes other sub-
strates (2—4). The H,0O,-reactive cuprous SOD can be produced
either by oxidation of H,O, by the active site cupric ion (Reac-
tion 4) or by reduction of the cupric ion by cellular reductants
(11).

SOD-Cu?**+H,0,—~SOD-Cu*+HO,+H"
REAcTION 4

In the absence of a suitable substrate, the SOD itself can be
oxidized, resulting in damage to one or more amino acid resi-
dues of the enzyme (1, 12). Although the stable product of the
self-peroxidation of bovine SOD is 2-oxohistidine formed by the
oxidation of a histidine residue (His-118) (12), the mechanism
by which histidine is converted to the final product has not
been determined (13). It is also unclear whether any other

This paper is available on line at http://www.jbc.org
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amino acid residues are also oxidized.

In the present study, the nature of the amino acid residue of
bovine SOD that is oxidized in the self-peroxidation reaction
was determined and its chemistry was explored. Electron para-
magnetic resonance (EPR) spectroscopy and the spin trapping
technique were applied toward identification of the amino acid
residue oxidized in the peroxidase reaction. The possible reac-
tion of the product radical with oxygen was studied using an
oxygen electrode and UV-visible spectroscopy.

MATERIALS AND METHODS

Bovine SOD and Pronase were purchased from Roche Molecular
Biopharmaceuticals (Indianapolis, IN). 2-Methyl-2-nitrosopropane
(MNP), peracetic acid, diethylpyrocarbonate, titanium (III) chloride,
and histidine hydrochloride were from Aldrich (Milwaukee, WI). Dieth-
ylenetriaminepentaacetic acid (DTPA) and #¢-butylhydroperoxide were
from Sigma. Ferrous sulfate and hydrogen peroxide were from Fisher
Scientific (Pittsburgh, PA).

Stock Solutions—Stock solutions of SOD were prepared by dissolving
the lyophilized protein into 50 mM sodium phosphate buffer, pH 7.4.
The SOD concentrations of the stock solutions (typically 1-2 mwm, de-
pending on the experiment to be performed) were determined by atomic
absorbance spectroscopy using a PerkinElmer model 380 atomic ab-
sorbance spectrophotometer. The EPR spectra of the SOD solutions
provided no evidence for free copper ions (data not shown). SOD solu-
tions enriched in the cuprous form of the enzyme were prepared by
addition of cysteine at the same concentration as the copper to SOD
stock solutions prepared in argon-saturated phosphate buffer followed
by a 10-min incubation at 30 °C. Stock solutions (100 mMm) of H,O.,,
peracetic acid, and ¢-butylhydroperoxide were prepared by dilution of
the concentrated solutions into E-pure deionized water. Stock solutions
of MNP (22 mM) were prepared in 50 mM sodium phosphate buffer, pH
7.4, by stirring overnight in a sealed, foil-covered flask. When MNP was
added at late time points, it was prepared as a 1 M solution in argon-
saturated acetonitrile and stored in the dark at 4 °C until use. Stock
solutions of DTPA were prepared as the trisodium salt at a concentra-
tion of 100 mM in deionized water. Stock solutions of ferrous sulfate
were prepared in deionized water at a concentration of 100 mm.

Spin-trapping Experiments—Incubations contained SOD (250 or 500
uM), DTPA (1 mM) to prevent any reactions of trace transition metal
ions or released copper ions, and the spin trap MNP (11 to 16 mm).
Reactions were initiated by addition of H,O,, peracetic acid, or ¢-butyl-
hydroperoxide (final concentration 1 or 2 mM, depending on SOD con-
centration) to solutions containing the spin trap and SOD. Reactions
involving cuprous SOD were initiated by addition of the SOD to solu-
tions containing MNP, DTPA, and the hydroperoxide used. Hydrolyzed
MNP/'SOD adducts were obtained by treatment with Pronase (20 mg/
ml) for 5 min at 30 °C prior to the acquisition of their EPR spectra.
Reactions involving histidine were initiated by addition of ferrous sul-
fate (1 mMm) to a mixture containing histidine (20 mwm), H,O, (2 mm), and
MNP (16 mMm) in deionized water. EPR spectra were obtained using a
Bruker EMX EPR spectrometer equipped with a SHQ resonator after
the solutions were transferred into a flat EPR sample cell (Wilmad
Glass Co., Buena, NJ). EPR spectrometer settings used for each exper-
iment are reported in the figure legends. Computer simulations of EPR
spectra were calculated using the WinSim program in the NIEHS
public ESR software tools package (www.epr.niehs.nih.gov/) (14).

