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A B S T R A C T

Carbonate radicals (CO3%
-) are generated by the bicarbonate-dependent peroxidase activity of cytosolic super-

oxide dismutase (Cu,Zn-SOD, SOD-1). The present work explored the use of bleaching of pyrogallol red (PGR)
dye to quantify the rate of CO3%

- formation from bovine and human SOD-1 (bSOD-1 and hSOD-1, respectively).
This approach was compared to previously reported methods using electron paramagnetic resonance spin
trapping with DMPO, and the oxidation of ABTS (2,2-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid). The
kinetics of PGR consumption elicited by CO3%

- was followed by visible spectrophotometry. Solutions containing
PGR (5–200 μM), SOD-1 (0.3–3 μM), H2O2 (2 mM) in bicarbonate buffer (200 mM, pH 7.4) showed a rapid loss
of the PGR absorption band centered at 540 nm. The initial consumption rate (Ri) gave values independent of the
initial PGR concentration allowing an estimate to be made of the rate of CO3%

- release of 24.6± 4.3 μM min−1

for 3 μM bSOD-1. Both bSOD-1 and hSOD-1 showed a similar peroxidase activity, with enzymatic inactivation
occurring over a period of 20 min. The single Trp residue (Trp32) present in hSOD-1 was rapidly consumed
(initial consumption rate 1.2± 0.1 μM min−1) with this occurring more rapidly than hSOD-1 inactivation,
suggesting that these processes are not directly related. Added free Trp was rapidly oxidized in competition with
PGR. These data indicate that PGR reacts rapidly and efficiently with CO3%

- resulting from the peroxidase ac-
tivity of SOD-1, and that PGR-bleaching is a simple, fast and cheap method to quantify CO3%

- release from bSOD-
1 and hSOD-1 peroxidase activity.

1. Introduction

Superoxide radical anions, O2%
-, are generated in biological systems

by several mechanisms including electron leakage from the mitochon-
drial electron transport chain, by a number of enzymes (e.g. the NADPH
oxidase family, xanthine oxidase, uncoupled nitric oxide synthases), by
autoxidation of a wide range of endogenous compounds (e.g. catechols,
thiols), redox cycling of exogenous compounds (e.g. quinones, para-
quat), and by autoxidation of metal ion-O2 complexes (e.g. oxyhe-
moglobin and oxymyoglobin) [1]. The major fate of O2%

- is dismutation
to generate hydrogen peroxide (H2O2) and O2, which can occur either
spontaneously or catalyzed by the enzyme superoxide dismutase (SOD)

(reaction (1)).

(1)

Under physiological conditions, the H2O2 produced via reaction (1)
is rapidly removed by enzymes including catalase, peroxiredoxins, and
glutathione peroxidases [1]. Thus, SOD and these enzyme families work
in a coordinated manner to maintain the redox status of cells and
biological fluids, inhibiting (or delaying) the damage triggered by re-
active oxygen species (ROS) [1]. Nonetheless, in environments with
high H2O2 concentrations, such as inflammatory conditions or inside
peroxisomes, the cytosolic isoform of SOD (Cu,Zn-SOD, SOD-1) displays
a bicarbonate- or CO2– dependent peroxidase activity [2–7]. The
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chemical mechanism is still controversial, however, it is known that
H2O2 reacts with the catalytic copper ion (Cu2+) of SOD-1 generating a
copper-bound oxidant. This is proposed to oxidize bicarbonate
(HCO3

−) to give the carbonate radical anion (CO3%
-) [8], or react with

His residues of the protein (CO3%
- also can react with His) to inactivate

the enzyme [7,9].
CO3%

- is a powerful oxidant (E0'red= 1.78 V) and a highly reactive
species [3], which is able to diffuse away from the catalytic site of SOD-
1 to induce oxidation of surrounding molecules. A significant target
appears to be the single tryptophan (Trp32) residue of human SOD-1
(hSOD-1) [3,10], and it has been reported that CO3%

--mediated oxida-
tion of this residue to Trp-derived indolyl radicals is involved in the
covalent dimerization (and oligomerization) of hSOD-1 through the
formation of covalent Trp-Trp dimers [10]. This process may be of
pathological relevance as CO3%

- induced unfolding, oligomerization,
and nonamyloid aggregation of hSOD-1 has been suggested as a con-
tributing factor in triggering familial amyotrophic lateral sclerosis (ALS,
also known as motor neurone disease, MND, or Lou Gehrig's disease)
[11]. The formation of Trp-Trp cross-links in hSOD-1 dimers, or be-
tween different proteins or peptides, have been proposed as a marker of
CO3%

- formation in biological systems [12–14]. Tyr residues, which are
not present in hSOD-1, are also prone to oxidation by CO3%

- to the
corresponding phenoxyl radicals [15,16]. Further reaction of these ra-
dicals results in the formation of Tyr-Tyr or Tyr-Trp bonds and cross-
linking of protein disulfide isomerase [17].

