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espite the substantial evidence indicating that oxidative
mechanisms contribute to the pathogenesis of many human
diseases, multiple large prospective intervention trials with
classical antioxidants such as vitamin C, vitamin E and ␤carotene failed to have a significant impact on disease risk and
progression (1, 2). Among the many reasons responsible for such
inconclusive results, we may include incomplete knowledge of
the chemical biology of redox processes and limited actions of
classical antioxidants (2, 3). The need to translate the basic
information about cellular redox processes gained in the past 40
years into clinical applications justifies a better understanding of
the properties of nonclassical antioxidants such as cyclic nitroxides (4). Indeed, tempol and other stable nitroxide radicals have
long been known to protect laboratory animals from injuries
associated with a variety of oxidative stress conditions. Moreover,
these compounds are multifunctional antioxidants because they
react with diverse biological oxidants and reductants while being
recycled through oxammonium cation (TPNO⫹) and hydroxylamine derivatives (TPNOH), respectively (Eq. 1) (reviewed in refs.
5 and 6). Eventually, nitroxides can be consumed by recombination
reactions with certain radicals, such as thiyl radicals (Eq. 2) (6, 7).
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0708211105

The most cited antioxidant mechanism of nitroxides is their
superoxide dismutase activity, probably because it was the first
property described at the molecular level (8). However, nitroxides are not particularly efficient SOD mimetics (9) and are
unlikely to surpass SOD isoenzymes, which are abundant in most
physiological compartments. Other nitroxide antioxidant mechanisms include inhibition of Fenton chemistry by the ability to
oxidize transition metal ions, termination of radical chain reactions by radical recombination (Eq. 2), and acceptance of
electrons from mitochondrial electron transport chains (5, 6).
The possibility of cyclic nitroxides interacting with NO•-derived
oxidants has been investigated less frequently (7, 9–13). Nevertheless, this is particularly relevant because tempol has also been
shown to protect animals from injuries associated with inflammatory conditions that are characterized by increased production of NO• and its derived oxidants (reviewed in ref. 14).
Because NO•-derived oxidants promote Tyr nitration (15), it is
not surprising that the protective effects of tempol in animal
models of inflammation are paralleled by decreased levels of
protein-tyrosine nitration.
Protein-tyrosine nitration is attracting considerable attention
from biomedical investigators because of its potential ability to
alter protein function, indicate acute and chronic disease states,
and predict disease risk. Although biological nitration can occur
at Tyr and Trp residues, lipids, and nucleic acid bases, Tyr
nitration has attracted most attention because of its high occurrence in proteins and the sensitive detection of 3-nitrotyrosine
in biological samples by immunological techniques (reviewed in
ref. 15).
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Despite the therapeutic potential of tempol (4-hydroxy-2,2,6,6tetra-methyl-1-piperidinyloxy) and related nitroxides as antioxidants, their effects on peroxidase-mediated protein tyrosine
nitration remain unexplored. This posttranslational protein modification is a biomarker of nitric oxide-derived oxidants, and,
relevantly, it parallels tissue injury in animal models of inflammation and is attenuated by tempol treatment. Here, we examine
tempol effects on ribonuclease (RNase) nitration mediated by
myeloperoxidase (MPO), a mammalian enzyme that plays a central
role in various inflammatory processes. Some experiments were
also performed with horseradish peroxidase (HRP). We show that
tempol efficiently inhibits peroxidase-mediated RNase nitration.
For instance, 10 M tempol was able to inhibit by 90% the yield of
290 M 3-nitrotyrosine produced from 370 M RNase. The effect
of tempol was not completely catalytic because part of it was
consumed by recombination with RNase-tyrosyl radicals. The
second-order rate constant of the reaction of tempol with MPO
compound I and II were determined by stopped-flow kinetics as
3.3 ⴛ 106 and 2.6 ⴛ 104 Mⴚ1 sⴚ1, respectively (pH 7.4, 25°C); the
corresponding HRP constants were orders of magnitude smaller.
Time-dependent hydrogen peroxide and nitrite consumption and
oxygen production in the incubations were quantified experimentally and modeled by kinetic simulations. The results indicate that
tempol inhibits peroxidase-mediated RNase nitration mainly because of its reaction with nitrogen dioxide to produce the oxammonium cation, which, in turn, recycles back to tempol by reacting
with hydrogen peroxide and superoxide radical to produce oxygen
and regenerate nitrite. The implications for nitroxide antioxidant
mechanisms are discussed.
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Fig. 1. Inhibition of peroxidase-mediated RNase nitration by tempol. (A)
Production of 3-nitrotyrosine in RNase (370 M) after 40 or 60 min incubation
with 1 mM H2O2, 1 mM NO2⫺, and either 30 nM (10 units/ml) MPO or 10 M (450
units/ml) HRP, respectively, in the absence or presence of tempol in 50 mM
phosphate at the specified pH and 37°C. (B) Percentage of tempol consumed
as a function of the initial tempol concentration in the above incubation
mixtures containing MPO at pH 5.4 (open bars) or HRP at pH 6.4 (filled bars).
Tempol consumption was monitored by the decay of its EPR spectrum. Shown
values are average ⫾ SD of three independent experiments.