Direct EPR Spectroscopy—H,0, (2-8 mM, depending upon [SOD])
was added to a solution containing SOD (0.5-1 mm Cu) and DTPA (2
mM). After mixing with a vortex mixer, the samples were drawn into a
truncated disposable 1-ml plastic syringe and frozen in liquid nitrogen,
typically within 7 s of the addition of H,O,. After freezing the samples
were transferred to a quartz fingertip Dewar containing liquid nitrogen
and their EPR spectra were obtained using a Bruker EMX spectrome-
ter. The following instrument parameters were used: modulation am-
plitude, 4 G; time constant, 1.3 s; scan time 335 s/300 G; receiver gain,
5 % 10%; the microwave power was systematically varied; 8 scans were
averaged to obtain the final spectra. Integrated spectral intensities
were obtained using the EPR-main program of the NIEH public EPR
software tools package (www.epr.niehs.nih.gov/).

Oxygen Concentration Determinations—The oxygen concentrations
in solutions of SOD or histidine were followed as a function of time
using a YSI Model 5300 Biological Oxygen monitor (Yellow Springs
Instrument Co., Yellow Springs, OH) equipped with a Clark electrode.
Reactions were initiated by addition of the final component (ferrous
sulfate in the case of histidine reactions, SOD in the case of SOD
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SOD +H,0,
+ MNP

A

SOD + peracetate
+ MNP

W

SOD + +-BuOOH
+ MNP

SOD + MNP

20 Gauss

Fic. 1. EPR spectra from the spin trapping of the product of
the reaction between SOD and hydroperoxides. A, H,0, (2 mm)
was added to a solution containing SOD (0.5 mm) and MNP (16.5 mm).
B, peracetic acid (PAA) (2 mMm) was added to a solution containing SOD
(0.5 mm) and MNP (16.5 mm). C, t-butylhydroperoxide (2 mm) was added
to a solution containing SOD (0.5 mMm) and MNP (16.5 mm). D, the EPR
spectrum obtained from a solution containing SOD (0.5 mm) and MNP
(16.5 mm) with no added hydroperoxide. All spectra were acquired using
the following instrument settings: modulation amplitude, 2 G; time
constant, 1.3 s; scan time, 1342 s (80 G); receiver gain, 5 X 10°
microwave power, 20 mW.

reactions) after establishment of a steady baseline oxygen concentra-
tion. In histidine experiments, the solutions contained histidine (20
mM), H,0, (1 or 2 mm), and ferrous sulfate (0.5 or 1 mm). SOD experi-
ments contained SOD (75 um), DTPA (100 uM), and H,O, (250 pum).
When MNP was used the histidine or the H,O, and DTPA (in the SOD
reactions) were dissolved in MNP stock solution (22 mm). Experiments
were repeated at least 3 times to ensure reproducibility.

UV-visible Spectroscopy—The formation of the stable product of the
oxidation of SOD by H,0, was followed using UV-visible difference
spectroscopy. The sealed quartz sample cuvette contained SOD (210 um
Cu) and H,0, (5 mM) and was incubated at room temperature for the
desired time before the difference spectrum was obtained. The sealed
quartz reference cuvette contained SOD (210 um). Difference spectra
were obtained under air-saturated, argon-saturated, and oxygen-satu-
rated conditions. The effects of MNP on the observed difference spectra
were determined by adding MNP to a final concentration of 20 mm in
both sample and reference cuvettes from a stock solution (1 M) prepared
in acetonitrile. UV-visible spectra were collected using an Aminco DW-
2000 spectrophotometer operating in split (sample and reference) mode.

Diethylpyrocarbonate Treatment—Treatment of proteins with dieth-
ylpyrocarbonate results in the N-ethoxylcarbonylation of histidine res-
idues on the protein (15). SOD was incubated with a 16-fold molar
excess of diethylpyrocarbonate (SOD has 8 histidine residues per sub-
unit) for 10 min at 37 °C. After the incubation, an aliquot of the SOD
solution was removed and diluted 1:100 into water and its UV-visible
spectrum was obtained from 220 to 400 nm. The difference in absorb-
ance of the diethylpyrocarbonate-treated SOD and untreated SOD at
240 nm was used to calculate the number of histidine residues modified
per subunit using a molar extinction coefficient of 3,600 M~ cm ™! (15).

RESULTS

To determine whether a SOD-centered free radical is formed
during its H,0,-induced inactivation, bovine SOD was incu-
bated with H,0, and the spin trap MNP. The EPR spectrum of
the SOD/H,0,/MNP reaction mixture was anisotropic and typ-
ical of an immobilized nitroxide-free radical adduct (Fig. 1A).
Protein radicals spin trapped with MNP typically give an im-
mobilized nitroxide EPR spectrum due to the proximity of the
radical center (the N-O bond) to the protein, which limits the
rotational dynamics of the nitroxide-free radical. To determine
whether the SOD-centered free radical adduct formation was
H,0,-specific, the experiment was repeated using the organic
hydroperoxides peracetate and ¢-butylhydroperoxide (Fig. 1, B



9162

and C). When peracetate was used, a weak immobilized nitrox-
ide spectrum on the side of a copper line was observed (Fig. 1B).
The copper spectrum likely arose from the release of some
copper from the SOD active site by the acidic peracetate solu-
tion. When a higher buffer concentration was used, the slope of
the baseline was greatly decreased (data not shown).

