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Sodium azide (NaNj) is known as an inhibitor of
catalase, and a nitric oxide (NO) donor in the presence
of catalase and H,O,. We showed here that catalase-
catalyzed oxidation of NaNj; can generate reactive
nitrogen species which contribute to tyrosine nitration
in the presence of H,O,. The formation of free-tyrosine
nitration and protein-bound tyrosine nitration by the
NaNj3/catalase/H;O, system showed a maximum
level at pH 6.0. Free-tyrosine nitration induced by
peroxynitrite was inhibited by ethanol and dimethyl-
sulfoxide (DMSO), and augmented by superoxide
dismutase (SOD). However, free-tyrosine nitration
induced by the NaN3/catalase/H,0, system was not
affected by ethanol, DMSO and SOD. NO; and NO
donating agents did not affect free-tyrosine nitration
by the NaNj/catalase/H,0O, system. The reaction of
NaN; with hydroxyl radical generating system
showed free-tyrosine nitration, but no formation of
nitrite and nitrate. The generation of nitrite (NO; ) and
nitrate (NO3) by the NaNjz/catalase/H;O, system
was maximal at pH 5.0. These results suggested
that the oxidation of NaN; by the catalase/H,0,
system generates unknown peroxynitrite-like reactive

nitrogen intermediates, which contribute to tyrosine
nitration.

Keywords: Catalase; Sodium azide; Nitrotyrosine; Azidyl
radical; Peroxynitrite

INTRODUCTION

Azide has been widely used as an inhibitor of
metalloenzymes, such as catalase and various
peroxidases in oxygen biochemistry."} In
addition to inhibiting catalase action, azide
shows extensive oxidation to several gaseous
nitrogenous products such as nitrous oxide,
nitric oxide (NO), and nitrogen in the presence of
hydrogen peroxide.!”] Catalytically important
intermediate forms of catalase, Compound I
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and II, which are formed upon reaction with
H,0,, oxidize azide to an azidyl radical (Nj3)
subsequent reaction of the azidyl radical with
oxygen generates NO."*! The formation of NO by
such a mechanism occurs in human neutrophils
stimulated by phorbol myristate acetate and
supplemented with azide or azide plus cata-
lase.”) The NO produced is believed to account
for the ability of azide to activate guanylate
cyclase and promote vascular relaxation.”
Moreover, azidyl radical formation was demon-
strated in pulse radiolysis of azide oxidation,' in
succinate-driven respiration of azide-inhibited
rat brain submitochondrial particles,”! inacti-
vation of lignin peroxidase from Phanerochaete
chrysosporium by azide,®! and inhibition of
cytochrome ¢ oxidase by azide in the presence
of H,0,.”! Covalently, incorporation of an azidyl
radical into a peroxidase prosthetic group was
involved in its inactivation.'’! On the other
hand, the azidyl radical generates tyrosine
phenoxy! radicals™*! and simultaneously gener-
ates NO. Tyrosine phenoxyl radicals react with
NO and subsequent formation of nitrotyrosine
occurs under prostaglandin endoperoxide
synthase turnover.'? Nitrotyrosine is a bio-
marker of the peroxynitrite (ONOO™) attack and
the attacks of other reactive nitrogen species on
tyrosine.!"® Peroxynitrite is formed by the
reaction of O, and NO,™! and is emphasized
as a toxic oxidant in inflammatory diseases.!™”
Therefore, this study was designed to investigate
whether or not reactive species responsible for
tyrosine nitration are generated in the reaction of
azide with catalase and H,O,.

MATERIALS AND METHODS

Chemicals

Sodium azide (NaN3), luminol sodium salt,
diethylenetriaminepentaacetic acid (DTPA), and
superoxide dismutase (SOD) (bovine erythro-
cyte, 3500 U/mg), were purchased from Wako

Pure Chemicals. 3-Nitrotyrosine was obtained
from Alexis (Switzerland). Bovine serum albu-
min (essentially fatty acid-free, approx. 0.005%)
(BSA), ovalbumin (#A 5253) and L-tyrosine were
obtained from Sigma. Catalase (65,000U/mg)
was obtained from Boehringer Mannheim
GmbH. A rabbit polyclonal anti-nitrotyrosine
antibody was obtained from Upstate Biotechnol-
ogy, and a goat anti-rabbit horseradish peroxi-
dase-conjugated secondary antibody was
obtained from Dako. Peroxynitrite, synthesized
in a quenched flow reactor'*®! and with contami-
nating H,O, removed by manganase dioxide,
was purchased from Dojindo. All other reagents
were of the highest purity commercially
available.

