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ABSTRACT: The peroxidase activity of Cu,Zn-superoxide dismutase (Cu,Zn-SOD) has been extensively
studied in recent years due to its potential relationship to familial amyothrophic lateral sclerosis. The
mechanism by which Cu,Zn-SOD/hydrogen peroxide/bicarbonate is able to oxidize substrates has been
proposed to be dependent on an oxidant whose nature, diffusible carbonate radical anion or enzyme-
bound peroxycarbonate, remains debatable. One possibility to distinguish these species is to examine
whether protein targets are oxidized to protein radicals. Here, we used EPR methodologies to study bovine
serum albumin (BSA) oxidation by Cu,Zn-SOD/hydrogen peroxide in the absence and presence of
bicarbonate or nitrite. The results showed that BSA oxidation in the presence of bicarbonate or nitrite at
pH 7.4 produced mainly solvent-exposed and -unexposed BSA-tyrosyl radicals, respectively. Production
of the latter was shown to be preceded by BSA-cysteinyl radical formation. The results also showed that
hydrogen peroxide/bicarbonate extensively oxidized BSA-cysteine to the corresponding sulfenic acid even
in the absence of Cu,Zn-SOD. Thus, our studies support the idea that peroxycarbonate acts as a two-
electron oxidant and may be an important biological mediator. Overall, the results prove the diffusible
and radical nature of the oxidants produced during the peroxidase activity of Cu,Zn-SOD in the presence
of bicarbonate or nitrite.

Copper-zinc superoxide dismutase is an abundant
eukaryotic cytosolic enzyme that efficiently catalyzes the
disproportionation of O2•- into O2 and H2O2 through redox
cycling of its catalytic copper ion (1). In addition to its
normal reaction with O2•-, Cu,Zn-SOD can react with H2O2

to generate a powerful oxidant that can attack the enzyme
itself and can oxidize exogenous substrates (2-6). This
peroxidase activity of the enzyme has been extensively
studied in recent years due to its potential relationship with
mutated varieties of SOD1 that cause some cases of the fatal
motor neuron disease, familial amyothrophic lateral sclerosis
(7-10).

The peroxidative mechanism of Cu,Zn-SOD remains
debatable, but the formation of a copper-bound one-electron
oxidant (Cu(II)•OH, Cu(I)O, or Cu(III)) accounts for most
of the experimental data (eqs 1-6) (3, 4, 6, 11-15). For
instance, enzyme inactivation has been proposed to result

from the oxidation of a histidine residue adjacent to the
copper-bound one-electron oxidant (eq 4). The requirement
of HCO3

- for the oxidation of substrates such as NADPH
and DMPO that are unlikely to have access to the Cu,Zn-
SOD active site has been attributed to HCO3

- oxidation to
CO3

•- (eq 5) that diffuses away from the enzyme. Accord-
ingly, Kalyanaraman and co-workers presented strong evi-
dences that Cu,Zn-SOD/hydrogen peroxide is able to oxidize
HCO3

- (eq 5) (12, 13, 15) and NO2
- (eq 6) (11) to diffusible

CO3
•- and •NO2, respectively.

More recently, however, Elam and co-workers have proposed
that the oxidant produced from Cu,Zn-SOD/H2O2 in the
presence of HCO3- is firmly bound to the enzyme and
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formed from an enzyme-associated peroxycarbonate (HCO4
-)

intermediate (16).
Peroxycarbonate is a known oxidant that is likely to act

by two-electron mechanisms (17, 18) except in the presence
of redox active transition metal ions (19, 20). The copper
ion in the Cu,Zn-SOD active site can certainly intermediate
the production of CO3•- from HCO4

- (16). If the latter leaves
the active site, however, it is likely to oxidize external targets
by two-electron mechanisms (17, 18). As mentioned before,
there is evidence that the oxidant produced from Cu,Zn-SOD/
H2O2/HCO3

- or Cu,Zn-SOD/H2O2/NO2
- oxidizes external

targets by one-electron mechanisms (11, 13-15, 16). This
evidence, however, is limited to these few cases because most
of the other studies have monitored either enzyme inactiva-
tion or overall substrate oxidation and not substrate oxidation
to radicals (2-4, 14, 16). Certainly, the oxidants produced
from the peroxidase activity of Cu,Zn-SOD in the presence
of HCO3

- or NO2
- deserve further studies.