The better elucidated protein-tyrosine nitration mechanism
supports a radical recombination of NO•2 with protein-tyr• to
produce 3-nitrotyrosine residues. Not unexpectedly, efficient
Tyr nitration has been demonstrated so far with systems that
directly or indirectly produce Tyr• in addition to NO•2 . Examples
of such systems are hemeperoxidases/H2O2/NO⫺
2 and peroxynitrite/CO2 (4, 15). In the presence of H2O2, hemeperoxidases such
as myeloperoxidase form compounds I (MPO-I, E° ⫽ 1.35 V)
and II (MPO-II, E° ⫽ 0.97 V) (16) which can oxidize both NO⫺
2
and Tyr to NO•2 and Tyr•, respectively. In the case of peroxynitrite/CO2, these components react quickly to produce NO•2 and
CO3. in 35% yield. A simultaneous flux of these radicals is
efficient in nitrating Tyr because the highly oxidizing CO3.
produces Tyr• that recombines with NO•2 (4, 15). Because tempol
reacts rapidly with both NO•2 and CO3. (11–13), it is not surprising
that it inhibited peroxynitrite/CO2-mediated nitration of phenol
(10) and BSA and cell proteins (7).
The effects of cyclic nitroxides on hemeperoxidase-mediated
protein nitration, however, remained unexplored. Nitroxides
have been shown to react with the ferryl states produced from
myoglobin, hemoglobin, HRP/phenol, and lactoperoxidase/
phenol, facilitating their catalase activity (17, 18). However,
these systems are unlikely to be relevant for pathophysiological
protein nitration under most circumstances. Here, we examine
the kinetics and mechanisms of tempol inhibition of proteintyrosine nitration, mediated by MPO, a mammalian enzyme that
plays a central role in innate immune defense and various
inflammatory processes (reviewed in refs. 16, 19, and 20). For
comparative purposes, some experiments were also performed
with HRP. The nitration target used was RNase, a model protein
that contains 6 Tyr, no Trp, and all of 8 Cys involved in
intramolecular disulfide bonds (21).
Results
Inhibition of Peroxidase-Mediated RNase Nitration by Tempol. RNase
has been previously used as a target of MPO-mediated nitration
at pH 7.4 (21). Here, we examined the production of 3-nitrotyrosine in RNase treated with 1 mM H2O2, 1 mM NO⫺
2 , and either
30 nM MPO or 10 M HRP at pH 5.4, 6.4, and 7.4 (Fig. 1A).
MPO-mediated RNase nitration was strongly enzyme- and pHdependent. Although less sensitive to pH, HRP-mediated nitration was higher at pH 6.4. MPO efficiency in promoting RNase
nitration is clear because, at pH 5.4, nanomolar MPO produced
almost three times more 3-nitrotyrosine residues than micromolar HRP (Fig. 1 A). Stoichiometrically, MPO promoted the
nitration of almost one Tyr residue (290 M) per RNase
molecule (370 M) at pH 5.4. Parallel production of lower yields
of 3-hydroxytyrosine and dityrosine was proven by HPLC anal8192 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0708211105