Chemiluminescence

Chemiluminescence was measured with a lumi-
nescence reader (Aloka, BLR102) for a single
detection at 37°C as described previously."” The
standard reaction mixtures for a single detection
contained 0.07 mM luminol and 100 uM DTPA in
1ml of continuously stirred 50mM potassium
phosphate buffer (pH 7.4). For the NaNj/-
catalase/H,0O, system, 0-1mM NaNj;, 0-
5png/ml catalase and 0-200uM H 0, were
added at critical times to the standard reaction
mixtures. The intensity of the peak chemilumi-
nescence was expressed as counts per min.

Nitration of L-tyrosine

Nitration of free-tyrosine in the NaNj/
catalase/H,O, system was measured by chan-
ging the concentrations of NaNj, catalase, and
H,05. L-tyrosine (1 mM) was dissolved in 50 mM
potassium phosphate buffer (pH 7.4) containing
100 oM DTPA, 10-500 wg/ml catalase, 1-10 mM
NaNj, and 1-10mM H,0,. The reaction was
initiated by addition of H,O, and allowed to
proceed at 37°C for 1 h. To test the effect of pH on
the nitration of free-tyrosine, L-tyrosine (1 mM)

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/23/11
For personal use only.

CATALASE FORMS NITROTYROSINE ... 737

was dissolved in 50 mM glycine—HCl buffer (pH
3.0) or 50mM acetate buffer (pH 4.0, 5.0) or
50 mM potassium phosphate buffer (pH 6.0 or
7.4) or 50mM potassium pyrophosphate buffer
(pH 9.0), containing 100 uM DTPA, 500 ng/ml
catalase, 5mM NaNj; and 5mM H,0O,. Nitrous
acid can nitrate tyrosine in the presence of H,O,.
L-Tyrosine (1 mM) was dissolved in 50mM
glycine—HCI buffer (pH 3.0) or 50mM acetate
buffer (pH 6.0 or 7.0) containing 100 uM DTPA,
100 pM NO, and 5mM H,0,. To evaluate the
formation of NOj; from the oxidation of NO, by
catalase, 1 mM NO, was added in place of NaN3
in the reaction of NaNj3/catalase/H,0,. Boiled
catalase or catalase dialyzed overnight with
50mM potassium phosphate buffer (pH 7.4),
was also added in place of catalase in the reaction
with the NaN;/catalase/H,0, system, to block
the function of catalase as a protein and the
possible role of any contaminating low molecular
weight materials. The contribution of nitrous
acid to tyrosine nitration in the NaN;/catalase/
H,0, system was evaluated by incubation of
1mM L-tyrosine with 100 nM DTPA, 100 pM
NO, and 5mM H,0, in 50mM glycine-HCI
buffer (pH 3.0) or 50 mM acetate buffer (pH 6.0,
7.0) for 1h at 37°C. To evaluate the nitrogen
species from the NaNj/catalase/H,0, system,
various antioxidants were added to the NaN3/
catalase/H,O, system containing 1mM L-tyro-
sine, 100 uM DTPA, 500 pg/ml catalase, 5mM
NaN3; and 5mM H,O, in 50mM potassium
phosphate buffer (pH 7.4), and then compared
with tyrosine nitration by the reaction of 100 uM
peroxynitrite with 1.0mM tyrosine in 50 mM
potassium phosphate buffer (pH 7.4) containing
100 uM DTPA. For the contribution of NO, or
NO to tyrosine nitration by the NaN;/catalase/
H,0, system, NO, (10-100uM) or 1-hydroxy-
2-0x0-3-(3-aminopropyl)-3-isopropyl-1-triazene
(NOC-5) (10-100ppM) and 4-methyl-2-[hydro-
xyimino]-5-nitro-6-methoxy-3-hexenamide
(NOR-1) (100 M), a NO donor, was added to the
NaNj3/catalase /H,0, system. The participation
of azidyl radicals in tyrosine nitration was