When ¢-butylhydroperoxide was substituted for H,O, in the
reaction mixture, the anisotropic EPR spectrum was replaced
by an isotropic, 3-line signal with o = 17.2 G, characteristic of
di-¢-butylnitroxide (Fig. 1C). The spectrum of di-¢-butylnitrox-
ide was also detected when no hydroperoxide was added to the
reaction mixture (Fig. 1D). Di-t-butylnitroxide is a contami-
nant frequently found in solutions of MNP (16). The failure to
observe the contaminant di-¢-butylnitroxide in the reaction
mixtures containing either H,O, or peracetate indicates that
the peroxidase activity of SOD is able to oxidize the di-¢-bu-
tylnitroxide to form EPR-silent product(s). The detection of
di-¢-butylnitroxide when #-butylhydroperoxide was included in
the reaction mixtures is likely due to the inability of SOD to
utilize the hydroperoxide to initiate its peroxidase reaction.

The proposed mechanism for the peroxidase reaction of SOD
involves the reaction between cuprous SOD and the hydroper-
oxide to form the product-free radical(s) (reaction 3 above).
According to that mechanism, enrichment of the SOD solution
with the cuprous form of the enzyme should promote SOD-
centered radical formation. When cuprous SOD was reacted
with H,0,, the intensity of the detected EPR spectrum was
increased by about 2-fold, compared with an equal concentra-
tion of cupric SOD (data not shown). Similarly, the intensity of
the detected EPR spectrum was increased by about 3-fold when
cuprous SOD was reacted with peracetate compared with the
same concentration of cupric SOD (data not shown).

An intact active site copper center is required for the pro-
posed peroxidase mechanism to be involved in SOD-centered
free radical formation. Inclusion of 1 mm sodium cyanide, a well
known inhibitor of SOD activity (17), in the reaction mixture
resulted in the detection of the EPR spectrum of di-ter¢-butylni-
troxide (data not shown), indicating that SOD-centered free
radical formation was inhibited by cyanide. Heat denaturation
of the SOD at 100 °C for 1 h (18, 19) also prevented SOD-
centered radical formation (data not shown), further confirm-
ing that an intact copper center is required for the reaction. To
further control for possible reactions of non-active site copper,
all of the reaction mixtures in this study contained the chelator
DTPA at a concentration that exceeded that of the copper.
DTPA has previously been shown to prevent hydroxyl radical
formation from the reaction between Cu* and H,0, (20).

The anisotropic nature of the EPR spectra obtained from
products of the reactions between SOD and either H,O, or
peracetate prevent the detection of hyperfine couplings from
atoms of the original radical that would allow an assignment of
the spectrum to a particular amino acid radical. Treatment of
the solution with the nonspecific protease mixture Pronase
prior to acquisition of the EPR spectra of the solutions resulted
in the conversion of the anisotropic spectrum to a nearly iso-
tropic spectrum with reasonably well resolved hyperfine cou-
plings (Fig. 2A). When the reaction mixture containing cuprous
SOD, peracetate, and MNP was treated with Pronase, an iden-
tical EPR spectrum to that shown in Fig. 2A was detected,
consistent with the same amino acid residue being oxidized in
both cases (Fig. 2B). Both experimental spectra exhibited com-
plex hyperfine structures (Fig. 2, A and B), suggesting cou-
plings to more than one hydrogen and/or nitrogen atom(s).

The complexity of the hyperfine coupling patterns in the EPR
spectra of Pronase-treated SOD suggested that the oxidized
amino acid residue might be a histidine. A strikingly similar