Further studies have demonstrated that CO3%
- can be formed via

multiple other pathways, including Fenton reactions in the presence of
bicarbonate buffers [18], by pulsed laser light [19], in photochemical
reactions employing Co(III) carbonate complexes [14,20], in xanthine
oxidase turnover [21], via radiolysis [22–24], and in peroxynitrite-
mediated processes in the presence of CO2 [4,13,25–28]. These data
together with information on the powerful oxidizing capacity and high
reactivity of this species, have stimulated further studies on the physio-
pathological significance of CO3%

- formation.
In the context of SOD-1-mediated generation of CO3%

- through its
peroxidase activity, determination of the rate of CO3%

- production is of
particular value and importance. A number of oxidizable probes have
been employed in this regard, together with spectroscopic techniques.
Thus, CO3%

--mediated oxidation of dichloro-dihydro-fluorescein to di-
chloro-fluorescein [29,30], dihydrorhodamine 123 to rhodamine
[30,31], and ABTS (2,2-azino-bis(3-ethylbenzothiazoline)-6-sulfonic
acid) to ABTS%+ [7,32] have been examined. Electron paramagnetic
resonance (EPR) with spin trapping has also been used to estimate the
yield of CO3%

- formation from the SOD-1-related peroxidase activity
[14,21,33]. In the presence of the spin trap DMPO (5,5-dimethyl-1-
pyrroline N-oxide), CO3%

- generates a spin adduct with a 1:2:2:1 hy-
perfine coupling pattern identical to that formed by the hydroxyl ra-
dical, HO%, and assigned to DMPO-OH. The formation of this species
has been rationalized in terms of one-electron oxidation of the spin trap
and subsequent reaction with water to give the hydroxyl adduct,
DMPO-OH [33].

In spite of the considerable interest in the production and bio-
chemical implications of CO3%

-, few data have been reported regarding
the quantification of CO3%

- production by SOD-1 in the presence of
H2O2 and bicarbonate (HCO3

−). In the light of our knowledge and
experience using pyrogallol red (PGR, pyrogallolsulfonephthalein) as a
probe to assess the generation of other oxidants [34–38], we hy-
pothesized that CO3%

--mediated bleaching of the optical absorbance
band of PGR at ∼540 nmmight allow quantification of CO3%

- formation
by SOD-1/H2O2/HCO3

− systems. Furthermore, the kinetic profiles of
PGR consumption would allow to estimate the rate of CO3%

- release,
through a simple, fast and cheap methodology. This assay is a rapid and
convenient way to quantify (or standardize) production of CO3%

-

through the peroxidase activity of SOD-1, and may be an effective tool
to examine the chemistry of protein oxidation/crosslinking mediated by
the SOD-1/H2O2/HCO3

− system.

2. Materials and Methods

2.1. Materials

Superoxide dismutase from bovine erythrocytes (bSOD-1) was ob-
tained from Sigma Aldrich (St Louis, MO, USA) whilst the recombinant
wild-type human Cu, Zn superoxide dismutase (hSOD-1) was expressed
in E. coli and purified by ammonium sulfate fractionation, ion exchange
chromatography and gel filtration as described by Álvarez et al. [39].
2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), pyrogallol red
(PGR), diethylenetriaminepenta acetic acid (DTPA), manganese (IV)
oxide (MnO2), and L-tryptophan were purchased from Sigma Aldrich
(St. Louis, MO, USA). Dimethylsulfoxide (DMSO), hydrogen peroxide
(H2O2) and isopropanol were obtained from Merck KGaA (Darmstadt,
Germany). All buffers and solutions were prepared with ultrapure
water.

2.2. Production and detection of CO3%
-

CO3%
- was generated via the peroxidase activity of bSOD-1 or hSOD-

1 (0.3–30 μM per dimer) in the presence of H2O2 (1–10 mM) and DTPA
(0.1 mM) in freshly-prepared HCO3

− buffer (200 mM) adjusted with
CO2 to pH 7.4.

2.2.1. Detection of CO3%
- by EPR

CO3%
- was detected by EPR spin trapping using DMPO (50 mM)

[14,33]. Samples containing bSOD-1, H2O2 and DTPA, in HCO3
− (200

mM, pH 7.4) or phosphate buffer (75 mM, pH 7.4) were transferred into
a BRAND capillary. Then, were sealed and introduced in the EPR cavity
inside of an EPR sample tube (ER 221TUB/, 4 mm I.D.). The EPR
spectra were recorded at 18 °C at X-band frequencies (∼9 GHz) using a
Bruker EMX instrument. The concentration of the DMPO-OH spin ad-
duct (in arbitrary units) was measured as the intensity of the peaks as
no variation in the line width was apparent. The potential role of HO%
in the formation of DMPO-OH was examined in control experiments
carried out in the presence of DMSO (5 mM) or isopropanol (5 mM)
with which HO% reacts at near diffusion controlled rates (k∼109

M−1 s−1) [1].