Particularly relevant is the examination of whether these
oxidants can oxidize target proteins to protein-derived
radicals. On one hand, oxidized proteins have been detected
in transgenic mice expressing a familial amyothrophic lateral
sclerosis-associated mutant human Cu,Zn-SOD (21, 22),
suggesting that protein radicals and their resulting products
may contribute to the development of the disease. On the
other hand, a target protein is certainly excluded from the
Cu,Zn-SOD active site, and its oxidation to protein radicals
will require diffusible oxidants that are, themselves, radicals.
Here, we used direct EPR and EPR spin trapping to
demonstrate that BSA is oxidized to protein radicals by
Cu,Zn-SOD/H2O2/HCO3

- and Cu,Zn-SOD/H2O2/NO2
-. The

main produced BSA radicals were characterized and shown
to be consistent with BSA attack by either CO3

•- or •NO2,
respectively. Incidentally, the studies also presented evi-
dences for the production of HCO4

- from H2O2 and HCO3
-

and for its action as a two-electron oxidant.

EXPERIMENTAL PROCEDURES

Chemicals.All reagents were purchased from Sigma,
Aldrich, Merck, or Fisher and were analytical grade or better.
Cu,Zn-SOD from bovine erythrocytes was from Roche
Applied Science. DMPO was purified by distillation. DBNBS
was synthesized from 3,5-dibromosulfanilic acid sodium salt
as previously described (23). All buffers were pretreated with
Chellex-100 to remove metal ion contamination. All solutions
were prepared with distilled water purified with a Millipore
Milli-Q system.

Solutions and Incubations.BSA (fraction V) from Merck
was treated overnight with 10× molar excess of 2-mercap-
toethanol at 4°C to reduce thiol residues. Excess reductant
was removed by dialysis against 0.01 and 0.25 M phosphate
buffers, pH 7.4. BSA solutions thus prepared were 1.5-2.0
mM and typically 0.7-0.9 BSA-cysSH/BSA. In the case of
some experiments, the BSA-cysSH was blocked by previous
treatment withN-ethylmaleimide (24). Hydrogen peroxide
concentration was determined spectrophotometrically at 240
nm using an extinction coefficient of 43.6 M-1 cm-1 (25).
Concentrations of CO2 were calculated from the added
HCO3

- concentrations by using pKa ) 6.4 (26). All incuba-
tions were performed in 250 mM phosphate buffer, pH 7.4
at 25( 2 °C.

Assay of Cu,Zn-SOD ActiVity. Aliquots of the reaction
mixtures were taken at various incubation times, and the
reaction was stopped by dilution with a solution containing
catalase to a final concentration of 20 units/mL. Cu,Zn-SOD
activity was measured by cytochromec reduction as previ-
ously described (15).

Thiol Oxidation. Aliquots of the reaction mixtures were
taken at various incubation times, and the reaction was
stopped by dilution with phosphate buffer, pH 8.0 containing
catalase (20 units/mL) and DTBN (1 mM). After a further
20 min incubation, the thiol concentration was determined
by spectrophotometric quantitation of 5-thio-2-nitrobenzoate
at 412 nm (ε ) 13.6× 103 M-1 cm-1) (26).

Trapping of Sulfenic Acid with NBD-Cl. Aliquots of the
reaction mixtures were taken at various incubation times,
and the reaction was stopped by dilution with a solution
containing catalase to a final concentration of 20 units/mL.
NDB-Cl (0.1 mM) (2× molar excess over BSA) was added
to the samples, and after 30 min incubation, they were filtered
through centricon filters (10 kDa cutoff) and washed two
times with phosphate buffer. The UV-vis spectra of the
resuspended samples were recorded with an upgraded
Aminco SL 2000 spectrophotometer.

EPR Experiments.The EPR experiments were performed
at room temperature on a Bruker EMX spectrometer operat-
ing at 9.65 GHz and 100 kHz field modulation. The reaction
mixtures were transferred to a 200µL flat cell immediately
after hydrogen peroxide addition, and the spectra were
recorded at various incubation times. The protein radical
concentrations were estimated by double integration of EPR
spectra using known concentrations of 4-hydroxy-2,2,6,6-
tetramethyl-1-piperidinyloxy radical solutions in glycerol as
standard.