Histidinyl Radical from Bovine SOD and Hydrogen Peroxide

SOD + H,0,
+ Pronase

Cu'-SOD + PAA
+ Pronase

Simulation

His + Fe2t
+Hy0,

E Simulation

His-2-13C + Fe2*
+ H202

Simulation

20 Gauss |

Fic. 2. EPR spectra acquired after Pronase treatment of SOD/
‘MNP adducts. A, SOD (0.5 mM) was incubated with H,0, (2 mm) and
MNP (16.5 mMm). Pronase (20 mg/ml) was added after H,O, and the EPR
spectrum was acquired after a 5-min incubation at 30 °C. B, cuprous
SOD (0.25 mM) was incubated with peracetic acid (0.5 mm) and MNP
(16.5 mm). Pronase (20 mg/ml) was added and the EPR spectrum was
acquired after a 10-min incubation at 30 °C. C, computer simulation of
spectrum B calculated using the following hyperfine coupling constants:
oV =153 G;aN = 1.85G; Y = 1.9 G; ¢ = 2.1 G; a” = 0.88 G. The
WinSim program was allowed to vary the linewidth for each line from
the primary nitroxide to provide the best fit. D, EPR spectrum acquired
from an incubation containing histidine (80 mm), MNP (16.5 mm), H,O,
(2 mm), and Fe?" (1 mm). E, computer simulation of spectrum D calcu-
lated using the following hyperfine coupling constants: a¥™? = 15.3 G;
a¥ =1.85G;a” = 1.89 G; o = 2.1 G, and ¢ = 0.8 G. The program was
allowed to adjust the linewidths for each line from the primary nitrox-
ide to provide the best fit to the experimental data. The spectrum of
di-¢-butylnitroxide (¢ = 17.2 G) was included in the simulation at a
relative concentration of 3% of the total signal to obtain a better fit to
the experimental spectrum. F, the EPR spectrum acquired from a
solution containing histidine labeled specifically at C-2 of the indole
ring with *C (80 mwm), H,0, (4 mMm), and Fe?" (2 mm). G, computer
simulation of experimental spectrum F, calculated using the following
hyperfine coupling constants: aV7'? = 15.3 G; ¢ = 1.85 G; a” = 1.89
G;a? =211 G;a” = 0.8G;and e € = 4.85 G. A lower concentration of
di-¢-butylnitroxide (~1% of total intensity) was included in the calcu-
lated spectrum. Spectrum A was acquired using a modulation ampli-
tude of 1 G, a time constant of 2.6 s, a scan time of 1342 s (80 G), a
receiver gain of 5 X 10°, and a microwave power of 20 mW. Four scans
were added together to obtain the final spectrum. Spectrum B was
acquired using the same parameters as Spectrum A, but only one scan
was collected. Spectra D and F were acquired using the following
instrument parameters: modulation amplitude, 0.7 G; time constant,
1.3 s; scan time, 1342 s (80 G); receiver gain, 5 X 10°; microwave power,
20 mW.

EPR spectrum was detected when a solution of histidine (20
mM) was incubated with the Fenton reagent (Fe®>* + H,0,) and
MNP (Fig. 2D). Coordination of the ferrous iron by the imidaz-
ole ring of histidine might promote oxidation at a particular
atom on the imidazole ring. To control for that, Ti®", which
does not appear to be coordinated by imidazole (21), was used
in place of iron, with very similar results (data not shown).
When the experiment was repeated in D,0, a nearly identical
EPR spectrum was obtained (data not shown), indicating that
none of the resolved hyperfine couplings came from exchange-
able hydrogen atoms. When the experiment was repeated
using histidine specifically '*C-labeled at C-2 of the imidazole
ring of histidine (see Fig. 9 for the ring numbering system), a
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splitting in the EPR spectrum was detected with a’C =485 G,
providing strong evidence for adduct formation at that carbon
atom (Fig. 2F).

To assist in the deconvolution of the hyperfine coupling pat-
tern of the EPR spectrum of MNP/ 'His, a simulated EPR spec-
trum was calculated and compared with the experimental spec-
trum. The experimental spectrum was best matched by the
simulated spectrum when the following hyperfine coupling con-
stants were used: ¥ = 15.3 G for the nitroxide nitrogen, a’¥ =
1.8 G and ¥ = 1.9 G for the two imidazole nitrogens, and o =
2.1 G for an imidazole hydrogen atom, and o = 0.8 G for
another imidazole proton (Fig. 2E). The EPR spectrum ob-
tained from the Pronase-treated SOD sample was convincingly
simulated using the same hyperfine coupling constants (Fig.
2C). Those results support the trapping of a histidinyl radical
from SOD. The EPR spectrum of MNP/ His obtained in D,O
was computer simulated using the same parameters used for
MNP/ His in H,O with only a slight difference in the amount of
di-t-butylnitroxide included in the calculated spectrum (data
not shown).

In an attempt to confirm that the detected SOD-centered free
radical adduct was formed at a histidine residue, the experi-
ment was repeated using SOD pretreated with diethylpyrocar-
bonate, which labels the imidazole rings of histidine residues
(15). Comparison of the UV-spectra of SOD incubated for 10
min at 37 °C with a 16-fold molar excess of diethylpyrocarbon-
ate to that of untreated SOD indicated that approximately half
of the histidine residues on the SOD were modified by the
diethylpyrocarbonate treatment. When hydrogen peroxide and
MNP were added to diethylpyrocarbonate-treated SOD, the
intensity of the detected EPR spectrum was decreased by about
75% (spectra not shown). In addition, the apparent value of g
obtained from the immobilized nitroxide spectra increased
from 18.1 G for the untreated SOD to 22.5 G for the treated
SOD, indicating that a different amino acid residue radical had
been trapped in the latter case. However, the radical adduct
formed to the diethylpyrocarbonate-treated SOD was insuffi-
ciently stable to characterize after Pronase treatment (data not
shown).