2.2.2. Oxidation of ABTS elicited by CO3%
-

Formation of ABTS%+ from ABTS induced by the SOD-1/H2O2/
HCO3

−system was followed by UV–visible spectrophotometry and EPR.
Solutions containing ABTS (30 or 100 μM), bSOD-1 (3 μM per dimer),
H2O2 (2 mM), and DTPA (0.1 mM) were incubated in HCO3

− buffer
(200 mM, pH 7.4). These solutions were placed in a thermostated cell of
an Agilent 8453 spectrophotometer, and kinetics were followed at 740
nm. For EPR analysis, ABTS%+ was also generated using MnO2, with
solutions of ABTS (100 μM) and MnO2 (25 mgmL−1) in phosphate
buffer (75 mM, pH 7.4) and DTPA (0.1 mM) incubated for 3 min. Excess
MnO2 was then removed by filtration using 0.2 μm filters (Merck,
Millex-FG; 0,20 μm), and solutions transferred via syringe to a capillary
Aqua X cell in a Bruker 4108 TMH/9701 instrument. EPR spectra were
recorded as described above.

2.3. Consumption of PGR by CO3%
-

PGR solutions (15–200 μM) were prepared in HCO3
− buffer (200

mM, pH 7.4) and incubated with bSOD-1 or hSOD-1 (0.3–30 μM per
dimer), H2O2 (1–10 mM), and DTPA (0.1 mM). PGR consumption was
followed spectrophotometrically by measuring the absorbance decrease
at wavelengths between 540 and 590 nm, employing an Agilent 8453
spectrophotometer. Slopes at t= 0 min of normalized absorbance (A/
A0) versus time plots were obtained using the best fitting curve, and
employing to determine initial consumption rates of PGR (initial slope
of kinetic profiles multiplied by initial PGR concentration).
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2.4. Monitoring intrinsic fluorescence changes of hSOD-1 and free Trp
elicited by CO3%

-

Solutions containing each SOD-1 (3 μM per dimer), H2O2 (2 mM)
and DTPA (0.1 mM) in HCO3

− buffer (200 mM) adjusted at pH 7.4,
were incubated at 37 °C in a quartz cuvette placed in the holder of a LS-
55 PerkinElmer fluorimeter. The intrinsic fluorescence of hSOD-1, as-
sociated with its single Trp residue, was followed at 360 nm (using λex
295 nm). Oxidation of free Trp (6 μM), induced by the mixture of bSOD-
1 (3 μM as dimer), H2O2 (2 mM) and DTPA (0.1 mM) in HCO3

− buffer
was followed employing the same wavelengths of hSOD-1.

2.5. Data and statistical analysis

Results were obtained from experiments carried out in triplicate
from at least three independent experiments. Data are presented as
means± SD. Data were considered to be statistically different from
controls when p<0.05, as determined by one-way ANOVA with
Tukey's post-hoc test (carried out using Origin 8.0).

3. Results

3.1. EPR and UV–visible studies of CO3%
- formation by HCO3

−-dependent
bSOD-1 peroxidase activity

Fig. 1 shows EPR spectra obtained after 3 min incubation of bSOD-1

(0.3–30 μM) and H2O2 (2 mM) in HCO3
− buffer containing DTPA (0.1

mM) and DMPO (50 mM). In agreement with previous reports [21,33],
a quartet signal with intensity ratios of 1:2:2:1 was detected with hy-
perfine coupling constants aN= aH=1.49 mT. This signal is assigned
to the DMPO-OH spin adduct arising from CO3%

--mediated oxidation of
the spin trap to give the DMPO radical-cation and subsequent reaction
with H2O [4]. Low intensity triplet species were also registered in some
spectra, which could be associated with secondary products derived
form DMPO-OH [40]. Control incubations containing all the reagents
with the exception of bSOD-1 (Fig. 1, spectrum d), or with the enzyme
but using phosphate buffer (75 mM, pH 7.4, spectrum e in Fig. 1) with
DTPA 0.1 mM, did not yield this adduct species. With the complete
incubation system and HCO3

− buffer, the inclusion of isopropanol or
DMSO at 5 mM did not modulate the intensity of the observed signal in
a significant manner, discounting a role for HO% in the generation of
this species (data not shown). The intensity of the DMPO-OH signal did
not show a direct linear relationship with bSOD-1 concentration; with 3
μM bSOD-1 the spectral intensity (which is directly proportional to the
radical concentration) was 3.5- and 1.5-fold higher than that detected
with 0.3 and 30 μM bSOD-1 respectively (Fig. 1). The observed bell
shaped concentration dependence is believed to arise from the differ-
ence in the rate of spin trap oxidation to DMPO-OH, induced by CO3%

-,
and a rapid SOD-1-dependent decay of the spin adduct (data not
shown). The latter may reflect over-oxidation of DMPO-OH by CO3%

- or
a SOD-bound intermediate, with a consequent loss of the spin adduct
signal. These data clearly indicate limitations in the use of the EPR spin
trapping method for quantifying CO3%

- generation.
Oxidation of ABTS to the corresponding radical cation (ABTS%+)

has been employed previously to examine CO3%
- formation by SOD-1

peroxidase activity [5]. The generation of ABTS%+ was followed by
both EPR and UV–visible spectrophotometry. Incubation of ABTS with
the bSOD-1/H2O2 system in HCO3

