
Bicarbonate and active site zinc modulate the self-peroxidation
of bovine copper-zinc superoxide dismutase

MICHAEL R. GUNTHER & JOSEPH A. DONAHUE

Department of Biochemistry and Molecular Pharmacology, West Virginia University School of Medicine, Morgantown,

WV, USA

Accepted by Professor N. Taniguchi

(Received 13 November 2006; in revised form 15 June 2006)

Abstract
Peroxidation reactions of copper-zinc superoxide dismutase (CuZn-SOD1) or its zinc-depleted form (CuE-SOD1) that
likely also involve a component of bicarbonate buffer have been implicated in the pathophysiology of the neurodegenerative
diseases amyotrophic lateral sclerosis (ALS), Alzheimer’s Disease and Parkinson’s Disease. Neither removal of the zinc ion
nor adding bicarbonate had large effects on the self-peroxidation reaction of bovine SOD1, but the combination of zinc-
deficiency and added bicarbonate caused major changes to the spin trapped SOD1-centred free radical. Removal of the
active site zinc ion greatly decreased the formation of an unassigned SOD1-centred free radical in the reaction with the
inorganic peroxide peroxynitrite. The results suggest that under cellular conditions (�5 mM bicarbonate) zinc-deficient
SOD1 peroxidation could play a pathogenic role in neurodegenerative diseases.
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Introduction

Reactions in which copper-zinc superoxide dismutase

(SOD1) oxidizes substrates or is itself oxidized have

been implicated in the pathophysiology of amyo-

trophic lateral sclerosis (ALS) [1�11], Alzheimer’s

Disease [12] and Parkinson’s Disease [12]. Excessive

and improper oxidant production by point mutant

SOD1 proteins has been suggested to play a signi-

ficant role in their selective motor neuron toxicity

[4�11]. Increased cellular oxidations have also been

strongly implicated along the pathophysiological

pathways of Alzheimer’s disease [13] and Parkinson’s

disease [14]. The recently detected increased levels of

oxidized SOD1 proteins in brains from Alzheimer’s

disease and Parkinson’s disease patients accompanied

by SOD1 isoform shifts of unknown aetiology in the

patients [12] strongly suggest a role for reactions

between the SOD1 protein and oxidants such as

H2O2 in those diseases. Furthermore, abundant

experimental data support a role for H2O2 in the

pathophysiology of each of the above neurodegenera-

tive diseases [10,11,14�16].

Because expression of mutant forms of the SOD1

protein has been clearly shown to cause ALS [1�3],

numerous studies of the physical properties of the

mutant proteins have been reported [17�23]. In

general, the mutant SOD1 proteins are less stable

than the wild type SOD1 protein [17�19] and have a

greatly increased tendency to form macromolecular

aggregates [24�26] which may or may not contribute

to the neurotoxicity of the mutant proteins [27].

Another property that appears to be shared by

the mutant SOD1 proteins is a decreased affinity

for the structural active site zinc ion [20�23].

Furthermore, treatment of cultured neuronal cells
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with zinc-depleted SOD1 proteins, either wild type or

mutant, has been clearly shown to contribute to death

of the motor neurons [23].

Previously reported data has supported inactiva-

tion of the SOD1 protein and, in the presence of

bicarbonate, formation of a highly oxidizing carbo-

nate radical anion when native SOD1 proteins react

with H2O2 [28�41]. The SOD1-H2O2 reaction

involves multiple steps, starting with the reduction

of the active site copper (the SOD1 back reaction)

followed by oxidant formation (see reactions 1�5)

[34,41]. The initial oxidant formed has similar

reactivity to hydroxyl radical but does not appear to

leave the active site (reaction 2).

SOD1-Cu2��H2O2 0 SOD1-Cu�

�HO2
+�H� (1)

SOD1-Cu��H2O2 0 SOD1-Cu2�(HO+)
�H2O (2)

SOD1-Cu2�(HO+) 0 SOD1-inactive�H2O (3)

SOD1-Cu2�(HO+)�(bi)carbonate

0 SOD1-Cu2��CO3+� �H2O (4)

CO3+� �Substrate 0 S+�HCO�
3 (5)

However, the reactions between the zinc-deficient

(CuE-) form of the protein with H2O2 have not been

carefully characterized. To answer that question, we

have studied the self-peroxidation reactions of bovine

CuZn- and CuE-SOD1 proteins, determining the

initial products.

Methods

Materials

Purified bovine SOD1 and Pronase were from Roche

Molecular Biopharmaceuticals (Indianapolis, IN).

Hydrogen peroxide (30%) was from Fisher (Pitts-

burgh, PA). Tetramethylammonium peroxynitrite

was from A.G. Scientific (San Diego, CA). The spin

trap 2-methyl-2-nitrosopropane was from Aldrich

Chemical Company (Milwaukee, WI), as was diethy-

lenetriaminepentaacetic acid (DTPA). 3,5-dibromo-

4-nitrosobenzenesulphonic acid (DBNBS) was a gift

from Mr Bob Sik at the National Institute of

Environmental Health Sciences (Research Triangle

Park, NC).