RESULTS

Direct EPR Studies.Incubations of BSA (100 mg/mL)
with Cu,Zn-SOD (2.5 mg/mL) in the presence of H2O2 (2.5
mM) and HCO3

- (25 mM) led to the detection of a broad
and relatively intense EPR spectrum that is characteristic of
a protein-bound radical (Figure 1). Signal detection was
dependent on the presence of all incubation components, and
signal intensity increased with the concentrations of HCO3

-

(10-50 mM) (Figure 1), H2O2 (0.5-5 mM), and Cu,Zn-
SOD (1.0-7.5 mg/mL) but was marginally affected by BSA
concentrations higher than 25 mg/mL (data not shown). The
EPR parameters of the detected radical (g ) 2.004; total line
width of 49 G) (Figure 1) were consistent with those of
protein-Tyr• radicals (27-29). Since the radical was not
detectable in the absence of BSA, it could then be character-
ized as a BSA-Tyr• radical. The fact that this radical is
detectable at room temperature and under air also argues for
a BSA-Tyr• because all the other protein residues that are
prone to one-electron oxidation produce radicals that react
extremely quickly with oxygen and are not detectable by
static direct EPR at room temperature (29). Accordingly, the
spectrum shown in Figure 1 is very similar to the BSA-Tyr•

radical obtained in incubations of BSA with horseradish
peroxidase/H2O2 (28). The EPR signal was typically detected
1 min after H2O2 addition and was observed for more than
60 min without significant alteration of its intensity (Figure
2, full bars). Two factors are likely to be contributing to this

BSA-Derived Radicals from SOD Generated CO3
•- and •NO2 Biochemistry, Vol. 43, No. 2, 2004345



behavior. One is the hydrogen peroxide-mediated inactivation
of Cu,Zn-SOD (2, 3, 6, 14). Indeed, after 30 min incubation,
the enzyme lost 40% of its activity toward O2

•- dismutation
in the absence of HCO3-, and the anion protected the enzyme
to a marginal extent (Figure 2, inset), in agreement with
recent studies by Liochev and Fridovich (14). The second
factor is probably the half-life of the detected BSA-Tyr•

radical. Although it may appear long-lived because it is

detectable at room temperature and under air, this appears
to result from a similar rate of radical production and decay
up to 30 min incubation (Figure 2, full bars). Accordingly,
instantaneous radical concentrations decreased at longer
incubations when the rate of radical production should
decrease due to the pronounced enzyme inactivation (Figure
2).

The replacement of HCO3- by NO2
- in incubations of

Cu,Zn-SOD/H2O2/BSA led to the detection of a completely
different EPR spectrum (Figure 3). Also in this case, signal
detection was dependent on the presence of all incubation
components, and its intensity varied with their concentrations.
The EPR signal was broad and characteristic of a protein-
bound radical, certainly a BSA-derived radical. The yields
of this radical kept increasing up to 30 min incubation in
sharp contrast with the behavior of the BSA-Tyr• radical
detected in the presence of HCO3

- (Figure 2). This differ-
ence can be partially attributed to the protection afforded
by NO2

- on Cu,Zn-SOD inactivation by H2O2 (Figure 2,
inset). In addition, the BSA-derived radical produced in the
presence of NO2- is more stable than the one detected in
the presence of HCO3- because it attained higher instanta-
neous concentrations at all incubation times except at the
first minute (Figure 2). The EPR parameters of the BSA-
bound radical detected in the presence of NO2

- (g ) 2.007;
total line width of 54 G) (Figure 3) were also consistent
with those of previously characterized protein-Tyr• radicals
(27).

BSA contains one free thiol group, cysteine34, that is
easily oxidized by several agents to the corresponding
cysteinyl radical (24, 26, 30, 31). In some instances, the BSA-
CysS• radical has been shown to participate in intramolecular
electron transfer producing other BSA-derived radicals while
being reduced back to the thiol (30). On this basis, it was
important to verify the effects of blocking BSA-CysSH on
the BSA-derived radical production. As shown in Figure 4,
the blockage of BSA-CysSH withN-ethylmaleimide com-

FIGURE 1: Direct EPR spectrum of the BSA-derived radical
produced in incubations of BSA (100 mg/mL), Cu,Zn-SOD (2.5
mg/mL), and H2O2 (2.5 mM) in phosphate buffer (250 mM), pH
7.4. (A) In the absence of HCO3-; (B) in the presence of 25 mM
HCO3

-; and (C) in the presence of 50 mM HCO3
-. The spectra

were recorded 1 min after H2O2 addition. Instrumental conditions:
microwave power, 20 mW; modulation amplitude, 2.5 G; time
constant, 327.68 ms; scan rate, 0.3 G/s; and gain, 4.48× 105.