elucidated by incubation of 17mM NaNj; with
1mM L-tyrosine, 300 uM Fe(Il) and 2mM H,0,
in 20mM phosphate buffer (pH 7.4) containing
150mM KCL”! The Fe(Il) was added last. All
reactions containing catalase were terminated by
centrifugation (7000 rpm) with ULTRAFREE-MC
(10kDa molecular weight cutoff) (Millipore) to
remove proteins. Tyrosine and its nitration
products were analyzed by HPLC using a 5 uM
Spherisorb ODS-2RP-18 column, with 93% of
50 mM potassium phosphate (pH 3.0), and 7%
methanol as the mobile phase at 1ml/min, and
UV detection at 274nm.!"®! Identification and
quantification of nitrotyrosine were performed
by treatment with excess sodium dithionite
(Na;5,04), which reduces nitrotyrosine to ami-
notyrosine,’ and comparison with external
standards.

Immunoblot Analysis of Protein-bound
Nitrotyrosine

BSA (1mg/ml) in 50mM glycine-HCl buffer
(pH 3.0), 50 mM acetate buffer (pH 4.0 or 5.0 or
6.0), potassium phosphate buffer (pH 6.0 or 7.4)
or 50mM potassium pyrophosphate buffer (pH
9.0) was incubated with 100pM DTPA,
500 pg/ml catalase, 5mM NaN;, and 5mM
H,0, for 1h at 37°C. After incubation, a part of
reaction mixture of pH 6.0 containing the
NaN3/catalase/H;O, system was added with
1mg/ml sodium dithionite to change nitrotyr-
osine to aminotyrosine. Then, 50 ul aliquots of
incubation mixtures were suspended in 50 pl of a
sample loading buffer (125mM Tris—HCI, pH
6.8/30% glycerol/10% B-mercaptoethanol/2%
SDS/0.01% bromophenol blue), and heated for
5min at 95°C. Next, 10 png/ml of samples were
loaded on 5-20% SDS-polyacrylamide gels and
electrophoresed. After electrophoresis, the sep-
arated proteins were transferred to poly-
vinylidene difluoride membranes (Millipore).
The membranes were blocked with 3% (w/
v) ovalbumin in 20mM Tris-HCl (pH 7.7)
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containing 137 mM NaCl and 0.1% (w/v) Tween
20 (buffer A). After blocking, the membranes
were washed twice for 5 min with buffer A, then
incubated for 2h with a rabbit polyclonal anti-
nitrotyrosine antibody (1:800 dilution) or with a
rabbit polyclonal anti-nitrotyrosine antibody
preincubated for 1 h with 10 mM 3-nitrotyrosine.
After three 10min washes in buffer A, the
immunocomplexed membranes were probed for
1h with a goat anti-rabbit (1:1000 dilution)
horseradish peroxidase-conjugated secondary
antibody. Probed membranes were washed
three times for 10min with buffer A and
immunoreactive proteins were detected using
enhanced chemiluminescence (NEN™ Life
Science Products). After chemiluminescence,
the membranes were stained with Coomassie
blue.

Nitrotyrosine from Protein Hydrolysis

Formation of protein-bound nitrotyrosine was
detected as 3-nitrotyrosine by protein hydrolysis.
BSA (1mg/ml) was incubated with 100 pM
DTPA, 500 pg/ml catalase, 10mM NaN; and
5mM H,0; in 50 mM glycine-HCl buffer (pH
3.0), potassium phosphate buffer (pH 6.0 or 7.4)
or 50mM potassium pyrophosphate buffer pH
9.0 for 1h at 37°C. Control studies were
performed by omitting NaN3 or H,O, from
incubation mixtures of 50 mM potassium phos-
phate buffer (pH 6.0). After incubation, trichro-
loacetic acid was added to the samples (5% final
concentration) and they were centrifuged at
12,000 rpm for 5min. The precipitated proteins
were hydrolyzed with 6M HCl overnight at
110°C under a vacuum, and analyzed by HPLC
using a TSK-Gel ODS-80TS column
(25cm X 4.5 cm), with 90% of 50mM potassium
phosphate (pH 3.0) 10% methanol as the mobile
phase at a flow rate of 1ml/min.*! The
concentrations of 3-nitrotyrosine and tyrosine
were determined by UV at 274 nm.