Preparation of zinc-depleted SOD1 protein

Zinc-depleted bovine SOD1 protein was prepared

following the procedure previously reported by Samp-

son and Beckman [42]. Briefly, bovine SOD1 protein

was dialysed against two charges of Chelex-treated

100 mM potassium phosphate buffer, pH 3.5 and

overnight against two charges of Chelex-treated 5 mM

sodium acetate buffer, pH 4.2. After a 2-h treatment

with copper sulphate (110% of expected sub-unit

concentration based on the amount of SOD1 protein

used) the protein was again dialysed overnight against

5 mM sodium acetate buffer, pH 4.2. The copper and

zinc contents of the resulting SOD1 solutions were

determined either by atomic absorbance spectroscopy

using a Perkin-Elmer 380 Atomic Absorbance spec-

trophotometer or spectrophotometrically using the

pyridylazaresorcinol assay described by Crow et al.

[20]. Protein concentrations were determined using

the BCA protein assay from Pierce Chemical Com-

pany using bovine serum albumin as a standard.

Electron Paramagnetic Resonance (EPR) spectroscopy

EPR spectra were obtained using a Bruker EMX EPR

spectrometer equipped with a Bruker ER4119 HS

resonator. Samples (150 ml total volume) were pre-

pared in 1.5 ml plastic centrifuge tubes and were

transferred to a quartz flat cell (Wilmad Glass Co,

Buena, NJ) before spectra were obtained. Simulations

of EPR spectra were performed using the WinSim

program and the Powfit program of the NIEHS

Public ESR Software Tools package available from

the National Institute of Environmental Health

Sciences (http://www.epr.niehs.nih.gov/). Optimized

EPR spectral simulations were obtained allowing the

computer programs to systematically adjust all of the

spectral parameters to obtain the best mathematical

fit to the experimental data.

Nitrotyrosine determinations

The nitrotyrosine content of SOD1 samples treated

with tetramethylammonium peroxynitrite was deter-

mined from the absorbance spectrum of those

samples [43]. SOD1 samples treated with peroxyni-

trite were diluted into 50 mM sodium phosphate

buffer, pH 7.4 and the absorbance spectrum of those

samples from 350�500 nm was determined using

an Aminco DW2000 spectrophotometer equipped

with computerized data acquisition software. The

nitrotyrosine concentration was calculated from the

absorbance at 425 nm using an extinction coefficient

of 4400 M/cm [43].

Results

The reaction between CuE-SOD1 and H2O2 produces

active site histidinyl radicals

We hypothesized that the absence of the structural

zinc ion would cause the detection of a SOD1-

centred radical distinct from the histidinyl radical

we previously reported [41]. However, the MNP

adducts formed in the H2O2 reactions of CuZn-

SOD1 and CuE-SOD1 had EPR spectra that were

essentially indistinguishable (Figures 1A and F).

Cleavage of the protein MNP-adducts into peptides

via Pronase-treatment resulted in the conversion

of their anisotropic EPR spectra into isotropic

spectra with complicated hyperfine coupling patterns

(Figures 1B and G). Inspection of the spectra
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obtained from the Pronase-treated samples suggested

trapping at an atom with one bond to a nitrogen

(I�1, aN�0.25 mT) and one bond to a hydrogen

atom (I�½, aH�0.11 mT). Those hyperfine

data combined with the aN(NO) of 1.52 mT (matching

the previously described value for a MNP/+histidine

adduct [41]) were consistent with trapping at C-5

of a histidine imidazole ring. Although the line

positions were well fit by a simulation using those

parameters, inclusion of an additional species

(50% of the total intensity) with hyperfine coupl-

ings to two nearly equivalent nitrogens and an

additional hydrogen nucleus (hyperfine splitting con-

stants are in Table I), consistent with the C-2-centred

histidinyl radical [41], was required to adequately

fit the line intensities and shapes of the spec-

A

B

C

D

E

F

G

H

CuZn SOD1 + H2O2

A+Pronase

Simulation of B

C-5 component

C-2 component

CuE SOD1 + H2O2

F + Pronase

Simulation

2.0 mT

Figure 1. Histidinyl radical formation from the reaction of CuZn SOD1 or CuE SOD1 with H2O2 in phosphate buffer. In all cases, SOD1

(0.5 mM copper) was incubated with MNP (10 mM), DTPA (1 mM) and H2O2 (2.5 mM) at room temperature. (A) CuZn SOD1�H2O2�
MNP. (B) The same as Spectrum A after a 5-min incubation at room temperature with Pronase (10 mg/ml). The arrows indicate lines in the

spectrum arising from the radical adduct assigned to C-2 of the imidazole ring of histidine. (C) Composite simulation of Spectrum B

including a 50:50 mixture of two different components with the hyperfine coupling constants indicated in Table I. (D) The first component

of the computer simulation of Spectrum B. (E) The second component of the computer simulation of Spectrum B. (F) The EPR spectrum

obtained after incubation of CuE SOD1 with MNP and H2O2 for 5 min at room temperature. (G) The EPR spectrum obtained after

incubation of a solution identical to the solution giving rise to Spectrum F with Pronase (10 mg/ml) for 5 min at room temperature. (H)

Computer simulation of Spectrum G calculated using a 50:50 mix of the same components as used in Spectrum C; the hyperfine coupling

constants used for the simulation are indicated in Table I. Experimental spectra A and F were acquired using the following instrument

parameters: modulation amplitude, 2 G; scan time 335 s (8.0 mT scan); time constant, 0.66 s.; three scans were averaged together to obtain

the spectra. Experimental spectra B and G were obtained using the following instrument parameters: modulation amplitude, 1 G; scan time

335 s (6.0 mT scan); time constant, 0.66 s; 20 scans were added together to obtain the final spectra.
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trum (Figure 1C). Those results indicate either

trapping at two separate histidine residues or at two

separate sites on the same histidine residue, but the

two possibilities cannot be distinguished from the

data.