− buffer containing DTPA 0.1 mM, as
described above, gave rise to a weak EPR signal (black spectrum,
Fig. 2A) assigned to ABTS%+. The assignment of this signal to ABTS%+,
was confirmed by experiments employing MnO2 as the oxidant [41],
with this reaction system yielding a strong, well-defined, spectrum from
ABTS%+ (red spectrum, Fig. 2A). Formation of ABTS%+ by the bSOD-1/
H2O2/HCO3

− system was also confirmed by visible spectrophotometry.
As shown in Fig. 2B, incubation of ABTS with bSOD-1/H2O2 in HCO3

−

buffer containing DTPA 0.1 mM, lead to the formation of the char-
acteristic spectrum of ABTS%+ with well-defined absorbance bands at
∼405 nm and in the region 600–850 nm, with a maximum at 740 nm
characteristic of this species [42]. Time course studies on the intensity
of the absorbance band at 740 nm (Fig. 2C) showed that a maximum
intensity (∼0.2 AU) was reached after 9 min incubation, followed by a
clear diminution over time, with this decreasing to∼0.07 AU at 83
min. This biphasic dependence clearly limits the use of ABTS oxidation
as a tool to quantify CO3%

- formation.

3.2. Bleaching of PGR induced by CO3%
- generated from HCO3

− dependent
bSOD-1 peroxidase activity

Fig. 3A shows the changes in the optical absorbance spectrum of
PGR elicited by incubation of PGR (60 μM) with bSOD-1/H2O2 in
HCO3

− buffer containing 0.1 mM DTPA. A decrease at 540 nm was
observed together with formation of a new band at 395 nm. Control
experiments in the absence of H2O2 (data not shown) showed that the
presence of bSOD-1 did not alter the absorbance spectrum of PGR,
consistent with the lack of a strong binding of the dye to the protein.
Thus the changes in PGR absorbance are attributed to oxidation of free
PGR. Direct molecular oxidation of PGR by H2O2 appears not to be a
major contributor, as incubation of PGR with varying concentrations of
H2O2 (2–10 mM) in HCO3

− buffer with 0.1 mM DTPA, but no bSOD-1,
gave only minor changes in absorbance (data not shown) when com-
pared to the complete system.

The kinetics of CO3%
--mediated bleaching of PGR was examined at

Fig. 1. Formation of CO3%
- from the peroxidase activity of bSOD-1 assessed by

EPR employing DMPO as spin trap. Solutions, in bicarbonate buffer (200 mM,
pH 7.4), with or without bSOD-1, H2O2 (2 mM), DTPA (0.1 mM) and DMPO (50
mM) were incubated in the EPR cell at 20 °C. a–c: EPR spectra registered after 3
min incubation of solutions containing bSOD-1 at 0.3, 3 and 30 μM (as dimer),
respectively. d: EPR spectrum obtained in the absence of bSOD-1. e: EPR
spectrum obtained in the presence of bSOD-1 (3 μM), but incubated in phos-
phate buffer (75 mM, pH 7.4) with DTPA (0.1 mM). Representative data from
n=3 independent experiments.
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wavelengths between 540 and 590 nm depending on the PGR con-
centration employed, with the wavelength chosen to keep the max-
imum absorbance below 1 AU (the upper limit for linear absorbance
responses on most spectrophotometers). These experiments showed a
fast decrease in absorbance over the range 540–590 nm (see, for ex-
ample, Fig. 3B for data obtained at 580 nm) together with a con-
comitant matching increase in absorbance at 395 nm. The latter in-
crease in absorbance showed a small diminution at long time points
after complete consumption of parent PGR (Fig. 3B), consistent with
further modification of the product formed from PGR. However the
initial rates of change in absorbance for both bands are not significantly
different and, in the first minutes of reaction, a good isobestic point was
detected at ∼440 nm consistent with stoichiometric conversion of PGR
to a single product. This behavior was observed only in the presence of
HCO3

−, as reactions carried out in phosphate buffer (75 mM, pH 7.4)

with DTPA 0.1 mM gave rise to negligible (with 0.3 μM bSOD-1), or
very limited (with 3 μM bSOD-1) absorbance changes (Supplementary
Figs. 1A and B, respectively), indicating that PGR bleaching is directly
associated with CO3%

- production. Addition of HCO3
− (1 mM) to

phosphate-buffered solutions containing PGR/bSOD-1/H2O2 restored
the bleaching activity (Supplementary Fig. 1B).

In HCO3
− buffer, the bSOD-1/H2O2 mixture induced PGR bleaching

with a linear initial dependence of the consumption rate (Ri, in μM
min−1) with increasing bSOD-1 concentration, described by the ex-
pression y = 0.113 + 5.0x, with r2= 0.998 (Fig. 4). Thus each mi-
cromolar of bSOD-1 added to the reaction solutions increased the Ri

value (in μM min−1) by 5-fold. On the other hand, with a fixed con-
centration of bSOD-1 of 0.3 μM, the Ri values were independent of the
initial PGR concentration over the range 5–200 μM (Fig. 5). With a 10-
fold higher concentration of bSOD-1 (i.e. 3 μM), an increase in Ri with
increasing PGR concentration was observed over the range 5–30 μM.
However with PGR concentrations >30 μM, the Ri values were