Nitrite NO; and Nitrate NO; Assays

Formation of NO, and NO, by the NaNs/
catalase/H,0O, system was determined by capil-
lary zone electrophoresis,m] because NalNj
inhibits nitrate reductase in spectrophotometric
assays of NO, and NO, with Greiss reagents.
The incubation mixtures contained 100pM
DTPA in 1ml! of 50mM potassium phosphate
buffer (pH 7.4), and where indicated, 500 wg/ml
catalase, 10 mM NaN3, 5 mM H,0,, 30 uM NO, ,
50 ng/ml SOD, 300uM ferrous sulfate or
combinations of these reagents. To observe the
effect of pH on the production of NO, and NO;
via the NaNj3/catalase/H,0, system, the reac-
tion mixtures containing 100uM DTPA,
500 ug/ml catalase, 10mM NaN; and 5mM
H,0, were incubated in 1ml of 50 mM glycine—
HCl buffer (pH 3.0) 50 mM potassium phosphate
buffer (pH 6.0 or 7.4) or 50mM potassium
pyrophosphate buffer (pH 9.0). All incubations
were performed at 37°C for 1h.

Statistical Analysis

All data are expressed as mean *+ SD of several
experiments. The significance of the differences
between groups was analyzed by one-way
analysis of variance, and P < 0.05 was con-
sidered significant.

RESULTS

Chemiluminescence

The addition of 4pg/ml catalase and 25pM
NaN3; to luminol caused a barely detectable level
of chemiluminescence, but the further addition
of H,O,, ranging from 6 to 60uM, increased
chemiluminescence in a dose-dependent manner
(Fig. 1). When the concentrations of NaNj
and H,O, were fixed at 5 and 10 pM, respect-
ively, luminol-dependent chemiluminescence
increased in parallel with an increase in the
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FIGURE 1 Luminol-dependent chemiluminescence
produced by NaNj/catalase/H,0,. The incubation of
reaction mixtures containing 0.07mM luminol, 100uM
DTPA, and 50 mM potassium phosphate buffer, pH 7.4, in a
final volume of 1ml was started at 37°C, and 1min later,
4 pg/ml catalase and 25 pM NaN; were added. Five min later,
HxO, (0, 6, 12, 30, or 60 uM) was added. The tracings are
representative of five experiments on different sample
preparations.

concentration of catalase from 0.5 to 5pg/ml.
When 1pg/ml catalase and 6.0 pM H,0O, were
added to the incubation mixture, chemilumines-
cence was augmented by an increase in the
concentration of NaNj; from 5 to 50 uM. The
lower limits of the concentration of NalNs,
catalase, and H,0O, required in the reaction
mixtures in order to detect an increase in
chemiluminescence were 5uM, 2pg/ml and
6 uM, respectively. No apparent increase in
chemiluminescence was detected when any of
the reagents were absent from the NaNj/
catalase/H,O, mixture.

Nitration of L-tyrosine

The formation of nitrotyrosine with the reaction
of 100 ug/ml catalase, 1 mM NalNj3, and various
concentrations of H,O, is shown in Fig. 2A.

Nitrotyrosine formation was maximal at 5mM
H,0,. The formation of nitrotyrosine by the
combination of 100 pg/ml catalase, 5mM H>O,,
and various concentrations of NaN3; showed a
dose-dependency on NaNj from 0.1 to 10mM
(Fig. 2B). When the concentrations of NaN; and
H,0O, were fixed at 1 and 5mM, respectively, the
concentration of nitrotyrosine formed by the
addition of 20pug/ml catalase was 0.034 =
0.005 uM. However, the formation of nitrotyr-
osine was not detected with 10 ng/ml catalase
(Fig. 2C). The detection limit of authentic
nitrotyrosine was 0.03 pM.