(Bi)carbonate has subtle effects upon the self-peroxidation

reaction of CuZn-SOD1

A component of the bicarbonate buffer system (either

HCO3
� or CO2 (aq), designated ‘(bi)carbonate’) has

been reported to be essential for SOD1-mediated

substrate oxidations [33�40]. We were therefore

interested in the potential role of the same molecule

on the self-peroxidation reaction of SOD1. The

MNP-radical adduct formed in the reaction between

CuZn-SOD1 and H2O2 in buffer containing 25 mM

bicarbonate had an EPR spectrum that was highly

similar to that of the adduct obtained in the absence

of added bicarbonate (compare Figures 2A and 1A),

confirmed by the difference spectrum obtained by

subtracting Figure 1A from Figure 2A (Figure 2B).

The spectrum obtained after Pronase-treatment

(Figure 2C) was adequately simulated using only

the imidazole C-5-centred adduct discussed above

(Figure 2D). Those results suggested that, in CuZn-

SOD1, the inclusion of (bi)carbonate affected only

which histidine residue was oxidized, rather than

causing the oxidation of additional site(s) on the

protein.

Inclusion of (bi)carbonate changes the major free radical

product of the peroxide-CuE-SOD1 reaction

The EPR spectrum obtained from a mixture of CuE-

SOD1, (bi)carbonate, MNP and H2O2 (Figure 2E)

had a significantly increased intensity and a different

lineshape compared to the spectrum obtained from

MNP/+CuE-SOD1 without (bi)carbonate (Figure

1F). Subtraction of spectrum 1F from spectrum 2E

resulted in a difference EPR spectrum (Figure 2F)

that was shifted toward a lower magnetic field

(corresponding to a higher g-value) and was signifi-

cantly narrower than the other rotationally immobi-

lized nitroxide EPR spectra. However, the majority of

the MNP adduct obtained from CuE-SOD1/H2O2/

(bi)carbonate was unstable to Pronase-treatment

(Figure 2G), precluding its assignment from an

isotropic EPR spectrum.

The major MNP/+CuE-SOD1/(bi)carbonate adduct is

centred on a carbonyl carbon

The EPR spectra of protein-centred MNP radical

adducts are typically anisotropic due to steric

hindrance to free rotation of the nitroxide free

radical. We therefore simulated the anisotropic

EPR spectra obtained from the MNP/+CuZn-

SOD1 and MNP/+CuE-SOD1 adducts as powder

pattern EPR spectra in order to obtain approximate

isotropic g-values and nitroxide nitrogen hyperfine

coupling constants from those spectra (Figure 3). As

shown in Figure 3A, the anisotropic EPR spectrum

obtained from CuZn-SOD1 could be adequately

simulated as a powder pattern EPR spectrum using

parameters corresponding to an isotropic g-value of

�2.0044 and an isotropic aN of �1.51 mT (para-

meters are reported in the legend of Figure 3).

The spectra obtained from MNP/+CuZn-SOD1�
(bi)carbonate and from MNP/+CuE-SOD1 could

also be adequately simulated with parameters that

gave the same approximate g-value and nitroxide

hyperfine coupling constant (Figure 3B and C). The

spectrum obtained from MNP/+CuE-SOD1�
(bi)carbonate was not adequately fit with those

parameters. To obtain a good fit to the experimental

spectrum, two components were used, the first

(8% of total intensity) similar to the parameters

used for the prior spectra and the second (92% of

total intensity) with parameters that provided

an approximate isotropic g-value of 2.0053 and an

approximate aN
iso of 0.8 mT (Figure 3D). Inclusion

Table I. Hyperfine coupling constants from EPR spectral simulations.

Sample aN(NO)(mT) aNb1(mT) aNb2(mT) aH1(mT) aH2(mT) % of total

CuZn/MNP/H2O2 (1) 1.52 0.253 N/A 0.11 N/A 50

CuZn/MNP/H2O2 (2) 1.53 0.16 0.16 0.18 0.085 50

CuE/MNP/H2O2 (1) 1.52 0.25 N/A 0.11 N/A 50

CuE/MNP/H2O2 (2) 1.53 0.16 0.16 0.18 0.09 50

CuZn/MNP/HCO3
�/H2O2 1.53 0.26 N/A 0.11 N/A 100

CuE/MNP/HCO3
�/H2O2 1.49 0.243 N/A N/A N/A 100

CuZn/MNP/ONOO� 1.60 N/A N/A 0.11 (2) N/A 100

CuE/DBNBS/H2O2 1.37 0.09 0.07 N/A N/A 100

CuE/DBNBS/H2O2/HCO3
� 1.35 0.09 0.06 N/A N/A 100

Histidine/DBNBS (1) 1.34 0.08 0.06 N/A N/A 49

Histidine/DBNBS (2) 1.36 0.36 N/A 0.72 N/A 51

All values were determined from simulations calculated using the WinSim program from NIEHS. Simulations were optimized allowing the