The reaction between SOD and H,0O, has been proposed to
form 2-oxohistidine through the addition of a hydroxyl radical
formed in the SOD active site to the imidazole ring of a histi-
dine residue (12). Our detection of a histidinyl radical by spin
trapping supports a free radical mechanism for the formation
of 2-oxohistidine. In addition to the direct addition of HO" to a
histidine residue, 2-oxohistidine could also be formed from
histidinyl radical, either after addition of molecular oxygen to
form a peroxyl radical or after the addition of water to histidi-
nyl radical. If 2-oxohistidine formation involves intermediate
histidinyl radical formation, trapping the precursor radical
with a spin trap (MNP) should prevent its formation. Incuba-
tion of SOD with H,0, resulted in the development of an
absorbance band at ~295 nm, detected as the difference be-
tween the SOD-H,0, incubation and SOD without added H,O,
(Fig. 3A), consistent with 2-oxohistidine formation (12). Forma-
tion of the absorbance band at 295 nm was prevented by inclu-
sion of the spin trap MNP in the reaction mixture (Fig. 3B).

If 2-oxohistidine formation occurs through a peroxyl radical
intermediate, its formation should also be prevented in the
absence of molecular oxygen. When SOD was reacted with
H,0, in an argon-saturated solution, the UV spectrum featur-
ing absorbance at 295 nm was replaced by a spectrum with
absorbance bands at 250 and 280 nm (Fig. 4A). That spectrum
is similar to the spectrum reported for the free radical formed
in the reaction between histidine and aqueous electrons (22).
The UV spectrum obtained after MNP was added to the anaer-
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Fic. 3. Changes in the UV spectrum of a solution of SOD upon
reaction with H,0, under air-saturated conditions. Trace A, the
difference spectrum between a solution containing SOD (210 um Cu)
and H,0, (5 mM) incubated for 2.5 h at 30 °C and a solution containing
SOD (210 pum Cu). Trace B, the difference spectrum between a solution
containing SOD (210 um Cu), H,0, (5 mm), and MNP (22 mm) incubated
for 2.5 h at 30 °C and a solution containing SOD (210 um Cu) and MNP
(22 mm).
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Fic. 4. The UV spectrum of a reaction mixture containing SOD
and H,0, under anaerobic conditions. Trace A, the difference spec-
trum between a solution containing SOD (200 um Cu) and H,0, (5 mm)
incubated for 60 min at room temperature in argon-saturated buffer
and a solution containing SOD (200 um Cu) in argon-saturated buffer.
Trace B, the difference spectrum obtained after MNP (20 mM) was
added to the solutions in both sample and reference cuvettes used to
obtain difference spectrum A.

obic SOD-H,0, solution consisted of a strong band at 328 nm
with no absorbance between 250 and 300 nm (Fig. 4B). That
result suggests that the product with strong absorbance be-
tween 250 and 300 nm is a compound that readily reacts with
MNP, i.e. a free radical. When the experiment was repeated in
oxygen-saturated buffer, the same UV spectrum was obtained
as in the air-saturated experiment, but the final spectrum was
obtained at an earlier time point (data not shown).

To confirm that the addition of spin trap resulted in conver-
sion of a histidinyl radical to a spin adduct, the EPR spectrum
of a solution of SOD incubated with H,O, under argon-satu-
rated conditions was obtained after addition of MNP (Fig. 5A).
The EPR spectrum of the anaerobic (argon-saturated) incuba-
tion was consistent with the formation of an immobilized ni-
troxide, i.e. a protein-centered radical was spin-trapped. Addi-
tion of MNP to an air-saturated solution of SOD and H,0, after
a 30-min incubation at room temperature resulted in detection
of the EPR spectrum of di-t-butylnitroxide (Fig. 5B). Pronase
treatment of the solution giving rise to spectrum 5A resulted in
the detection of a spectrum that was very similar to spectrum
2A, confirming the trapping of a histidinyl radical (data not
shown).

There are two possible explanations for the absence of the
spectrum of the contaminant di-z-butylnitroxide in spectrum
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Anaerobic
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B Aerobic

Anaerobic
+ catalase

Fic. 5. EPR spectra obtained when MNP was added to solu-
tions containing SOD and H,0O, after a 30-min incubation. A,
MNP (20 mm) was added to an argon-saturated solution containing
SOD (200 um Cu) and H,0, (2 mMm) after a 30-min incubation. B, MNP
(20 mMm) was added to an air-saturated solution containing SOD (200 um
Cu) and H,0, (2 mm) after a 30-min incubation. C, catalase (320 nm),
then MNP (20 mm), were sequentially added to an argon-saturated
solution containing SOD (200 mm Cu) and H,,0,, (2 mM) incubated for 30
min at room temperature.