Fig. 2. Peroxidase-mediated production of RNase-tyrosyl radical. (A) EPR
spectrum obtained after a 10-min incubation of the standard incubation
mixture (370 M RNase, 30 nM (10 units/ml) MPO, 1 mM H2O2, 1 mM NO2⫺, pH
5.4 and 37°C) in the presence of 10 mM DBNBS. (B) Same as A, in the presence
of 10 M tempol. (C) Same as A, in the absence of NO2⫺. (D) EPR spectrum
obtained after 30-min incubation of the standard HRP mixture (370 M RNase,
10 M (450 units/ml) HRP, 1 mM H2O2, 1 mM NO2⫺, pH 6.4 and 37°C) in the
presence of 10 mM DBNBS. The point marks the spectrum line used to estimate
tempol inhibition of DBNBS/•tyrosyl-protein radical adduct yield. Instrumental
conditions: microwave power, 20 mW; time constant, 327.7 ms; sweep time,
335.5 s; modulation amplitude, 1.0 G; receiver gain, 1.26 ⫻ 105.

ysis of trypsin hydrolysates of treated RNase; the main oxidized/
nitrated residues were those present in the peptides containing
Tyr92/97 and Tyr73/76 [see supporting information (SI) Fig. S1]. To
examine tempol effects, however, only overall RNase nitration
yield was monitored. MPO-mediated RNase nitration was almost completely inhibited by low micromolar concentrations of
tempol (5–10 M) (Fig. 1 A). Likewise, tempol strongly inhibited
HRP-mediated nitration. Tempol inhibitory effects were observed under all tested conditions of measurable RNase nitration, but most of the subsequent experiments were performed at
pH values that yielded maximum nitration, that is, pH 5.4 and 6.4
for MPO and HRP, respectively. Protein nitration at low pH is
relevant because acidic environments can be found at cell surfaces,
phagolysosomes of phagocytic cells, and ischemic tissues.
The low tempol concentrations (5–10 M) required to extensively inhibit RNase nitration suggested that it might be acting
catalytically. However, depending on its initial concentration,
tempol was totally or partially consumed, as monitored by the
EPR spectra of the final incubation mixtures (Fig. 1B). In
incubations containing MPO, tempol was completely consumed
in those that started with 1 or 5 M tempol, whereas ⬇3 M
remained in incubations that started with 10 M tempol. One
possibility to explain tempol consumption was recombination
reactions with RNase-tyr• (Eq. 2) (7, 22). To test this possibility,
we examined radical production by EPR spin-trapping experiments with 3,5-dibromo-4-nitrosobenzenesulfonate (DBNBS).
Incubations of RNase with MPO/H2O2/NO⫺
2 in the presence of
DBNBS produced a spectrum whose EPR parameter (aN ⫽ 13.7
G) (Fig. 2A) was consistent with a DBNBS/•tyr-protein radical
adduct because RNase has no Trp residue (23). The obtained
spectrum was relatively mobile, indicating that solvent-exposed
Tyr residues are being oxidized by MPO/H2O2/NO⫺
2 . Interestingly, the yield of the DBNBS/•tyr-protein radical adduct was
significant even in the absence of NO⫺
2 (Fig. 2C), demonstrating
that RNase-tyr• formation does not necessarily require NO•2
production. Despite the relative inaccessibility of the MPO
active site, the enzyme has been shown to oxidize Tyr residues
in a synthetic polypeptide containing a high Tyr content (20%)
(24). Most likely, MPO oxidizes RNase-tyrosine residues
Vaz and Augusto
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Stopped-Flow Kinetics. Although MPO and HRP properties vary