program to select the final values of the hyperfine coupling constants and linewidths to minimize the sum of the residual. Numbers indicated

in parentheses indicate the number of identical nuclei with the indicated hyperfine coupling constant.
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of �9% of the latter adduct in the simulation of

the MNP/+CuZn-SOD1�(bi)carbonate spectrum

slightly improved the fit of the simulation to the

experimental spectrum (Figure 3B). MNP adducts

with aN of �0.8 mT have been previously reported

from carbonyl carbon-centred radical adducts ob-

tained by oxidizing the carboxylate groups of amino

acids by persulphate radical [44], oxidation of

acetylacetone by horseradish peroxidase and H2O2

[45] and from oxidizing N,N-dimethylamides [46].

The amino acid adducts reported in Rustgi and

Riesz [44] were highly unstable and could only be

observed in a flow experiment, as was the (bi)car-

bonate-dependent MNP/+CuE-SOD1 adduct.

The second free radical product of the CuE-SOD1/H2O2/

(bi)carbonate reaction is a histidinyl radical

The EPR spectrum obtained after Pronase-treat-

ment of the MNP/+CuE-SOD1 radical adducts

lacked the intensity required for any detailed hyper-

fine coupling analysis. Since the nitroso-based spin

trap DBNBS also spin traps protein-centred radi-

cals, often with a different specificity from that of

MNP, the spin trapping experiments were repeated

using DBNBS (Figure 4). No significant adduct

formation was detected from the reaction between

CuZn-SOD1 and H2O2 with or without added

bicarbonate (Figure 4A and B), but an immobilized

nitroxide radical adduct was detected in the reaction

CuZn SOD+HCO3
- +H2O2

Spectrum A minus Spectrum 1A

A+Pronase

Simulation

CuE SOD+HCO3
- + H2O2

Spectrum E minus Spectrum 1F

E + Pronase

Simulation

2.0 mT

A

B

C

D

E

F

G

H

Figure 2. The free radical trapped by MNP in the reaction between CuE-SOD1 and H2O2 is altered by bicarbonate buffer. Bovine SOD1

(0.5 mM) was incubated with MNP (10 mM), DTPA (1 mM) and H2O2 (2.5 mM) in bicarbonate buffer (25 mM, pH 7.4) for 5 min at room

temperature before the EPR spectra were obtained. (A) The EPR spectrum obtained from an incubation of CuZn SOD1, H2O2 and MNP.

(B) The difference spectrum obtained by subtracting the spectrum shown in Figure 1A from Spectrum 2A. (C) The EPR spectrum obtained

after incubation of a sample identical to the one used to obtain Spectrum A with Pronase (10 mg/ml) for 5 min at room temperature. (D)

The computer simulation of Spectrum 2C calculated using the hyperfine coupling constants reported in Table I. Inclusion of a second

component (the component assigned to trapping histidinyl radical at C-2 in Figure 1) at 10% of the total intensity did not improve the fit of

the simulated spectrum to the experimental spectrum. (E) The EPR spectrum obtained from a solution containing CuE SOD1, MNP,

DTPA and H2O2. (F) The difference spectrum obtained from the subtraction of the spectrum in Figure 1F from Spectrum 2E. (G) The

EPR spectrum obtained after incubation of a solution identical to the solution giving rise to Spectrum E after a 5-min incubation with

Pronase (10 mg/ml). (H) Computer simulation of Spectrum 2G calculated using the hyperfine coupling constants reported in Table I. The

experimental spectra were obtained using the same instrument parameters as reported in Figure 1.
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between CuE-SOD1 and H2O2 (Figure 4C). Pro-

nase treatment of the DBNBS/+CuE-SOD1 adduct

converted its EPR spectrum to an isotropic triplet

(aN�1.37 mT) with additional unresolved hyperfine

couplings (Figure 4D). In analogy to the corre-

sponding MNP-trapping reaction, it was suspected

that a histidinyl radical had been trapped. Authentic

DBNBS/+histidine adducts were obtained from

the reaction between histidine and the Fenton

reagent (Fe2��H2O2) (Figure 4G). Two radical

adducts were detected (Figure 4G), the first with

aN�1.34 mT and unresolved additional hyperfine

interactions and the second with aN�1.36 mT

and additional hyperfine interactions with one nitro-

gen atom (aNb�0.36 mT and one hydrogen atom

(aH�0.72 mT), consistent with trapping the radical

formed by the a-decarboxylation reaction of histi-

dine. The former adduct could be well fit assuming

partially resolved hyperfine interactions with two

nitrogen atoms (see data in Table I) and the

same parameters provided an excellent fit to the

lineshapes of the EPR spectrum obtained from

Pronase-treated DBNBS/+CuE-SOD1 (Figure 4D,

‘simulation’). The EPR spectrum obtained from

the CuE-SOD1/bicarbonate/H2O2/DBNBS system

appeared to be a combination of a rotationally

immobilized nitroxide and an isotropic nitroxide

whose EPR spectrum was extremely similar to the

spectrum obtained after Pronase-treatment of the

DBNBS/+CuE-SOD1 adduct (Figure 4E). Indeed,

after Pronase-treatment of the adduct(s), the result-

ing EPR spectrum was essentially indistinguishable

from the spectrum obtained without (bi)carbonate,

strongly suggesting trapping of a histidinyl radical

(Figure 4F).