FIGURE 2: Variation of BSA-derived radical concentration with
incubation time. Radicals were detected by direct EPR analysis of
incubations of BSA (100 mg/mL), Cu,Zn-SOD (2.5 mg/mL), and
H2O2 (2.5 mM) in phosphate buffer (250 mM), pH 7.4, containing
HCO3

- (50 mM) (full bars) or NO2
- (50 mM) (gray bars). The

inset shows the variation of Cu,Zn-SOD activity with incubation
time of mixtures containing the same concentrations as above of
Cu,Zn-SOD/H2O2 (open bars); Cu,Zn-SOD/H2O2/HCO3

- (full bars);
and Cu,Zn-SOD/H2O2/NO2

- (gray bars). Radical concentrations and
Cu,Zn-SOD activity were estimated as described in the Experi-
mental Procedures. The shown values are mean( standard
deviations of the values obtained in three independent experi-
ments.

FIGURE 3: Direct EPR spectrum of the BSA-derived radical
produced in incubations of BSA (100 mg/mL), Cu,Zn-SOD (2.5
mg/mL), and H2O2 (2.5 mM) in phosphate buffer (250 mM), pH
7.4. (A) In the absence of NO2-; (B) in the presence of 25 mM
NO2

-; and (C) in the presence of 50 mM NO2
-. The spectra shown

were recorded 1 min after H2O2 addition. Instrumental conditions:
microwave power, 20 mW; modulation amplitude, 2.5 G; time
constant, 327.68 ms; scan rate, 0.3 G/s; and gain, 4.48× 105.
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pletely abolished the detection of the BSA-Tyr• radical
produced from native BSA incubated with Cu,Zn-SOD/H2O2/
NO2

- (Figure 4A,B). In contrast, native or blocked BSA
produced the same BSA-Tyr• radical when treated with
Cu,Zn-SOD/H2O2/HCO3

- (Figure 4C,D). These results in-
dicate that production of BSA-CysS• precedes the formation
of the BSA-Tyr• radical detected in the presence of NO2

-

but not of that detected in the presence of HCO3
-.

The above direct EPR studies demonstrate that tyrosine
residues located at different sites within the BSA structure
are oxidized by Cu,Zn-SOD/H2O2/HCO3

- or Cu,Zn-SOD/
H2O2/NO2

-(Figures 1-3). They also indicate that oxidation
of cysteine34 to the BSA-CysS• radical is likely to precede
the production of the BSA-Tyr• radical detected in NO2-

presence (Figure 4). To obtain further information about the
oxidized residues and their resulting radicals, spin trap
experiments were performed.

Spin Trapping Experiments.First, a spin trap adequate for
trapping protein-Tyr• radicals, that is, DBNBS, was em-
ployed. DBNBS (20 mM) was added after 15 min of
incubation when the radical formation appears to be steady
by direct EPR (Figure 2) (29, 32). Upon DBNBS addition,
the radicals detected by direct EPR were replaced by broad
triplets that are characteristic of DBNBS-protein radical
adduct spectra (Figure 5). These adducts were digested with
proteinase K and examined again by EPR. The resulting
mobile triplet spectra (Figure 5B,D) presented a nitrogen
hyperfine splitting constant (aN) value of 13.6 G, which is

consistent with that of both DBNBS/•Tyr and DBNBS/•Trp
radical adducts (33). Thus, theaN value alone could not
discriminate between BSA-derived tyrosyl or tryptophanyl
radicals. The fact that the same radicals were detectable by
direct EPR (Figures 1 and 3) and trapped by DBNBS (Figure
5) (29, 32), however, further supports the idea that the main
radicals produced from BSA treated with Cu,Zn-SOD/H2O2

in the presence of HCO3- or NO2
- are BSA-Tyr• radicals.