Fig. 2. Oxidation of ABTS to ABTS%+ by CO3%
- derived from the peroxidase

activity of bSOD-1. Panel A: EPR spectra obtained after 3 min incubation of
solutions containing either ABTS 100 μM and MnO2 (25 mg L−1), red line, or
ABTS (30 μM), bSOD-1 (3 μM), H2O2 (2 mM), and DTPA (0.1 mM), black line.
Originally, the latter signal (black spectrum) had a gain 30 times lower than the
red EPR signal. To compare both results, signals were normalized. Panel B:
UV–visible spectra recorded during the incubation of ABTS (30 μM) and a
bSOD-1 (3 μM)/H2O2 (2 mM) system in bicarbonate buffer (200 mM, pH 7.4,
DTPA 0.1 mM). Blue line; spectrum registered at zero incubation time. The plot
shows the spectra over the time period 0–9 min, the arrow indicates the pro-
gressive increase of the sample absorbance. Panel C: Kinetic profile of ABTS%+

formation followed at 740 nm. Representative data from n=3 independent
experiments.

Fig. 3. Bleaching of PGR induced by CO3%-. Solutions of PGR (60 μM) in bi-
carbonate buffer (200 mM, pH 7.4) and DTPA (0.1 mM) were incubated in the
presence of bSOD-1 (3 μM) and H2O2 (2 mM). Panel A: changes in the
UV–visible spectrum of PGR recorded during the incubation, the arrow in-
dicates the decrease of the absorbance intensity in the 500–600 nm region. As
the absorbance value at 540 nm was higher than 1.0, kinetic profiles for these
samples were followed at longer wavelengths (usually 570–590 nm). Panel B:
Kinetic profiles of PGR bleaching followed at 580 nm (red circles), and oxidized
product(s) followed at 395 nm (black circles). Data at 395 were normalized
with absorbance at 7.5 min (maximum intensity). Representative data from
n=3 independent experiments.
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independent of the initial PGR concentration and reached a mean value
of 12.3±2.1 μM min−1 (Fig. 6). These data indicate that as long as the
PGR concentration is significantly high over the SOD concentration (by
∼10-fold) the Ri values are not dependent on PGR concentration,
therefore could be considered as accurate indicators of the rate of CO3%

-

production.
As the bovine and the human isoform of SOD-1 show marked se-

quence identity and similarity, PGR consumption induced by CO3%
- was

also examined with the human isoform. Control experiments indicated
that, as with bSOD-1, the hSOD-1 did not alter the UV–visible spectrum
of PGR. Under identical experimental conditions with complete oxida-
tion systems containing 3 μM SOD-1, H2O2 2 mM, and 30 μM PGR, the
kinetic profiles for PGR bleaching gave statistically-identical
(p= 0.3535) Ri values of 10.9±1.9 and 9.6±1.0 μM min−1 for
bSOD-1 and hSOD-1, respectively.

To test if the rate of CO3%
- generation was constant from bSOD-1 or

hSOD-1, after total PGR bleaching, new aliquots of PGR were added to
the incubations. If the generation rate of CO3%

- is constant, similar Ri

values would be expected for additional cycles of PGR consumption.
Initial studies (Supplementary Fig. 2) showed that this is the case with
the thermo-labile azo compound AAPH (100 mM), which produces
peroxyl radicals at a constant rate for several hours [43], with similar Ri

values obtained for the first and second cycles of PGR bleaching.
However, for both SOD-1 enzymes, the initial PGR consumption rates
decreased with increasing numbers of reaction cycles (Fig. 7A),

consistent with time-dependent inactivation of both enzymes. When the
bSOD-1 system was preincubated in the absence of PGR, and PGR then
added after 10 min, kinetic profiles (Fig. 7B) compatible with those
depicted in Fig. 7A were obtained. This implies that SOD-1 inactivation
is not associated with the presence of PGR. Quantitatively, inactivation
of both enzymes was reflected in a decrease of Ri to 60% (bSOD-1) and
75% (hSOD-1) of the initial values after 10 min, and to∼20% after 20
min (Supplementary Fig. 3).

As previous studies have reported oxidation of the single Trp
(Trp32) of hSOD-1, by CO3%

- generated by the peroxidase activity of the
enzyme [5,10], we examined the intrinsic fluorescence of hSOD-1 (3
μM per dimer) during incubation with H2O2 (2 mM) in HCO3

− buffer.
The time course data (Fig. 8A) indicate a fast loss of intrinsic Trp
fluorescence with an initial consumption rate of 1.3± 0.2 μM min−1,
and only 10% of the initial fluorescence intensity detected after 10 min.
This decrease was inhibited by the presence of PGR (15 μM), with this
inducing a lag time of ∼5 min (Fig. 8A), and beyond this time point, a
slower rate of fluorescence decreased than in the absence of PGR.