The hyperfine coupling data that could be ex-

tracted from the Pronase-treated MNP/+CuE-SOD1

radical formed in the reaction with (bi)carbonate

were largely consistent with trapping a histidinyl

radical (an apparent coupling to a nitrogen atom,

aN�0.24 mT and probably an unresolved coupling

with a hydrogen atom, aH�0.09 mT). The slight

variation between the best fit for the nitroxide aN

(1.49 mT) and the value of aN for authentic C-5-

centred histidinyl radical (1.53 mT) could be ac-

counted for in the uncertainty in the location of the

highest field lines in the experimental spectrum.

Simulation of the experimental spectrum using a

value of aN(NO)�1.53 mT resulted in only a slight

decrease in the mathematical correlation value bet-

ween the simulated and experimental spectra

(r decreases from 0.63�0.61), supporting the prob-

ability of trapping a histidinyl radical.

CuZn-SOD1 reacts with peroxynitrite to form a

protein-centred radical

Since peroxynitrite (ONOO�) is an anionic peroxide

as well as a potent nitrating and oxidizing agent, its

proposed role in the neurotoxicity of CuE-SOD1 [23]

might arise from free radical formation through the

interaction of ONOO� with the active site copper

ion. When tetramethylammonium peroxynitrite (this

salt was used because its H2O2 contamination is

minimal due to its direct synthesis excluding H2O2

[47]) was reacted with CuZn-SOD1, the resulting

product had an immobilized nitroxide type EPR

spectrum consistent with formation of a protein-

centred free radical (Figure 5A). Pronase-treatment

of the MNP-adduct formed in the CuZn-SOD1/

ONOO- reaction resulted in the conversion of its

EPR spectrum into a combination of an isotropic

component (aN�1.61 mT; aH�0.11 mT (2H)) and

an anisotropic component which accounted for the

bulk of the intensity (Figure 5B). The isotropic

component of that spectrum might have arisen from

2.0 mT

A

B

C

D

CuZn SOD1

CuZn SOD1+HCO 3
-

CuE SOD1

CuE SOD1+HCO 3
-

Figure 3. Powder pattern simulations of MNP/+SOD1 adducts.

(A) Experimental spectrum from Figure 1A (CuZn SOD1�
H2O2�MNP) and simulated spectrum (gx�2.001 72; gy�2.006

17; gz�2.004 93; ax �2.789 mT; ay �0.722 mT; az �1.040 mT;

linewidth peak to peak�0.122 mT; linewidth perpendicular�
1.0942 mT). Averaging of the g-value and aN values give an

approximate isotropic g value of 2.0043 and aN
iso�1.52 mT. (B)

Experimental spectrum from Figure 2A (CuZn SOD1�H2O2�
HCO3

�) and its simulation calculated assuming two species were

present in the sample: species 1, 91% of total intensity (gx�2.002

06; gy�2.005 08; gz�2.006 60; ax �2.53 mT; ay �1.354 mT;

az �0.62 mT, giving giso�2.0046 and aN
iso�1.50 mT); species 2,

9% of total intensity (gx�2.0037; gy�2.005 25; gz�2.007 34;

ax �1.748 mT; ay �0.735 mT; az �0.315 mT giving giso�2.005

44 and aN
iso�1.50 mT). (C) Experimental spectrum from Figure

1F (CuE-SOD1�H2O2�MNP) and simulation calculated from

the following parameters: gx�2.0025; gy�2.004 42; gz�2.006 14;

ax �2.43 mT; ay �1.442 mT; az �0.697 mT giving the approx-

imate isotropic values giso�2.004 36 and aN
iso�1.52 mT. (D)

Experimental spectrum from Figure 2E (CuE-SOD1�H2O2�
MNP�HCO3

�) and its computer simulation calculated assuming

two species: species 1, 8% of total intensity, gx�2.002 50; gy�
2.004 48; gz�2.006 14; ax �2.43 mT; ay �1.44 mT; az �0.700

mT, giving the isotropic values giso�2.0043 and aN
iso�1.52 mT;

species 2, 92% of total intensity, gx�2.002 87; gy�2.006 02; gz�
2.007 04; ax �1.997 mT; ay �0.377 mT; az �0.026 mT, giving

the approximate isotropic values giso�2.0053 and aN
iso�0.800 mT.
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a radical that resulted from the loss of a functional