The formation of nitrotyrosine by the NaN3/-
catalase/H,0, system was demonstrated from
pH 3.0 to 9.0 (Fig. 3). Maximal formation of
nitrotyrosine was observed at pH 6.0. However,
nitrotyrosine formation by the reaction of NO,
and H,0, was observed at pH 3.0, but not at pH
6.0 or 7.0 (Fig. 3). Nitrotyrosine formation was
not observed due to the oxidation of NO, or by
using boiled catalase in the NaN3/catalase/HO,
system (Fig. 3).

Nitrotyrosine formation was observed by
the reaction of azide with H,O, and Fe®*, but
was inhibited by the addition of DTPA and
was not observed in the absence of Fe®*
(Fig. 4).

The effect of various scavengers on tyrosine
nitration by both the NaNj/catalase/H;0,
system and peroxynitrite are compared in Fig. 5.
Nitrotyrosine formation in control studies by the
NaN; (5mM)/catalase (500 pg/ml)/H,0,
(5mM) system and 100uM peroxynitrite was
1.25+0.27 and 6.62 £ 0.16 puM, respectively.
Tyrosine nitration by peroxynitrite was augmen-
ted by SOD, but significantly inhibited by
mannitol, ethanol and dimethylsulfoxide
(DMSO). On the contrary, tyrosine nitration by
the NaNj/catalase/H;0, system was not
affected by SOD, and was not inhibited by
mannitol or DMSO. Methionine, cysteine and
uric acid showed inhibitory effects on tyrosine
nitration by both the NaNj/catalase/H,O,
system and peroxynitrite.
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FIGURE 2 Tyrosine nitration by NaNj/catalase/H,0,. (A) Tyrosine (1 in 50mM potassium phosphate buffer containing
100 uM DTPA (pH 7.4)) was incubated with 400 pg/ml catalase, 1 mM NaNj, and the indicated concentrations of H,O,. (B)
Tyrosine (1 mMmM) dissolved in 50mM potassium phosphate buffer (pH 7.4) containing 100 uM DTPA was incubated with
400 pg/ml/ml catalase, 5mM H,0O,, and the indicated concentrations of NaNj. (C) Tyrosine (1mM) dissolved in 50 mM
potassium phosphate buffer (pH 7 4) containing 100 uM DTPA was incubated in the presence of 1 mM NaNj, 5 mM H,O,, and the
indicated concentrations of catalase. Each value represents the mean * SD of five determinations.

The addition of NO, (10-100 pM) or NOC-5 of dialyzed catalase in the NaN;/catalase/H>O,
(10-100 pM) and NOR-1 (100 pM), a NO donor,  system did not alter the nitration of tyrosine
to the NalN;/catalase/H,0O, system, and the use  (data not shown).
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FIGURE 3 Effect of pH on tyrosine nitration by the
NaNj/ catalase/H,0, system and by the reaction with NO;
and H,O». Tyrosine (1 mM) was reacted with 100 uM DTPA,
10mM NaNj, 500 p.g/ml catalase and 5mM H,0O, in each pH
buffer (closed circles). Tyrosine (1mM) was reacted with
100pM NO, with 5mM H;0; at pH 3.0, 6.0 or 7.0 (open
circles). NO, (1mM) was added in place of NaNj in the
NaNs/catalase/H,0, system at pH 6.0 (a closed square).
Boiled catalase was added in place of intact catalse in the
reaction mixtures at pH 7.4 (an open square). Each value
represents the mean = SD of five determinations.

Immunoblot Analysis of Protein-bound
Nitrotyrosine

The effect of pH on the nitration of BSA was
examined by SDS-PAGE with Coomassie blue
staining and Western blotting (Fig. 6A,B). A
nitrated protein band corresponding to BSA was
seen from pH 4.0 to 7.4. The maximal intensity of
nitrated proteins was seen at pH 6.0 (lane 3, 4).
Reaction mixtures of pH 3.0 (lane7) and 9.0
(lane 1) did not show nitrated protein band,
although a band of Coomassie blue staining was
shown. A nitrated protein band was abolished by
pretreatment of sample in pH 6.0 with 5mg/ml
dithionite (lane 8). Pretreatment of the anti-
nitrotyrosine antibody with 10mM 3-nitrotyr-
osine for 2h completely inhibited the staining
(Fig. 6C).