There was a striking difference in the intensities of the spectra
of the DBNBS adducts produced in incubations containing
HCO3

- (Figure 4A) or NO2
- (Figure 4C). The latter

produced a considerable lower yield of DBNS/•Tyr-BSA
radical adduct, in sharp contrast with the results obtained
by direct EPR (Figures 1-3). This comparison indicates that
the BSA-Tyr• radical produced in incubations containing
NO2

- is less accessible to the spin trap and therefore less
solvent-exposed than the one produced in the presence of
HCO3

-.
Spin trapping experiments were also performed with

DMPO, which is an adequate trap to most radicals, including
oxygen and sulfur centered radicals (24, 26, 30, 34, 35).
DMPO, however, is usually less efficient than DBNBS in
trapping protein-Tyr• radicals (34, 36). The detection of
DMPO radical adducts in incubations of Cu,Zn-SOD/H2O2

and HCO3
- or NO2

- was more clear when the trap was added
at zero time incubation; this was the procedure employed
here. In HCO3

- containing incubations, the EPR spectrum
was again consistent with that of a DMPO/•Tyr-BSA radical
adduct (aâ

H ) 8.6 G) (Figure 6A) (35, 36). In NO2
-

containing incubations, the spectrum obtained in the presence
of DMPO (Figure 6B) was always dominated by the
relatively stable BSA-Tyr• radical detected in its absence

FIGURE 4: Direct EPR spectra of BSA-derived radicals produced
in incubations containing native BSA-cysSH or BSA-cysS-NEM.
The spectra were obtained from incubations of BSA (100 mg/mL),
Cu,Zn-SOD (2.5 mg/mL), and H2O2 (2.5 mM) in phosphate buffer
(250 mM), pH 7.4, in the presence of NO2

- (50 mM) (A and B) or
HCO3

- (50 mM) (C and D). The spectra shown in panels A and C
were obtained with native BSA-cysSH, whereas those shown in
panels B and D were obtained with BSA-cys-NEM. The spectra
were recorded 15 min after H2O2 addition. Instrumental condi-
tions: microwave power, 20 mW; modulation amplitude, 2.5 G;
time constant, 327.68 ms; scan rate, 0.3 G/s; and gain, 4.48× 105.

FIGURE 5: EPR spectra of DBNBS/•BSA and digested DBNBS/
•BSA radical adducts. The spectra were obtained from incubations
of BSA (100 mg/mL), Cu,Zn-SOD (2.5 mg/mL), H2O2 (2.5 mM),
and DBNBS (20 mM) in phosphate buffer (250 mM), pH 7.4,
containing HCO3

- (50 mM) (A and B) or NO2
- (50 mM) (C and

D). DBNBS was added 15 min after H2O2 addition, and the spectra
were scanned 1 min later. Spectra shown in panels B and D were
obtained after digestion with proteinase K of the incubations shown
in panels A and B, respectively. Instrumental conditions: micro-
wave power, 20 mW; modulation amplitude, 2.5 G for spectra in
A and C and 1.0 G for spectra in B and D; time constant 327.68
ms; scan rate, 0.6 G/s; and gain, 4.48× 104.
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(Figure 6C), further indicating that this radical has low
solvent accessibility. By subtracting the spectrum obtained
in the absence of DMPO (Figure 6C) from the spectrum
obtained in its presence (Figure 6B), it was possible to
observe a different EPR spectrum (Figure 6D). The spectrum
obtained by subtraction varied somewhat with incubation
time but always presented a value ofaâ

H around 19 G. This
value is consistent with DMPO-oxygen centered radical
adducts other than the DMPO tyrosyl radical adduct and is
somewhat higher than those expected for DMPO sulfur
centered adducts (33). It is possible that the subtraction
spectrum is a composite of more than one DMPO radical
adduct due to the observed variability of the spectrum with
incubation time. In this case, the most likely candidates are
DMPO/•OTrp-BSA and DMPO/•SCys-BSA radical adducts.
The latter, because BSA-CysS• radical production appears
to precede the formation of the BSA-Tyr• radical produced
in the presence of NO2- (Figure 4), whereas production of
DMPO/•OTrp-BSA would be consistent with previous studies
showing that BSA exposition to gaseous•NO2 for several
hours led to extensive damage of its tryptophan and tyrosine
residues (37). Under our experimental conditions, however,
tryptophan residues were not as extensively modified as
ascertained by parallel experiments monitoring their fluo-
rescence decay. After 30 min incubation, fluorescence losses
were ca. 30% of the initial value (data not shown). This result
may explain the low yields of the putative DMPO/•OTrp-
BSA radical adduct produced in incubations of Cu,Zn-SOD/
H2O2/NO2