group on an amino acid residue, which would provide

two equivalent hydrogen atoms, but no correspond-

ing MNP adducts have been reported in the NIEHS

spin trap data base, precluding a positive assignment

of the adduct. All EPR signal was lost when a higher

Pronase concentration was used (not shown). The

anisotropic portion of the spectrum was very well fit

by parameters that gave rise to an approximate

isotropic aN of 1.49 mT, which is typical of many

carbon-centred MNP adducts and was therefore

uninformative (Figure 5C). SOD1-centred adduct

formation was prevented by inclusion of 5 mM

cyanide, which prevents reactions of the active site

Cu ion (Figure 5D). No MNP adduct was detected

from the reaction between CuE-SOD1 and peroxy-

nitrite (data not shown), suggesting that any adduct

formed in that reaction was unstable inclusion of

bicarbonate also prevented MNP adduct formation

(data not shown). That result was not surprising since

peroxynitrite is well known to react with (bi)carbo-

nate to form an extremely unstable product that

2.0 mT

CuZn SOD1

CuE SOD1

CuE SOD1 + Pronase

Simulation

CuE SOD1+HCO 3
-

CuE SOD1+HCO 3
- +Pronase

Simulation

Histidine + Fe2+ + H2O2

Simulation

A

B

C

D

E

F

G

CuZn SOD1+HCO 3
-

Figure 4. The free radicals formed in the CuE-H2O2 reaction are readily trapped by DBNBS. SOD1 (0.5 mM for spectra A�D, 0.25 mM

for spectra E�F) was incubated with H2O2 (2.5 mM for spectra A�D; 1.25 mM for spectra E�F), DTPA (1 mM) and DBNBS (0.5 mM for

spectra A�D; 0.25 mM for spectra E�F) for 5 min at room temperature before the experimental spectra were acquired. (A) CuZn SOD1�
H2O2 in phosphate buffer. (B) CuZn SOD1�H2O2 in bicarbonate buffer (25 mM, pH 7.4). (C) CuE SOD1�H2O2 in phosphate buffer

(50 mM, pH 7.4). (D) The EPR spectrum obtained after incubation of a sample identical to the sample giving rise to Spectrum C with

Pronase (10 mg/ml) for 5 min at room temperature; the spectrum shown is the second scan of the sample. The simulation of Spectrum D

was calculated using the hyperfine coupling constants reported in Table I. (E) CuE SOD1 was incubated with H2O2 in bicarbonate buffer.

The sample volume for this scan was 100 ml; 150 ml were used for the above experimental spectra. (F) The EPR spectrum obtained after

treatment of the solution used to obtain Spectrum E with Pronase (10 mg/ml) for 5 min at room temperature. The computer simulation was

calculated using the parameters reported in Table I. (G) The EPR spectrum obtained from a sample containing histidine (200 mM),

DBNBS (1 mM), H2O2 (2 mM) and Fe2� (1 mM). The computer simulation of the spectrum was obtained using the parameters reported in

Table I including two different components. Experimental spectra A�C and E were obtained using the following instrument parameters:

modulation amplitude, 2 G; scan time 335 s (8.0 mT scan); time constant, 0.67 s; three scans were added together to obtain the final

spectra. Spectra D and F were acquired using the following instrument parameters: modulation amplitude, 0.1 mT; scan time 335 s

(8.0 mT); time constant, 0.33 s., one scan.
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rapidly decays into a variety of products [48]. Optical

spectra of the CuZn-SOD1/peroxynitrite and CuE-

SOD1/peroxynitrite products indicated a similar level

of tyrosine nitration between the two samples (data

not shown), indicating that the differences in free

radical formation did not reflect differential reactivity

of the peroxynitrite used in the two samples.

Discussion

The histidine C-5-centred radical is probably formed at

His-118

The SOD1/+MNP EPR spectra obtained in the

absence of (bi)carbonate (both CuZn-SOD1 and

CuE-SOD1) indicated the trapping of radicals

centred at two different atoms, C-2 and C-5, of the

imidazole rings of histidine residues (Figures 1C and

D; see Figure 6 for the structures of the radical

adducts discussed in this study). Direct EPR studies

have demonstrated that hydroxyl radical (similar to

the initial oxidant formed in the SOD1/H2O2 reac-

tion, see reaction 2, above) adds to the imidazole ring

of histidine at C-2 and C-5 forming free radicals that

are delocalized across the remaining atoms of the ring

[49,50]. Addition of hydroxyl radical to C-2 of the

imidazole ring of a histidine residue would form a

radical that was trappable at C-5 and that could be

converted to 2-oxohisitidine through an additional

one electron oxidation. Since His-118 of bovine

SOD1 is converted to 2-oxohistidine by H2O2-treat-

ment of the protein [51], the radical trapped at C-5 of

a histidine imidazole ring is probably centred on His-

118 (see Figure 7). Likewise, addition of molecular

oxygen to a radical centred at C-4 (also formed

through the addition of hydroxyl radical at C-2) of a

histidine imidazole ring would yield a peroxyl radical

product that could readily decompose to form

aspartic acid (see below). We have previously shown

that both histidinyl radical (formed in the reaction

between histidine and hydroxyl radical) and oxidized

SOD1 react with molecular oxygen, presumably to

form peroxyl radicals [41].