To compare the efficiency of bSOD-1 and hSOD-1 as oxidant source
(i.e. their ability to generate CO3%

-), the consumption of free Trp (6 μM)

Fig. 4. Time course (panel A) and initial consumption rates (Ri, panel B) of PGR
(15 μM) oxidation as consequence of its incubation with different concentra-
tions of bSOD ( ⃞ 0.03 μM; ○ 0.15 μM; △ 0.3 μM; ◇ 0.45 μM; ✩ 0.6 μM; ▷ 0.9
μM) in bicarbonate buffer solution (200 mM, pH 7.4) with DTPA (0.1 mM).

Fig. 5. Kinetic profiles of PGR consumption elicited by CO3%- at different PGR
concentrations. Solutions were incubated in bicarbonate buffer (200 mM, pH
7.4) in the presence of H2O2 (2 mM), DTPA (0.1 mM), and 0.3 (panel A) or 3
(panel B) μM bSOD-1. Panel A: [PGR]= 5 (○), 15 (△), 30 (◇), 40 ( ⃞), 100 (▷),
and 200 (▽) μM. Panel B: [PGR]=15 (○), 60 (△), and 200 (□) μM.
Depending on the PGR concentration, the kinetics were followed at wave-
lengths between 540 and 590 nm. Representative data from n=3 independent
experiments.
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mediated by the complete bSOD-1 system was examined. Fig. 8B shows
the time course of free Trp fluorescence loss in the absence and pre-
sence of 15 μM PGR. In the absence of PGR the initial consumption rate
was 2.7± 0.1 μM min−1, and complete consumption was observed
after 4 min. In the presence of PGR, similar behavior was observed to
that described above for hSOD-1 (Fig. 8A), consistent with competitive
oxidation of Trp and PGR by CO3%

-, with PGR being the more sensitive
target.

4. Discussion

The peroxidase activity of SOD-1 has been the subject of consider-
able research, as under conditions of high H2O2 and HCO3

− levels,
oxidative effects associated with the formation of CO3%

- have been re-
ported [5,8,13,14,31]. In particular, CO3%

−mediated self-oxidation of
bSOD-1 and hSOD-1 can occur, with this resulting in conversion of the
(single) Trp32 residue in the human isoform, to tryptophan-derived
indolyl radicals and inter-molecular covalent Trp-Trp bonds [10]. Thus,
contrary to the traditional role of SOD-1 as an antioxidant (protective)
enzyme, the production of CO3%

- indicates that under certain circum-
stances this enzyme can be a source of highly-reactive and damaging
oxidants. The CO3%

- formed can react not only with readily oxidized
residues in the generating protein (His, Trp and Tyr residues of bSOD-1
or hSOD-1), but also is able to damage other biological targets such as
proteins and peptides [12–14,44]. These processes, together with the
reaction of peroxynitrite with CO2/HCO3

− which results in the gen-
eration of peroxynitrosocarbonate and subsequently CO3%

- from
homolysis of this adduct [3], and potential formation by Fenton
chemistry in HCO3

− buffers [18], have positioned CO3%
- as a relevant

oxidant in biological milieu.
Formation of CO3%

- by the peroxidase activity of SOD-1 has been
demonstrated by EPR employing DMPO as the spin trap [4,14,33].
These data have been confirmed here, with the detection of DMPO-OH
spin adduct arising from reaction of CO3%

- with DMPO (k 2.5×106

M−1s−1 [33]) and subsequent hydroxylation [4,33] (Fig. 1). Quantifi-
cation of CO3%

- using this method has however been shown in this study
to be compromised by the instability of the DMPO-OH spin adduct [14],
with the rate of decay being dependent on the SOD concentration and
further reactions, potentially resulting in an underestimation of the
CO3%

- concentration. The relationship between instability of DMPO-OH
and bSOD-1 concentration could be related to disproportionation of

DMPO-OH spin adduct which depends on the square of the CO3%
-

concentration [45].
The formation of CO3%

- by the bSOD-1/H2O2/DTPA/HCO3
− system

has also been examined here, and previously [5], using ABTS as oxi-
dizable target. ABTS oxidation produces ABTS%+, a well-known stable
and colored free radical [46]. Formation of ABTS%+ has been employed
to detect CO3%

- [5] as well as other oxidants (e.g., NO2% [47]). In
contrast, bleaching of ABTS%+ has widely used to assess antioxidant
capacity of natural and synthetic compounds [46]. The EPR data ob-
tained here showed the formation of ABTS%+ by the bSOD-1 system,
but the resulting EPR spectrum was of low intensity (Fig. 2A); the
identity of the observed signal was confirmed by independent genera-
tion of ABTS%+ using MnO2 [41]. Spectrophotometric analysis of ABTS
%+ formation from ABTS at 740 nm by the bSOD-1/H2O2/DTPA/
HCO3

− system, showed that ABTS%+ was generated efficiently with a
maximum absorbance intensity detected after 9 min using 3 μM bSOD-1
and 2 mMH2O2 in HCO3

− buffer. However, the absorbance from ABTS
%+ was not stable over time, with the intensity decreasing by 70% with
increasing incubation time (Fig. 2C). This probably reflects secondary
reactions between ABTS%+ and CO3%- which, under conditions of H2O2

excess, generate over-oxidation products in a similar manner to that

Fig. 6. Dependence on rate of PGR consumption rate (Ri) with initial PGR
concentration. Solutions of PGR (15–200 μM) in bicarbonate buffer (200 mM,
pH 7.4) and DTPA (0.1 mM) were incubated in the presence of bSOD-1 (3 μM)
and H2O2 (2 mM). Ri values were determined as described in Material and
Methods section.