- (Figure 6B-D).
In conclusion, the spin trapping experiments confirmed

the direct EPR studies by demonstrating that the main
radicals produced from BSA treated with Cu,Zn-SOD/H2O2

in the presence of HCO3- or NO2
- were solvent-exposed

and -unexposed BSA-Tyr• radicals, respectively. Accord-
ingly, CO3

•- is a hydrophilic radical, whereas•NO2 is a
hydrophobic one (20). Taken together, these results indicate

that the oxidants produced from Cu,Zn-SOD/H2O2/HCO3
-

and Cu,Zn-SOD/H2O2/NO2
- are the diffusible CO3•- and

•NO2, respectively.
Oxidation of BSA by Two-Electron Mechanisms.The

previous conclusion, however, does not completely explain
the almost absent detection of the BSA-Cys• radical by spin
trapping experiments with DMPO (Figure 6). Indeed, DMPO
has been shown to be an efficient trap of protein-Cys• radicals
(24, 30, 31). In addition, the blockage of BSA-cysSH
completely inhibited detection of BSA-Tyr• in NO2

- contain-
ing incubations (Figure 4), and cysteine reacts fast with both
•NO2 and CO3

•- (Table 1) (20, 38-40). Apparently, the
oxidation level of BSA-CysSH in the incubations containing
Cu,Zn-SOD/H2O2/HCO3

- or Cu,Zn-SOD/H2O2/NO2
- was

not dependent only on the produced oxidants but also on
the incubation components.

Indeed, BSA-CysSH is known to be oxidized by H2O2 by
two-electron mechanisms albeit at relatively slow rates (k
) 1.14 M-1 s-1, pH ) 7.4, 37 °C) (41). The high
concentrations of H2O2 and BSA present in our reaction
mixtures, however, led to a considerable BSA-cysSH oxida-
tion in the time scale of most EPR experiments (1-15 min)
even in the absence of the anions (Figure 7). Practically the
same results were obtained in the presence and absence of
Cu,Zn-SOD/H2O2 (data not shown) and in the presence and
absence of NO2- (Figure 7), demonstrating that H2O2 itself
is responsible for most of BSA-CysSH oxidation. Bicarbon-
ate, however, was able to accelerate the rate of BSA-CysSH
oxidation by H2O2 in the presence or absence of Cu,Zn-SOD
(Figure 7). This suggests that HCO4

- is probably being
produced at the BSA-solvent interface (17, 18).

BSA-CysSH oxidation by both H2O2 (41) and HCO4
- (17,

18) should proceed by two-electron mechanisms to produce
the corresponding sulfenic acid (BSA-CysSOH) that has been
recently shown to be remarkably stable in the case of human
serum albumin (42). To prove BSA-CysSOH formation in
our incubations, they were treated with NDB-Cl and analyzed
UV-vis spectrophotometry as described in Experimental
Procedures (Figure 7, inset). As expected, untreated BSA
presented the absorption maximum at 400 nm characteristic
of the thiol adduct (BSA-CysSNDB) (42, 43). BSA incubated
7 min with either H2O2, Cu,Zn-SOD/H2O2, or Cu,Zn-SOD/
H2O2/NO2

- presented practically the same spectrum after
NDB-Cl treatment. This spectrum is exemplified in the inset
in Figure 7 as the spectrum obtained from Cu,Zn-SOD/H2O2/
NO2

-. The spectrum presented a decrease in the 400 nm peak
and a new band at 358 nm that is characteristic of the sulfenic
acid adduct (BSA-CysSONDB) (42, 43). BSA incubated with
Cu,Zn-SOD/H2O2/HCO3

- presented similar spectral changes
upon treatment with NDB-Cl, but the spectrum was broad,

FIGURE 6: EPR spectra of DMPO•/BSA radical adducts. The spectra
were obtained from incubations of BSA (100 mg/mL), Cu,Zn-SOD
(2.5 mg/mL), H2O2 (2.5 mM), and DMPO (50 mM) in phosphate
buffer (250 mM), pH 7.4, containing HCO3- (50 mM) (A) or NO2

-

(50 mM) (B and C). Spectrum D is the computer subtraction of B
- C. The spectra were recorded 15 min after H2O2 addition.
Instrumental conditions: microwave power, 20 mW; time constant,
327 ms; scan rate, 0.3 G/s; modulation amplitude, 2.5 G; and gain,
1 × 105.