markedly, their catalytic peroxidase cycle is similar and involves
production of ferryl states (MPO-I and MPO-II and HRP-I and
HRP-II) that oxidize different substrates with second-order rate
constants that have been determined under a variety of experimental conditions (20, 27). Here, we determined the secondorder rate constant of the reaction of tempol with MPO-I (Fig.
3), MPO-II (Fig. S2), HRP-I (Fig. S3) and HRP-II (Fig. S4) by
stopped-flow kinetics. The determined second order rate constant values (k) are collected in Table 1 and agree well with
reported data that show, for most substrates, k of MPO-I
reactions varying between 106 and 107 M⫺1 s⫺1, whereas k values
of MPO-II, HRP-I, and HRP-II reactions are usually lower and
vary more widely (27). The second-order rate constant of the
reaction of tempol with MPO-I (k ⫽ 3.3 ⫻ 106 M⫺1 s⫺1) is high
but comparable to that of endogenous substrates. Despite most
of our experiments being carried out at 37°C and pH 5.4 and 6.4
for MPO and HRP, respectively, kinetic studies with MPO were
performed at pH 7.4 and 25°C to minimize errors because of the
Table 1. Values of second-order rate constants determined for
tempol reacting with MPO and HRP compound I and II at 25°C*
Reactant
MPO-I
MPO-II
HRP-I
HRP-II

k, M⫺1 s⫺1

pH

(3.3 ⫾ 0.5) ⫻ 106
(2.6 ⫾ 0.7) ⫻ 104
(1.2 ⫾ 0.2) ⫻ 103
(5.7 ⫾ 0.5) ⫻ 102

7.4
7.4
6.4, 7.4
6.4, 7.4

*The values represent the mean ⫾ SD from three to six independent stoppedflow experiments (Fig. 3, and Figs. S2, S3, and S4). The values obtained for
HRP reactions at pH 6.4 and 7.4 did not differ significantly and the shown
values are the mean ⫾ SD of both sets of experiments.
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possibility of MPO reactions becoming too fast to be monitored
in the stopped-flow instrument. Because radical reactions have
low activation energies, and HRP reaction rate constant values
did not vary significantly at pH 6.4 and 7.4 (Table 1), the
determined rate constant values were considered applicable to
model tempol effects through kinetic simulations.
Tempol Effects on Time-Dependent Substrate Consumption and Product Formation. In incubations containing MPO, almost all H2O2

(Fig. 4B) and less than half of the NO⫺
2 (Fig. 4A) were consumed
in ⬇5–10 min in the absence of tempol. Its presence completely
inhibited NO⫺
2 consumption (Fig. 4A), whereas H2O2 consumption remained similar initially, but faster at late times (Fig. 4B).
Formation of 3-nitrotyrosine in RNase was marginal in the
presence of 10 M tempol (Fig. 4C), in agreement with spent
incubation mixture analysis (Fig. 1). The small effects of tempol
on H2O2 consumption, compared with its pronounced inhibition
of NO⫺
2 consumption and RNase nitration (Fig. 4), indicated
that H2O2 was consumed in processes other than RNase oxidation/nitration. One possibility was H2O2 decomposition to O2
(17, 18) and, indeed, tempol greatly increased O2 evolution in the
incubation mixtures (Fig. 4D). To ensure an accurate measurement of evolved O2 whose solubility in aqueous solution is ⬇0.2
mM, lower H2O2 concentrations (0.3 and 0.4 mM) were used in
MPO-containing mixtures because they consumed all available
peroxide (Fig. 4D). In the presence of tempol, evolved O2 always
accounted for approximately one fourth of consumed H2O2. By
extrapolation, we estimated that 1 mM H2O2 would produce
⬇0.25 mM O2 (Fig. 4D). Similar effects of tempol were observed
in HRP-containing incubations but substrate consumption and
PNAS 兩 June 17, 2008 兩 vol. 105 兩 no. 24 兩 8193
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through a MPO-I isomer resulting from electron transfer from
its porphyrin cation to an amino acid of its polypeptide chain
(24–26). Under our experimental conditions, tempol at an initial
concentration of 10 M inhibited the yield of the DBNBS/•tyrRNase radical adduct by ⬇50%, as shown by comparing the low
field line of the radical adduct spectrum (marked in Fig. 2) that
does not coincide with tempol spectrum lines. Thus, micromolar
tempol competes with millimolar DBNBS for the RNase-tyr•, a
fact that is in agreement with the known second-order rate
constants of nitroxides and DBNBS reacting with carboncentered radicals (22). In line with the lower HRP efficiency in
nitrating RNase compared with MPO (Fig. 1 A), tempol consumption (Fig. 1B) and RNase-tyr• formation (Fig. 2D) were
lower in HRP-containing incubations.