Histidine-61 may form the imidazole C-2-centred radical

The current data do not allow a direct assignment of

the C-2-centred histidinyl radical. Since amino acid

analysis of the bovine SOD1 protein after its

reaction with a large excess of H2O2 indicated the

loss of two histidine residues and one proline residue

(accompanied by gains of one aspartate, one gluta-

mate, and one 2-oxohistidine residue [51]), we

expect that a second histidine residue is oxidized

(as opposed to the formation of two different

radicals on the same histidine). Previous reports,

A

B

C

D

Figure 5. The reaction between CuZn SOD1 and peroxynitrite results in formation of an MNP-trappable free radical. SOD1 (0.5 mM)

was incubated with MNP (10 mM), DTPA (1 mM) and tetramethylammonium peroxynitrite (2 mM) for 5 min at room temperature in either

50 mM sodium phosphate buffer, pH 7.4 or 25 mM bicarbonate buffer, pH 7.4, as indicated. (A) CuZn SOD1 was reacted with

peroxynitrite in phosphate buffer. (B) The EPR spectrum obtained after treatment of a sample identical to the sample giving rise to

Spectrum A with Pronase (20 mg/ml) for 5 min at room temperature. Note the superposition of istropic lines on either side of the central line

of the anisotropic spectrum; those lines could be simulated with aN�1.60 mT and aH�0.11 mT (2H) (data not shown). (C) Powder

pattern simulation of the anisotropic component of spectrum 6B, calculated using the following parameters: gx�2.00506, gy�2.00877,

gz�2.00705; ax �2.694 mT; ay �1.245 mT, az �0.525 mT (corresponding to the approximate isotropic values of giso�2.0066, aN
iso�

1.488 mT. (D) CuZn SOD1 was incubated with peroxynitrite as in Spectrum A in phosphate buffer containing NaCN (5 mM). All

experimental spectra were obtained using the following instrument parameters: modulation amplitude, 0.1 mT; scan time 335 s (8.0 mT);

time constant, 0.66 s and a single scan was collected in all cases.
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along with the active site structure of the bovine

SOD1 protein, support the oxidation of His-61.

Treatment of human SOD1 protein with a large

excess of hydrogen peroxide resulted in the frag-

mentation of the protein at the bond between His-

63 and Pro-62, which correspond to His-61 and

Pro-60 of bovine SOD1 [52]. A peroxyl radical

centred on the imidazole ring of His-61 would be in

the ideal position to oxidize the amide bond

connecting Pro-60 to His-61 (see Figure 7). Oxida-

tion of that bond would likely cause fragmentation

of the backbone at that site [52] and also the site-

specific fragmentation detected by Western blotting

in bovine SOD1 oxidized by H2O2 [39]. Backbone

fragmentation was not detected under our experi-

mental conditions (data not shown), suggesting that

additional oxidizing equivalents may be necessary

for that reaction. Backbone oxidation between His-

61 and Pro-60 would also be consistent with the

conversion of that Proline residue to a glutamate

[51]. Damage to the imidazole ring of His-61, a

ligand of both the zinc and copper ions, is consistent

with the reported loss of zinc affinity in H2O2-

treated CuE-SOD1 protein [42] and with the

peroxide-dependent loss of copper [39,53] from

the protein. Furthermore, like C-2 of the imidazole

ring of His-118, C-5 of His-61 is adjacent to the

copper ion and facing the entrance of the substrate-

binding pocket of SOD1, making both of those

atoms ideal targets for the addition of hydroxyl

radical formed on that face of the copper ion (Figure

7). We therefore propose that the C-2 centred

histidinyl radical is formed on His-61.

Removal of the active site zinc increases accessibility of the

active site

In the absence of added bicarbonate, the removal of

the active site zinc ion had no effect on the MNP-

trappable free radicals formed when SOD1 reacted

with H2O2 (Figure 1). However, the removal of the

active site zinc ion did result in detection of a DBNBS-

trappable histidinyl radical that was probably centred

on C-2 of the imidazole ring (and therefore was

probably located on His-61 as discussed above)

(Figures 3 and 6D). Since the reactive nitroso group

on DBNBS is more sterically hindered than the

corresponding group on MNP, the DBNBS trapping

data suggests that the removal of the active site zinc

ion caused increased accessibility in the active site of

the protein. That conclusion is supported both by

crystallography studies indicating that the zinc ion

anchors the electrostatic and zinc-binding loops of the

protein [54] and by a spectroscopic study indicating

decreased b-sheet content in CuE-SOD1 compared

to CuZn-SOD1 [55].

N
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HO
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H

O

C(CH3)3
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N

N
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OH
N
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H
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N
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R

HO
H

N

O
Br

Br

SO3
-

H .

R C

O

N
O C(CH3)3.

D

C

B

A

Figure 6. Structures of the radical adducts discussed in this study.

(A) The MNP adduct centred on C-5 of the imidazole ring of a

histidine residue formed through the addition of hydroxyl radical to

C-2 of the ring. (B) The MNP adduct centred on C-2 of the

imidazole ring of a histidine residue formed through the addition of

hydroxyl radical to C-5 of the ring. (C) The MNP adduct on a

carbonyl carbon formed in the carbonate radical oxidation of an

amino acid side chain. (D) The DBNBS adduct of a radical centred

on C-2 of the imidazole ring of a histidine residue.