Table 1: Rate Constant of Carbonate Radical Anion and Nitrogen
Dioxide Reactions with Amino Acids and Peptides

radical reactant
rate constant

(M-1 s-1) (pH) ref

CO3
•- Cys 4.6× 107 (7.0) 38

Tyr 4.5× 107 (7.0) 38
Trp 7.0× 108 (7.0) 38
His 5.6× 106 (7.0) 38

•NO2 Cys 5.0× 107 (7.4) 39
Gly-Tyr 3.2× 105 (7.5) 40
Gly-Trp 1.0× 106 (6.5) 40

348 Biochemistry, Vol. 43, No. 2, 2004 Bonini et al.



and a band at 475 nm became more pronounced (Figure 7,
inset). Presumably, this band is due to adducts of NDB with
protein-amino groups although they are usually produced
under alkaline conditions (44). Most likely, BSA denaturation
is facilitating the NDB-Cl reaction with amino and other
protein groups, particularly in the presence of HCO3

-. A
tyrosine adduct of NDB-Cl whose production is also
facilitated at alkaline conditions has been described, but it
presents a peak at 385 nm (45). In addition to cysteine,
methionine is another BSA residue that is oxidized by H2O2

(46). The corresponding product, methionine sulfoxide,
however, did not produce a NDB-Cl adduct under the present
experimental conditions (data not shown).

Overall, the results summarized in Figure 7 show that
under our experimental conditions, most of BSA-CysSH is
oxidized by H2O2 to produce the corresponding BSA-
CysSOH. In the incubations containing Cu,Zn-SOD/H2O2/
NO2

-, production of the BSA-CysS• radical followed by fast
electron transfer from a tyrosine residue (Figure 4) should
occur in parallel with BSA-CysOH because c.a. 50% of
BSA-CysSH is available as the thiol up to 15 min incubation
(Figure 7). In contrast, the nondetection of BSA-CysS• in
incubations containing HCO3- in the presence of DMPO
(Figure 6) was probably due to the faster oxidation to the
BSA-CysOH (Figure 7). This group, being already oxidized,
will render products that are oxidized beyond the sulfenic
acid level.

DISCUSSION

Our results showed that BSA is oxidized to protein radicals
during the peroxidase activity of Cu,Zn-SOD in the presence
of HCO3

- or NO2
- (Figures 1-6). Since the production of

BSA radicals requires oxidants that are diffusible and radicals
themselves, the results demonstrate that the oxidants pro-
duced by Cu,Zn-SOD/H2O2/HCO3

- and Cu,Zn-SOD/H2O2/
NO2

- are CO3
•- and•NO2 radicals, respectively. Accordingly,

the main BSA radicals detected in each system were those
expected from the known physicochemical properties of the
generated diffusible radical (eqs 1-6) (Table 1) (see ref20
for a review) and from the BSA structure (20 tyrosine, two
tryptophan, and one thiol free cysteine) (47). Cu,Zn-SOD/
H2O2/HCO3

- produced a solvent-exposed BSA-Tyr• radical
(Figure 1) as inferred form its low instantaneous concentra-
tion throughout incubation (Figure 2) and its efficient
trapping by both DBNBS (Figure 5) and DMPO (Figure 6).
Production of a solvent-exposed BSA-Tyr• radical is con-
sistent with BSA attack by the hydrophilic CO3

•- (20).
In contrast, Cu,Zn-SOD/H2O2/NO2

- produced a solvent-
unexposed BSA-Tyr• radical (Figure 3) as indicated by its
accumulation during incubation time (Figure 2), its inefficient
trapping by DBNBS (Figure 5), and its nontrapping by
DMPO (Figure 6). In this system, low yields of a BSA-Trp•

radical also appeared to be produced (Figure 6D). Pro-
duction of a solvent-unexposed BSA-Tyr• and BSA-Trp•

radical is consistent with BSA attack by the hydrophobic
•NO2 (20).

The considerable protection afforded by NO2
- as compared

with that by HCO3
- on Cu,Zn-SOD activity (Figure 2, inset)

can also be explained by the radicals produced during the
peroxidase activity of the enzyme. In the absence of anions,
the active site histidine is oxidized by the metal-bound one-
electron oxidant (Cu(II)•OH, Cu(I)O, or Cu(III)) (eq 4). In
the presence of HCO3-, enzyme-bound histidine oxidation
by CO3

•- (E ) 1.78 V, pH 7.0) (20), a strong one-electron
oxidant, is likely to be as efficient as in its absence (14).
Conversely, in the presence of NO2

-, the enzyme-bound
histidine is protected because•NO2 (E ) 0.99 V, pH 7.0)
(20, 48) is only a moderate one-electron oxidant.