Fig. 4. Experimental (black) and simulated (red) data of tempol effects on
the time-dependent substrate consumption and product formation in MPOcontaining incubations. The incubations (370 M RNase, 10 units/ml MPO, 1
mM H2O2, 1 mM NO2⫺) were performed at pH 5.4 and 37°C. (A) Timedependent NO2⫺ consumption in the absence (filled square) and presence
(filled circle) of 10 M tempol. (B) Time-dependent H2O2 consumption in the
absence (filled square) and presence (filled circle) of 10 M tempol. (C)
Time-dependent production of 3-nitrotyrosine in the absence (filled square)
and presence (filled circle) of 10 M tempol. (D) Time-dependent O2 evolution
in the absence (unlabeled lines) and presence (labeled lines) of 10 M tempol
by standard incubations except for the use of 0.4 mM H2O2. The black curves
are experimental data, whereas the blue curves were calculated by multiplying the experimental curves by 2.5. This was necessary to estimate O2 evolution
under our standard condition of 1 mM H2O2 (see text). Hydrogen peroxide,
NO2⫺, and 3-nitrotyrosine analyses were performed from aliquots submitted to
iodometric, chemiluminescence, and spectrophotometric assay, respectively.
Shown values are average ⫾ SD of three independent experiments. All red
lines correspond to the kinetic simulations modeled with the Gepasi software
(see text).
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Fig. 3.
Determination of the second-order rate constant value for the
reaction of tempol with MPO-I. Pseudo first-order rate constants were determined on premixing 0.2 M MPO with 4 M H2O2 in 0.1 M phosphate buffer,
pH 7.4. After a delay time of 0.1 s, formed MPO-I was allowed to react with the
specified tempol concentrations, which were in 10-fold excess of MPO-I but
not too high to preclude attainment of steady-state conditions. The reaction
time course was monitored at 456 nm and Inset shows a typical trace (black
line) and curve fit (red line) obtained with 2 M tempol. The apparent
second-order rate constant was calculated from the slope by using linear
least-squares regression analysis.

product formation were much slower (Fig. S5) than in MPOcontaining incubations (Fig. 4).
Kinetic Simulations. To obtain mechanistic insights about the
inhibitory effect of tempol on MPO-mediated RNase nitration,
kinetic simulations were performed with the Gepasi software
(28) by using the reactions and corresponding rate constants
listed in Table S1. A reasonable agreement was obtained between experimental and modeled variation of substrate and
product concentrations with time (Fig. 4, black and red lines,
respectively). The major discrepancy was in the concentration of
evolved O2. However, experimental evolved O2 was obtained by
extrapolation caused by limited O2 solubility in aqueous solutions (Fig. 4D). In addition, many parallel reactions occur in
MPO-containing incubations and several of the reported second-order rate constants were not obtained under our experimental conditions (Tables S1 and S2). Thus, the fit between
experimental and modeled data can be considered reasonable
and informative because it allowed us to test which of the many
possible reactions and estimated second-order rate constants
affected data simulation (Tables S1 and S2). Tempol reactions
with MPO-I and MPO-II (Table 1) marginally affected data
simulation and thus, are unlikely to play a significant role in
inhibiting MPO-mediated RNase nitration. Likewise, tempol
effects on HRP-mediated RNase nitration were reasonably
modeled and were concluded to be independent of tempol
reaction with HRP-I and HRP-II (data not shown).