5A. Oxygen might be required for the H,O,-dependent loss of
the peroxidase activity of SOD or the SOD-centered histidinyl
radical might convert the di-t-butylnitroxide to EPR-silent
product(s). To differentiate between the two possibilities, an
anaerobic incubation of SOD and H,0, was treated with cata-
lase to remove any residual H,0O, prior to the addition of the
spin trap. The EPR spectrum of that solution was the isotropic
spectrum of di-¢-butylnitroxide (Fig. 5C). Those data suggest
that oxygen is involved in the decay of the histidinyl radical
with subsequent loss of peroxidase activity, implying the for-
mation of a peroxyl radical.

The ability of histidinyl radical to consume oxygen was de-
termined using an oxygen electrode to assess the possibility of
peroxyl radical formation. The reaction between histidine and
hydroxyl radical (from either H,O, or peracetic acid + Fe?")
resulted in the rapid consumption of dissolved oxygen (Fig. 6, A
and B). A similar result was observed when Ti®* was substi-
tuted for Fe?" in the incubation (data not shown), indicating
that coordination of the metal ion by the imidazole ring was not
necessary for oxygen consumption. Trapping of the histidinyl
radical by inclusion of MNP in the reaction mixture prevented
the consumption of oxygen in the solution (Fig. 6C). Those data
confirm that histidinyl radical will react with molecular oxygen
to form the corresponding peroxyl radical.

To determine whether the SOD-centered histidinyl radical
will react with molecular oxygen to form a peroxyl radical, the
effects of the addition of SOD to a solution containing H,O, on
the oxygen consumption were determined. Addition of 75 um
SOD to a solution containing 250 um H,O, resulted in an
increase in the oxygen concentration in the solution (Fig. 7A).
That result is reasonable since the initial reaction between
SOD and H,0, results in the formation of HO,: (Reaction 4
above), which disproportionates either spontaneously or cata-
lyzed by SOD to form molecular oxygen and H,0, (Reactions 1
and 2 above). Unfortunately, the oxygen release from the SOD
reaction masks any oxygen consumption by the SOD-centered
histidinyl radical that is formed in the subsequent reaction
between cuprous SOD and another molecule of H,0,. When
SOD that had been previously enriched in the cuprous form
was added to a H,O, solution, however, the oxygen concentra-
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Fic. 6. The reaction between histidine and hydroxyl radical
results in the consumption of oxygen from the solution. Trace A,
changes in oxygen concentration when Fe?* (1.0 mm) was added to a
solution containing histidine (20 mM) and H,0, (2 mMm). Trace B,
changes in oxygen concentration when Fe?* (0.5 mm) was added to a
solution containing histidine (20 mm) and peracetic acid (1 mm). Trace
C, changes in oxygen concentration when Fe®" (1 mm) was added to a
solution containing histidine (20 mm), H,O, (2 mm), and MNP (22 mMm).
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Fic. 7. The histidinyl radical produced in the reaction be-
tween cuprous SOD and H,0, consumes oxygen from the solu-
tion. Trace A, changes in the oxygen concentration of a solution of H,O,
(250 um) and DTPA (100 um) after the addition of SOD (Cu®*, 75 um
Cu). Trace B, changes in the oxygen concentration of a solution con-
taining H,0, (250 uM) and DTPA (100 um) after the addition of SOD
(Cu*, 75 uMm Cu). Trace C, changes in the oxygen concentration of a
solution containing H,0, (250 um), DTPA (100 pum), and MNP (20 mm)
after the addition of SOD (Cu™, 75 um Cu).
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tion of the solution initially decreased followed by a leveling off
(Fig. 7B). That result is consistent with the histidinyl radical
reacting with O, to form the corresponding peroxyl radical and
either subsequently being inactivated or having the oxygen
production from the reaction observed between cupric SOD in
Fig. 7TA match the oxygen consumption by the histidinyl radi-
cal. The oxygen consumption observed when cuprous SOD was
reacted with H,O, was blunted by the inclusion of MNP in the
reaction mixture (Fig. 7C), confirming that spin trapping the
histidinyl radical prevents its reaction with O, to form a per-
oxyl radical.