Collectively, our results (Figures 1-6) add to the previous
evidences supporting that the oxidant produced from Cu,Zn-
SOD/H2O2/HCO3

- is the diffusible CO3
•- (11-15) and not

an enzyme-associated HCO4
- that may be converted to an

enzyme-bound CO3•- as recently proposed (16).
In this context, the nondetection of the BSA-CysS• radical

by spin trapping experiments with DMPO (Figure 6) was at
first surprising. In NO2

- containing incubations that produced
the solvent-unexposed BSA-Tyr• radical only when BSA-
CysSH was available for oxidation (Figure 4A,C), probably
DMPO was not able to compete with the fast electron transfer
from a solvent-unexposed tyrosine residue to BSA-CysS• to
produce the detected BSA-Tyr• radical. However, BSA-CysS•

was also expected to be produced in HCO3
- containing

incubations because the generated CO3
•- reacts fast with

cysteine (Table 1). In addition, BSA-CysSH should be
accessible to CO3•- because it is oxidized by the negatively
charged peroxynitrite (24, 26, 41, 42). This contradiction was
resolved with the demonstration that under the experimental
conditions employed, BSA-CysSH was oxidized by H2O2

to the corresponding sulfenic acid (BSA-CysSOH) in a

FIGURE 7: Kinetics of BSA thiol oxidation in different incubations.
To BSA (100 mg/mL) in phosphate buffer (250 mM), pH 7.4, was
added H2O2 (2.5 mM) plus Cu,Zn-SOD (2.5 mg/mL) (b); H2O2
(2.5 mM) plus Cu,Zn-SOD (2.5 mg/mL) plus NO2

- (50 mM) (O);
H2O2 (2.5 mM) plus HCO3

- (50 mM) (4); and H2O2 (2.5 mM)
plus Cu,Zn-SOD (2.5 mg/mL) plus HCO3- (50 mM) (2). The inset
shows the UV-vis spectra of the NDB adducts of native BSA (s)
and BSA after 7 min incubation with Cu,Zn-SOD (2.5 mg/mL),
H2O2 (2.5 mM), and NO2

- (50 mM) (- - -) or with Cu,Zn-SOD
(2.5 mg/mL), H2O2 (2.5 mM), and HCO3- (50 mM) (red line).
Measurement of thiol oxidation and reaction with NDB-Cl were
performed as described in Experimental Procedures. The shown
values are mean( standard deviations of the values obtained in
three independent experiments.
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process that was accelerated by HCO3
- (Figure 7). Thus, in

the Cu,Zn-SOD/H2O2/HCO3
- system, a considerable fraction

of BSA-CysSH is present as BSA-CysSOH even at early
incubation times. Oxidation of BSA-CysSOH beyond the
sulfenic acid level is probably favored over BSA-CysSH
oxidation to the BSA-CysS• radical, justifying its nonpro-
duction/detection by spin trapping experiments with DMPO
(Figure 6A).

The demonstration that HCO3- accelerates BSA-CysSH
oxidation by H2O2 to produce BSA-CysSOH in the absence
of Cu,Zn-SOD (Figure 7) (see also Results) constitutes
further proof that HCO4- is a two-electron oxidant (17, 18).
Also, it provides experimental support to the view that
HCO4

- may be an important biological oxidant whose
production from H2O2 and HCO3

- would be facilitated at
protein- and membrane-water interfaces (Figure 7) (17,
18). This is an important finding given the ubiquity and high
physiological concentration of HCO3- and the pivotal role
of protein thiol oxidation in the activation and deactivation
of cell signaling pathways (49-51). Certainly, further studies
about the production and biological roles of HCO4

- are
warranted.

Finally, it is relevant to emphasize that the systems, Cu,Zn-
SOD/H2O2/HCO3

- and Cu,Zn-SOD/H2O2/NO2
-, provide an

enzymatic pathway for the independent production of CO3
•-

and•NO2, respectively. These radicals are being increasingly
recognized to play a role in pathophysiological protein
oxidation and nitration, but the mechanisms by which they
promote these protein alterations remain obscure (20, 52).
This is due in part to the fact that their known biological
sources produce them in parallel with other one-electron
oxidants. For instance, peroxynitrite/CO2 produces a flux of
both CO3

•- and•NO2, whereas hemeperoxidases/H2O2/NO2
-

produce•NO2 in parallel with hemeperoxidase compounds I
and II that are also strong one-electron oxidants (20). Thus,
the systems studied here can be useful to explore the
mechanistic aspects of protein oxidation and protein nitration.
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