Discussion
The substantial therapeutic potential of cyclic nitroxides as
antioxidants has stimulated innumerous studies of their reaction
with reactive oxygen species (5, 6). In comparison, reactions of
nitroxides with NO•-derived oxidants have been less frequently
investigated (7, 9–13). However, NO•-derived oxidants promote
protein-tyrosine nitration (15), a protein posttranslational modification that is decreased in the injured tissues of animal models
of inflammation on tempol administration (14). In particular,
tempol effects on MPO-mediated protein-tyrosine nitration
remained unexplored, although MPO is a crucial player in
various infectious and inflammatory conditions (16, 19, 20). Our
studies contribute to fill this hiatus.
We showed that tempol efficiently inhibits MPO-mediated
RNase nitration, acting almost as a true catalyst (Fig. 1). Also,
we showed that tempol reacts with MPO-I, MPO-II, HRP-I, and
HRP-II with second-order rate constants (Table 1) that are
orders of magnitude higher than that reported for ferrylmyoglobin (1.6 ⫻ 101 M⫺1 s⫺1) (18). Nevertheless, the determined second-order constants were not exceptionally high,
corroborating a previous inference that a tempol analogue was
not a good substrate for peroxidases (29). Although a better
substrate for MPO than HRP, the second-order rate constants
of tempol reaction with MPO-I and MPO-II are in the range of
those of endogenous metabolites, such as NO⫺
2 (30).
The second-order rate constant values of MPO-I and MPO-II
7
4
⫺1 s⫺1,
reaction with NO⫺
2 at pH 5 (1.1 ⫻ 10 and 8.9 ⫻ 10 M
respectively) are considerable higher than at pH 7 (2.0 ⫻ 106 and
5.5 ⫻ 102 M⫺1 s⫺1, respectively) (30), and this should contribute
to the higher yield of RNase nitration observed at acid pH (Fig.
1). However, EPR experiments showed that at least one RNasetyrosine residue is highly exposed and reacts with MPO/H2O2
even in the absence of NO⫺
2 (Fig. 2). The better candidates are
Tyr92 and Tyr76, which are exposed (21) and became extensively
modified on treatment with MPO/H2O2/NO⫺
2 (Fig. S1). Reaction of MPO-I with RNase at pH 5.4 was confirmed by preliminary stopped-flow experiments from which a second-order rate
constant with a magnitude similar to that reported for Tyr was
estimated (⬇105 M⫺1 s⫺1) (31). This rapid reaction is likely to be
favored by RNase unfolding at acid pH (32). Even so, the relative
8194 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0708211105

Fig. 5. Schematic representation of sources of NO•-derived oxidants and
tempol reactions that may attenuate tissue injury in inflammatory conditions.
The scheme presents an extremely simplified overview, where the oxidants are
produced by activated leukocytes expressing inducible NO• synthase (iNOS)
and NOX (phagocyte NADPH oxidase), and extruding MPO. The reactions are
not balanced, some intermediates have been omitted for clarity, and the
possibility of the oxammonium cation (TPNO⫹) being recycled by endogenous
reductants has been omitted for lack of data (see text). Radicals produced
from the oxidation of endogenous reductants by MPO or TPNO⫹ may contribute to oxidative damage. Reactions downstream of NO• and O2. leading to
oxidants capable of promoting tissue damage are marked with full lines,
whereas protective reactions are marked with interrupted lines.