The indirect evidence for the formation of a peroxyl radical
intermediate from the reaction between SOD and H,0, sug-
gested that we might be able to directly detect a peroxyl radical
by EPR spectroscopy. Because peroxyl radicals are not typically
stable, they are frequently studied at low temperature, which
decreases the rate of the reactions by which they decompose.
When a mixture of SOD (1 mm Cu), DTPA (2 mm), and H,0, (8
mM) was frozen in liquid nitrogen within 7 s of the addition of
H,0,, the EPR spectrum detected at liquid nitrogen tempera-
tures was dominated by the spectrum of the active site Cu®*
(Fig. 8A). A derivative-shaped line with a g value of 2.0045 was
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Fic. 8. Direct EPR spectrum of a frozen solution containing
SOD and H,0,. A, upper spectrum: a solution containing SOD (1 mm
Cu) and H,0, (8 mM) was frozen in liquid nitrogen and its EPR spec-
trum was recorded under liquid nitrogen. The isotropic feature at g =
2.0045 was not observed in the absence of added H,0O,. The spectrum
was obtained using a microwave power of 0.5 mW. Lower trace: the EPR
spectrum of untreated SOD (1 mMm Cu). The difference in intensity
between the two spectra likely results from the partial reduction of the
active site copper ion from Cu®* to Cu™ by the added H,0, (Reaction 4
in the text). B, power saturation curve for the lines at g = 2.0045 and
g = 2.05. The two lines have distinctly different saturation character-
istics, indicating that they are not from the same radical.

detected in the H,O4-treated SOD but not the non-treated SOD
(not shown). In addition, a line was observed at g = 2.05, which
is appropriate for g of a frozen peroxyl radical. However, the
lines at g = 2.05 and g = 2.0045 (possibly corresponding to the
g and g, of a peroxyl radical) had different power saturation
characteristics (Fig. 8B), indicating that they arose from differ-
ent species, and therefore indicating that the signals did not
arise from a peroxyl radical. The line at g = 2.05 and the other
small lines observed in both the peroxide-treated and -un-
treated SOD likely are due to hyperfine couplings from the
copper ligands.

DISCUSSION

The spin trapping results strongly support the assignment of
the detected MNP/'SOD radical adduct to a histidinyl radical. A
great deal of structural information about the spin-trapped free
radical can be obtained from the hyperfine coupling constants
obtained from the isotopically labeled histidines. The detected
hyperfine coupling to the '3C from the imidazole C-2-labeled
histidine provides clear evidence for trapping at that carbon
atom (Fig. 2G compared with Fig. 2D). The nearly identical
hyperfine coupling constants to both imidazole nitrogen atoms
also supports the assignment to C-2 of the imidazole ring, since
they are both one bond away from C-2. Since neither proton
hyperfine coupling arose from an exchangeable proton, it is
likely that the hydrogen atom giving rise to the larger coupling
is bound to C-2 of the imidazole ring (Fig. 9). The other resolved
proton hyperfine coupling likely comes from the hydrogen atom
at C-5 of the imidazole ring and is likely resolved because of the
near-aromatic nature of the imidazole ring.

The primary reaction between HO' and histidine has been
suggested to be the addition of HO" to the imidazole ring,
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FiG. 9. The proposed structure of the MNP/ His radical adduct
showing the numbering of the atoms on the imidazole ring.

primarily at C-2 and C-5 (21-24). The above hyperfine coupling
analysis supports trapping a free radical centered at C-2 of the
imidazole ring. It has been predicted that addition of HO" to C-5
of the imidazole ring would result in a radical with significant
electron density at C-2 (21, 22), which could subsequently react
with the spin trap to provide the detected adduct. Alternately,
the product formed by addition of HO" to C-5 of the imidazole
ring could dehydrate to produce a free radical with significant
electron density at C-2 of the imidazole ring (25). It is unlikely,
however, that a free radical resulting from the addition of
hydroxyl radical at C-2 of the imidazole ring was trapped.
Formation of that radical adduct would require either depro-
tonation at C-2 after hydroxyl radical addition at that position
(unlikely because it would require breaking a o-bond on what is
probably a m-radical) or would result in forming a carbon atom
with 5 bonds. It is also possible that the free radical trapped
from free histidine (but not necessarily SOD) is the free radical
formed by addition of hydroxyl radical to C-5 of the imidazole
ring, which has been directly observed both at pH 2 and 7 (21,
24). The resulting hydroxyl addition radical would have to
dehydrate to form 2-oxohistidine.

The UV spectrum of the product of the reaction between SOD
and H,0, under anaerobic conditions was much more similar
to the product of the reaction between free histidine and aque-
ous electrons than it was to the spectra of the products of the
reaction between histidine and HO" (22). That result also sup-
ports the formation of the histidinyl radical through electron
transfer rather than through the addition of hydroxyl radical to
the imidazole ring. Electron transfer between different sites on
proteins is well established, including reactions that result in
free radical formation on amino acid residues remote from the
initial site of oxidation (26, 27).