Zn Cu

His-118

His-61

Pro-60

Arg-141
C-2

C-5

Figure 7. Structure of the active site of bovine SOD1 and the

amino acid residues likely oxidized in the self-peroxidation reac-

tion. Residues 61 and 118 are histidine residues that ligand the

copper ion and, in the case of His-61, the zinc ion and have been

proposed to be the sites of histidinyl radical formation. Proline-60

is shown because the amide bond between the corresponding

residues in human SOD1 has been shown to be broken in the

reaction between that protein and excess hydrogen peroxide [52].

Arginine-141 is the positively charged residue located at the

entrance of the substrate binding site, such that the face of the

copper ion facing the arginine residue is the likely site of the initial

oxidant formation when SOD1 reacts with hydrogen peroxide. The

structure was taken from the 1CB4 crystal structure of bovine

SOD1 protein [56] and the image was generated using the Rasmol

program.
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Carbonate radical oxidizes a unique site on CuE-SOD1

Previous studies have strongly suggested that aqueous

CO2 (which is in equilibrium with bicarbonate anion)

is oxidized by the initially-formed oxidant in the

SOD1-H2O2 reaction (see reactions 1�5, above)

to form the carbonate radical anion [33�40]. The

product carbonate radical is an obligate interme-

diate in the oxidation of small molecule probes of

the SOD1 pseudoperoxidase reaction [34,35,40].

The minimal effects of added bicarbonate on the

self-peroxidation of CuZn-SOD1 (Figures 2A and B)

were consistent with a previous report indicating

oxidation of a histidine residue in bovine SOD1 by

carbonate radical [38]. In the absence of the active

site zinc ion, however, carbonate radical oxidized a

unique target on the SOD1 protein that could not be

unambiguously identified from the data (Figures 2

and 3). The approximate value of the nitroxide

nitrogen hyperfine coupling constant (aN:0.8 mT)

indicated that the radical adduct was centred on a

carbonyl carbon (Figure 6C). Such a radical adduct

could be formed upon the free radical mediated

fragmentation of the backbone of the protein or

from the oxidation of an amino acid residue with a

carboxylate or carboxamide side chain. Separation of

the SOD1 products of the reaction on an SDS-

polyacrylamide gel provided no evidence that frag-

mentation was the major product of the reaction

(data not shown), suggesting the trapped radical

arose from the oxidation of an amino acid side chain.

One such possible target would be the side chain of

Asp-80, which is one of the ligands of the zinc ion,

but no experimental data is available to support that

speculation. Damage to the side chain of Asp-80

would be consistent with the reported loss of zinc

affinity in peroxide-treated CuE-SOD1 [42].

SOD1 peroxidation and neurodegeneration

A recent study found the accumulation of oxidized

SOD1 protein in human brains from victims of

Parkinson’s Disease and Alzheimer’s disease [12].

The self-peroxidation reaction of SOD1 ultimately

results in the formation of protein carbonyls (such as

2-oxohistidine) that have been detected in those

diseases. Zinc-deficient SOD1 protein has also pre-

viously been shown to be toxic to motor neurons

exposed to nitric oxide, suggesting that reactions of

the CuE-form of the protein are toxic [23]. Our

results clearly demonstrated that, in the presence of

(bi)carbonate, CuE-SOD1 protein forms additional

and different protein-centred free radicals when

reacting with H2O2 compared to the CuZn form of

the protein. Some of those radicals (centred on a

carbonyl carbon) are likely much more reactive than

the histidinyl radicals formed on CuZn-SOD1.

Treatment of Xenopus oocytes that expressed both a

mutant SOD1 protein and a glutamate transporter

that is important in excitotoxic damage to neurons

with H2O2 resulted in the specific loss of activity of

the glutatmate transporter [11], supporting a role for

the SOD1-H2O2 reaction in mutant SOD1-linked

ALS. A role for H2O2 in the pathogenesis of the

disease was further supported by the protective

effects of putrescein-labelled catalase upon mutant

SOD1-expressing mice [10]. The present results also

suggest increased escape of the carbonate radical

from the active site of the zinc-deficient protein, even

though the relatively oxidizable surface tyrosine

residue was not targeted in the reaction.

It has been previously proposed that the experi-

mentally observed neurotoxicity of the zinc-deficient

SOD1 protein involved the reactions of peroxynitrite

since increased NO concentrations were found to

induce neurotoxicity [23]. Our results clearly indicate

that, in addition to tyrosine nitrating reactions,

peroxynitrite can also act as an inorganic peroxide

to activate the peroxidase activity of the SOD1

protein. The peroxynitrite-dependent self-peroxida-

tion reaction caused radical formation that was

consistent with the removal of the functional group

on the side chain of an amino acid residue rather than

oxidizing a side chain (a radical was trapped that had

an EPR signal consistent with trapping on a methyl-

ene carbon) suggesting an entirely different active site

oxidant is formed in the SOD1-peroxynitrite reac-

tion. However, in those reactions the CuZn-SOD1

protein was much more active than was the zinc-

deficient form of the protein, suggesting that the

peroxynitrite-activated peroxidase reaction is unlikely

to be the cause of the neurotoxicity of zinc-deficient

SOD1.
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