Fig. 7. Kinetic profiles of consecutive PGR oxidation cycles. Panel A: Solutions
of PGR (30 μM) were incubated with bSOD-1 (blue circles) or hSOD-1 (red
circles), 3 μM, H2O2 (2 mM) in bicarbonate buffer (200 mM, pH 7.4) containing
DTPA (0.1 mM). Absorbance intensity changes were followed at 570 nm. After
PGR consumption, further aliquots (30 μL) of PGR (1 mM) were added as in-
dicated by arrows. Panel B: reaction system as in panel A, but the bSOD-1/H2O2

system was first pre-incubated in the absence of PGR. After 10 min incubation,
aliquots (30 μL) of PGR (1 mM) were added as indicated by arrows.
Representative data from n=3 independent experiments.
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reported for encapsulated horseradish peroxidase [48].
Altogether these data indicate that both EPR spin trapping, and the

used of ABTS (with either EPR or spectrophotometric detection) have
limited use for quantifying CO3%

- formation. These approaches are,
however, valuable qualitative tools for examining CO3%

- formation
under the experimental conditions employed.

PGR has been employed previously as a probe to determine the
antioxidant capacity of pure polyphenols and complex mixtures against
a variety of reactive species, including NO2%, HOCl, RO2%, and O2%

-

[37]. The kinetics of these reactions are usually followed by the
bleaching of the optical absorption band centered at 540 nm (at pH 7.4)
[36–38,49]. The loss of this absorbance is accompanied by formation of
a new band at 395 nm with a well-defined isosbestic point at ∼440 nm,
as evidenced in the first minutes of reaction [49]. This behavior is re-
ported to relate to a two-electron process (i.e. one mol of PGR is oxi-
dized by 2mol of the reactive species) generating a quinone derivative
[37].

PGR is bleached to only a very minor extent by H2O2 at con-
centrations <3 mM, and that PGR does not bind strongly to bSOD-1 or
hSOD-1, as evidenced by minimal changes to the shape and intensity of
the UV–visible spectrum of PGR in the presence versus absence of the

enzymes (data not shown). However, in the presence of bSOD-1 and
H2O2, a fast bleaching of PGR was detected in HCO3

− (but not phos-
phate) buffer in the presence of DTPA 0.1 mM (Fig. 3, and
Supplementary Fig. 1). Consistent with PGR oxidation by CO3%

-. The
minimal reactions involved in this process can be represented
by reactions (2) and (3).

(2)

(3)

At low PGR concentrations not all the CO3%
- appears to react with

PGR, but secondary reactions involving bSOD-1 or self-reactions of
CO3%

- also likely to occur (reactions (4) and (5) with bSOD-1ox re-
presenting product(s) of bSOD-1 oxidation by CO3%

-).
(4)

(5)

At high PGR concentrations all the CO3%
- appear to react with the

added probe (i.e. reactions (4) and (5) are minimal), as the rate of PGR
consumption has been shown to be independent of its initial con-
centration, and directly proportional to the rate of CO3%

- formation. The
kinetic data presented in Fig. 5 have allowed the initial rates of con-
sumption of PGR (Ri) to be determined. At the lowest bSOD-1 con-
centration studied (0.3 μM per dimer), Ri was independent of the initial
PGR concentration, but at higher levels of bSOD-1 (3 μM), Ri increased
for PGR concentrations between 5 and 30 μM. However, with high PGR
levels (>30 μM), Ri was independent of the initial PGR concentrations,
implying that all CO3%

- were removed by PGR (zero order kinetic limit
in PGR). Under these conditions, Ri is related to the rate of CO3%

- re-
lease by equation (6):

=R n RCO i3• (6)

Where Ri is the initial rate of PGR bleaching, n is the stoichiometric
factor (defined as the number of CO3%

- trapped by PGR), and RCO3%- is
the rate of CO3%

- release.
Under conditions where there is an excess of H2O2 and HCO3

−,
RCO3%- depends on the SOD-1 concentration (Fig. 4). Considering the
maxima Ri values, obtained at PGR concentrations >30 μM (with 3 μM
bSOD-1, Fig. 6), and assuming n=2 [37], a rate of CO3%

- release of
24.6±4.3 μM min−1 with 3 μM bSOD-1 can be estimated. This value,
which is in the order of kinetic data of NADPH oxidation [50], re-
presents a specific peroxidase activity close to 0.3±0.1 units/mg
(defining one unit as the amount of bSOD-1, in mg, that generates 1 μM
of CO3%

- min−1). The estimated rate of CO3%
- release (24.6± 4.3 μM

min−1) means a turnover (kcat) value of 8.3 min−1, which is very si-
milar of the determined from data depicted in Fig. 4 (10 min−1).-