inaccessibility of the MPO active site argues for the participation
of a MPO-surface-exposed amino acid radical, the so-called
MPO-I isomer, in RNase oxidation (24–26). The possibility of
MPO directly oxidizing protein residues at acidic pH, that is,
without the assistance of other substrates, such as NO⫺
2 and Tyr,
deserves further study because of its many pathophysiological
implications (16, 19, 24, 26).
Mechanistic insights about the inhibitory effect of tempol on
peroxidase-mediated RNase nitration was obtained by quantifying substrate consumption and product formation in the
presence and absence of tempol and modeling the results by
kinetic simulations (Fig. 4; Table S1). Tempol reactions with
MPO-I and MPO-II (Table 1) marginally affected data simulation, excluding their significant role in inhibiting MPO-mediated
RNase nitration. In fact, the inhibitory effects of tempol can be
attributed mainly to its reaction with NO•2 to produce the
oxammonium cation, which, in turn, recycles back to tempol by
reacting with H2O2 and O2. to produce O2 and recycle NO•2 to
NO⫺
2 (Fig. 5; Table S1, reactions 12, 13 and 14). Another relevant
tempol reaction is with the RNase-tyr• (Table S1, reaction 15)
which consumes the nitroxide (Fig. 1B) and precludes its continuous recycling.
Thus, tempol inhibits MPO-mediated RNase nitration mainly
because of its reaction with NO•2 . Although inferred from
experiments performed with nonphysiological concentrations of
NO⫺
2 and H2O2, the tempol inhibition mechanism should hold
under physiological conditions. In fact, the second-order rate
constants reported here, together with the available literature
data, may be used to model a variety of hypothetical physiological conditions (Table 1; Tables S1 and S2).
Our studies add important information to unravel the mechanisms by which nitroxides attenuate the toxicity of NO•-derived
oxidants, whose formation likely depends on reactions catalyzed
by mammalian hemeperoxidases such as MPO and eosinophil
peroxidase (EPO), among other mechanisms (Fig. 5). Recently,
the peroxidase activity of prostaglandin endoperoxide H synthase (33) and the oxygenase domain of inducible NO• synthase
Vaz and Augusto

Experimental Procedures
Materials. All commercial reagents were analytical grade or better. MPO from
human leukocytes was purchased from Alexis Biochemicals and had an RZ
(A430/A280) ⱖ 0.75. MPO concentration and activity was determined spectrophotometrically (430 ⫽ 8.9 ⫻ 104 M⫺1 cm⫺1 per heme) (37) and by the guaiacol
oxidation assay (38), respectively. HRP was obtained from Sigma, and its
concentration was determined spectrophotometrically (401 ⫽ 1.02 ⫻ 105 M⫺1
cm⫺1) (39). Solutions of H2O2 were prepared before use, and the concentration
determined spectrophotometrically (240 ⫽ 43.6 M⫺1 cm⫺1) (40). Tempol concentration was determined spectrophotometrically (240 ⫽ 1.44 ⫻ 103 M⫺1
cm⫺1) (41). Buffers were pretreated with Chelex-100 to remove transition
metal ion contamination. All solutions were prepared with distilled water
purified with a Millipore Milli-Q system.

Hydrogen Peroxide Analysis. The concentration of H2O2 remaining in the
reaction mixtures at different incubation times was determined by an iodometric assay as reported (43).
Nitrite Analysis. The concentration of NO2⫺ remaining in the reaction mixtures
at different incubation times was determined on a chemiluminescence NO
analyzer (NOATM280, Sievers Instruments). Aliquots were taken from the incubation mixtures, diluted (1:50), and reduced in the analyzing cell with saturated NaI solution in 50% acetic acid (7).

Kinetic Studies. They were performed in a stopped-flow spectrophotometer
(Applied Photophysics SX-18MV) at 25.0 ⫾ 0.5°C by using the sequential
mixing mode. In the reaction of MPO-I with tempol, 0.2 M MPO was premixed with 4 M H2O2 in 0.1 M phosphate buffer, pH 7.4. After a delay time
of 0.1 s, formed MPO-I was allowed to react with varying concentrations of
tempol that were at least 10-fold in excess of MPO-I (29), but not too high to
preclude the attainment of steady-state conditions. The reaction course was
monitored by absorbance changes at 456 nm that accompany the formation
of MPO-II; this wavelength is the isosbestic point between MPO and MPO-I
(37). In the reaction of MPO-II with tempol, it was impossible to employ the
usual procedure of preincubating MPO with a 50-fold excess of H2O2 (31)
because preliminary experiments and kinetic simulations showed that steadystate conditions were attained too quickly, precluding rate measurements.
Thus, 0.2 M MPO was premixed with equimolar H2O2 in phosphate buffer
(24). After a delay time of 0.5 s, the formed MPO-I was allowed to react with
varying concentrations of tempol in at least 10-fold excess, and the reaction
course was monitored at 456 nm as above in two time frames (24). First, the
fast reaction of MPO-I with tempol to quantitatively produce MPO-II was
monitored. Subsequently, MPO-II decay by reaction with high-excess tempol
was monitored in a slower time frame. HRP reactions were slower and the
usual kinetic approaches were used. In these cases, HRP (2.5–3 M) was
premixed with equimolar H2O2 in 0.1 M phosphate buffer, pH 7.4 or 6.4. After
a delay time of 1 s, the formed HRP-I was allowed to react with varying
concentrations of tempol and the reaction course was monitored by formation of HRP-II at 411 nm, the isosbestic point between HRP-II and HRP. In the
reaction of HRP-II, 3 M HRP and 3 M ferrocyanide were premixed with 3 M
H2O2 in 0.1 M phosphate buffer, pH 7.4 or 6.4. After a delay time of 2.5 s, the
formed HRP-II was allowed to react with varying concentrations of tempol.
The reaction course was monitored by the decay of HRP-II at 425 nm (44). In all
cases, kobs values were determined by using the single curve-fit equation of the
instrument software. Three to six determinations of kobs were performed for
each substrate concentration. The apparent second-order rate constants were
calculated from the slopes by using linear least-squares regression analysis.
Kinetic Simulations. Kinetic simulations were performed with the Gepasi
3.30 software (http://gepasi.dbs.aber.ac.uk/softw.html/) (28).