The reactions of the histidinyl radical formed on SOD may be
more important than the radical formation itself. In particular,
the reactions between carbon-centered free radicals and oxygen
to form peroxyl radicals may be responsible for more oxidative
damage to cells than all of their other reactions combined. The
peroxyl radical formed in the reaction between metmyoglobin
and H,O, is capable of oxidizing substrates that are not oxi-
dized by the compound I-like heme intermediate formed in the
same reaction (28). The free radical formed in the reaction
between free histidine and HO" readily reacted with O,, pre-
sumably to form the corresponding peroxyl radical (Fig. 6A).
The observed oxygen consumption is consistent with previously
reported oxygen-dependent changes in the UV-visible spec-
trum of histidine-HO" incubations (22). A histidine peroxyl
radical which likely arose from the addition of oxygen to the
radical formed by addition of hydroxyl radical at C-5 of the
imidazole ring was observed using direct EPR spectroscopy at
pH 2 (24). Peroxyl radical formation from the SOD-centered
histidinyl radical is also supported by our results (Figs. 5 and
7). The oxygen dependence of 2-oxohistidine formation and the
oxygen consumption by incubations containing cuprous SOD
and H,0, both indicate formation of an unstable intermediate
peroxyl radical. The inhibition of oxygen consumption and of
2-oxohistidine formation by MNP suggests a competition for
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the histidinyl radical between the MNP and oxygen. Competi-
tion between MNP and O, is reasonable due to the 100-fold
concentration difference (MNP at 20 mm, O, at about 200 um).
Our inability to directly detect the proposed peroxyl radical
intermediate could have several causes. First, many peroxyl
radicals cannot be detected at temperatures higher than liquid
helium temperatures. Second, it is possible that the proposed
SOD-peroxyl radical is very unstable and readily decomposes
with formation of the corresponding alkoxyl radical (which could
then be reduced to form 2-oxohistidine) or some other product,
also preventing its detection by direct EPR spectroscopy.

The reaction between SOD and H,0, has received a great
deal of attention in recent years due to the well established link
between inheritance of a mutant SOD and the development of
ALS. An increased peroxidase reaction in the mutant SODs
was one of the first mechanisms to be proposed and investi-
gated as a possible molecular cause of the disease (6, 7). More
recent results, however, have suggested that the mutant SODs
have a similar peroxidase activity to the wild-type protein (3).
A role for H,O, in the propagation of ALS disease has been
clearly established by the observed protective effects from
treatment of transgenic mice expressing a mutant SOD with
putrescine-labeled catalase (29).

Because protein-centered free radicals in most cases repre-
sent significantly oxidizing centers, the formation of a SOD-
centered radical could promote transfer of oxidizing equiva-
lents to other cellular components. Other cellular proteins
represent a potential target for SOD'-mediated oxidations,
since protein-centered radicals have been shown to oxidize
other proteins (30) which frequently contain oxidizable centers
(cysteine, tyrosine, tryptophan, and histidine residues) that are
important to enzyme activities (27). Co-expression of mutant
but not wild-type SOD with a glutamate transporter in Xeno-
pus oocytes led to the H,0,-dependent inactivation of the
transporter (31). The inactivation was dependent upon the
C-terminal portion of the transporter, which contains many
oxidizable amino acid residues (31). Since proteins like the
neuronal glutamate transporter frequently have cell-specific
functions that are crucial to cellular survival, oxidative damage
to those proteins could lead to cell-specific toxicity such as is
observed in SOD-linked fALS.

The fALS-associated mutant SODs have also been sug-
gested to cause toxicity through a decreased solubility that
leads to the formation of SOD-containing protein aggregates
(32-35). The damage to SOD through its self-peroxidation re-
action could readily lead to decreased solubility. A conservative
mutation to the SOD from Photobacterium leiognathi resulted
in a zinc-dependent dissociation of the subunits to form inac-
tive monomers (36). Conversion of a histidine residue in SOD to
2-oxohistidine could result in a similar effect. The mutant
SODs have been shown to have a reduced zinc affinity com-
pared with the wild-type enzyme in vitro (37-39). Conversion of
SOD from the native dimer to a monomer could dramatically
affect its solubility, particularly when combined with a muta-
tion that also results in some structural destabilization (40).

The reaction between bovine SOD and H,0, or another small
organic hydroperoxide resulted in the formation of a histidinyl
radical that was spin trapped with MNP. The resulting histidinyl
radical reacts with molecular oxygen to form an intermediate
peroxyl radical that subsequently decays to form 2-oxohistidine.
Further experiments to determine the site(s) of free radical for-
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mation in the self-peroxidase reactions of the fALS-associated
mutant human SODs might provide information regarding a
possible role for the self-peroxidation reaction in the initiation or
propagation of motor neuron death in fALS.
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