In line with the structural similarity of bSOD-1 and hSOD-1 (83%
homology), and published data showing similar peroxidase activity for
both enzymes [31], comparable Ri values were determined for bSOD-1
and hSOD-1; 10.9± 1.9 and 9.6± 1.0 μM min−1, respectively, with 3
μM enzyme. However, the rate of formation does not appear to be stable
over time as a result of reactions occurring within, or close to the active
site, which lead to SOD-1 inactivation. Thus in experiments in which
new aliquots of PGR were added after initial bleaching, decreasing Ri

values were detected with the SOD systems for different cycles of PGR
consumption (Fig. 7A). This effect was not detected when AAPH was
employed as the radical source, where a constant flux of radicals is
formed over several hours of incubation [43]. This decrease in Ri,
which is believed to reflect inactivation of SOD-1, was not related to the
presence PGR, as the addition of PGR to preincubated solutions of
bSOD-1 gave the same pattern of decreasing Ri values (Fig. 7B). The
same behavior was observed for both bSOD-1 and hSOD-1
(Supplementary Fig. 3), with Ri values reaching close to 6.8 and 2.0 μM
min−1 detected after 10 and 20 min incubation, respectively. This re-
presents a decrease in the peroxidase activity of 38 and 24% after 10
min incubation for bSOD-1 and hSOD-1, respectively, and close to 80%

Fig. 8. Consumption of Trp and protection by PGR. Solutions containing bSOD-
1 or hSOD-1 (3 μM as dimer), H2O2 (2 mM) and DTPA (0.1 mM) were incubated
in bicarbonate buffer (200 mM, pH 7.4). Trp consumption was followed by
fluorescence as described in the Materials and Methods section. Panel A:
Consumption of the single Trp residue of hSOD-1 (Trp32) in the absence of PGR
(red circles) and in the presence of PGR (15 μM, black squares). Panel B:
Consumption of free Trp (6 μM) induced by bSOD-1/H2O2 system in the ab-
sence of PGR (red squares) and presence of PGR (15 μM, black squares).
Representative data from n=3 independent experiments.
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after 20 min. The similarity of these values suggests a common me-
chanism of inactivation. To explore the possible participation of the
single Trp32 residue in hSOD-1 in inactivation, the loss of the intrinsic
fluorescence arising from this amino acid was followed during in-
cubations with H2O2 in HCO3

− buffer, in the absence of PGR. The
fluorescence significantly decreased over time with an initial con-
sumption rate of 1.2± 0.1 μM min−1, with only 17% remaining after
10 minutes (Fig. 8A). At this time point however, the peroxidase ac-
tivity of hSOD-1 was 76% of the initial value (Supplementary Fig. 3),
indicating that these two events are divorced from each other. This
result, together with the similarity in the rates of loss of peroxidase
activity of the two enzymes (Supplementary Fig. 3), and the absence of
Trp32 from the bovine protein, suggests that oxidation of Trp32 of
hSOD-1 does not (directly) initiate the decrease of activity, which is in
line with inactivation of SOD1 due to oxidation of the histidine residues
at its catalytic site [8,39]. This conclusion does not exclude the role that
Trp32 plays in formation of Trp-Trp bonds (leading to hSOD-1 dimer-
ization and aggregation), or the production of N-formylkynurenine or
kynurenine on hSOD-1 oxidation [5,8,10,11,14].

Consumption of hSOD-1 Trp32 was compared with that for free Trp
(at the same concentration, 6 μM) elicited by the peroxidase activity of
bSOD-1. As presented in Fig. 8B, an efficient consumption of free Trp
was observed, with an initial consumption rate (2.9± 0.2 μM min−1)
approximately 2-fold higher than for Trp32. The later is in agreement
with the oxidation of both Trp32 and free Trp induced by AAPH-derived
free radicals [51]. PGR (15 μM) protected both Trp32 and free Trp
(induced by bSOD-1) from consumption, as reflected by lag times of 3.5
and 5 min in the kinetic profiles of fluorescence decrease for Trp32 and
free Trp, respectively (Fig. 8). From these lag times, and considering
n=2, RCO3%- values of 8.5 and 6 μM min−1 were estimated for both
systems. These values are lower than RCO3%- determined from data
presented in Figs. 4 and 6. Such difference can be explained by the low
PGR concentrations employed in the experiments reported in Fig. 8,
implicating the participation of reactions (4) and (5).

5. Conclusions

These results show that PGR reacts with the CO3%
- generated from

the peroxidase activity of SOD-1. At high PGR concentrations, the in-
itial consumption rates (Ri) reflect the rate of CO3%

- formation, giving a
rate of 24.6± 4.3 μM min−1 with 3 μM (dimeric) SOD-1. From the
kinetic data for PGR consumption, we determined a high rate of SOD-1
inactivation during the first 20 min of reaction. In the case of the
human isoform this inactivation appears to be unrelated to Trp32 con-
sumption. The PGR bleaching protocol described here therefore appears
to be a simple, fast and inexpensive assay to determine CO3%

- genera-
tion from the peroxidase activity of SOD-1 under isolated protein con-
ditions. It should however, be noted that PGR is not selective for CO3%

-

which could limit the use of this probe in complex systems.
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