RNase Nitration. Total yield of RNase nitration was monitored by determining
spectrophotometrically 3-nitrotyrosine formation (430 ⫽ 4.4 ⫻ 103 M⫺1 cm⫺1)
(42). After the incubation time specified in the figure legends, the reactions were
stopped by catalase addition (50 units/ml). Alternatively, the spent reaction
mixtures were treated with trypsin and analyzed by HPLC (Fig. S1).

ACKNOWLEDGMENTS. We thank Prof. Peter Wardman for the discussion of
second-order rate constant values, and Maria L. V. Pereira for the artwork in
Fig. 5. This work was supported by grants from Fundação de Amparo à
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Oxygen Evolution. Evolved O2 was monitored on an oxygen monitor (Gilson 5/6
oxygraph). The instrument was calibrated by the amount of O2 evolved after
addition of catalase (50 units/ml) to H2O2 standard solutions.
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10 M (450 units/ml) HRP in 50 mM phosphate, pH 5.4, 6.4, or 7.4, and were
incubated at 37°C.
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EPR Experiments. The EPR spectra were recorded at room temperature (25 ⫾
2°C) on a Bruker EMX instrument. The incubations were performed as described above except for the presence of tempol and/or DBNBS as specified in
the legend to Fig. 2.

BIOCHEMISTRY

(34) have been proposed to be additional sources of NO•2 in
mammals. Because MPO is a very reactive enzyme, our demonstration that tempol reacts with MPO-I and MPO-II at rates
comparable to those of endogenous substrates should hold for
other peroxidases. Except in cases of accentuated steric hindrance, the second-order rate constants we determined should
also hold for many nitroxides because electronic structure and
electron delocalization play minor roles in their reactions (35).
The demonstration that the recombination reaction of tempol
with protein-tyr• is an important route for nitroxide consumption was also relevant. Nitroxide decay by recombination reactions with protein-thiyl (7) and glutathionyl-derived radicals (29)
has been proposed. It has usually been assumed that reduction
of nitroxide to the corresponding hydroxylamine is the main
decay route for these compounds in vivo, but the contribution of
recombination reactions deserves to be evaluated.
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that nitroxides attenuate the toxic effects of NO•-derived oxidants mainly because of their capability to react rapidly with NO•2
and/or CO3. (k ⬎ 108 M⫺1 s⫺1) that would otherwise attack a
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peroxynitrite and H2O2 to produce upstream species such as
NO•, O2. , and O2 (Fig. 5). In vivo, it is likely that the oxammonium cation can be recycled by cellular reductants, but these
reactions have yet to be explored (9). Because tempol is effective
at reducing inflammatory injury in genuine physiological conditions, specifically in animal models, it is conceivable that
nitroxide targeting to cells and sites of increased NO•-derived
oxidant production may become a potential therapeutic strategy.
A proof of the concept is found in the promising results obtained
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