0.6

Nitrotyrosine (uM)

NaN3 + H202 + Fe?* NaNa + H202 + Fe2* NaN3 + H202
+DTPA

FIGURE 4 Tyrosine nitration bin the reaction of NaN; with
H,O, and Fe®*, a hydroxyl radical generating system.
Tyrosine (1mM) was reacted with 17mM NaN; 2mM
H,0;,, 300 uM Fe?*,100 pM DTPA or combinations of these
reagents at room temperature for 1h. Each value represents
the mean + SD of five determinations. **P < 0.01 versus
NaNj3 + H;O; + Fe?".

Nitrotyrosine from Protein Hydrolysis

Protein-bound nitrotyrosine formation was elev-
ated to maximal levels at pH 6.0 compared to the
levels of pH 3.0 and 9.0 (Fig. 7). The reaction of
100 uM NO; and 5mM H,0O, did not generate
protein-bound nitrotyrosine.

Nitrite NO; and Nitrate NO; Assays

The production of NO, and NO; in the
NaNj/catalase/H,0, system, the effect of
NO, and SOD on the system, and the
production of NO, and NO; in the azidyl
radical producing system are shown in Table L.
NO, and NO; were present in trace amounts
in the solutions of 500pg/ml catalase. The
incubation of mixtures containing 500 p.g/ml
catalase, 1mM NaNj;, and 5mM H,O, pro-
duced significantly increased amounts of NO,
and NO;. The concentration of NO; formed
was 2.2-fold higher than that of NO,. Oxi-
dation of NO, to NO; was not observed by
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FIGURES5 Effects of various scavengers on tyrosine nitration by the NaN;/ catalase/H,0, system and peroxynitrite. Incubation
mixtures of 100 uM DTPA, 1 mM tyrosine with 5mM NaNj, 500 g /ml catalase and 5mM H,O,, or with 100 uM peroxynitrite
were added to 50 pg/ml SOD, 50 mM mannitol, 1 mM methionine, 1 mM cysteine, 1 mM uric acid, 80 mM ethanol or 50 mM
dimethylsulfoxide (DMSO). Each value represents the mean *+ SD of five determinations. **P < 0.01 versus control.

addition of 30pM NO, and 50pg/ml SOD,
respectively, in the NaNj/catalase/H,O, sys-
tem. Addition of Fe’* to the reaction mixtures
of 10mM NaNj; and 5mM H,0O, did not show
any elevation of NO; and NO; .

The effect of pH on the production of NO, and
NO; via the NaNj/catalase/H;0, system is
shown in Fig. 8. From neutral to acidic pH, the
production of NO; was predominant.

DISCUSSION

NaNj; has been used as an NO-donating agent in
biological research in studies on the increased
formation of NO by neutrophils,'*! the activation
of guanylate cyclase,m], and the relaxation of
isolated rings of the rat aorta."™ These reports
showed NO formation resulting from the reac-
tion of NaN; with endogenous catalase and
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12 3 45 6 7 8

FIGURE 6 Immunoblot analysis of protein nitration by
NaN3;/catalase/H;O,. Bovine serum albumin (BSA)
(1mg/ml) in 50mM glycine—HCl buffer (pH 3.0), 50 mM
acetate buffer (pH 4.0, 5.0 or 6.0) 50 mM potassium phosphate
(pH 6.0 or 7.4) or 50mM potassium pyrophosphate (pH 9.0))
was incubated in the presence of 100 uM DTPA, 10 mM NaNj3,
500 pg/ml catalase, and 5 mM H;0;. (A) After incubation for
1h, 55pg/ml of protein was loaded onto 5-20% SDS-
polyacrylamide gels for electrophoresis, then transferred to
membranes, and immunostained with polyclonal antibodies
against nitrotyrosine or (B) immunostained with antibodies
preincubated with 10mM 3-nitro-L-tyrosine for 2h and (C)
stained with Coomassie blue. Lane 1, pH 9.0; lane 2, pH7.4;
lanes 3, 4 pH6.0; lane 5, pH 5.0; lane 6, pH 4.0; lane 7, pH 3.0.
An incubation mixture containing 1mg/ml BSA, 100 uM
DTPA, 10 mM NaN3, 500 pg/ml catalase, and 5mM H,O, was
treated with 1mg/ml sodium dithionite for 1h at room
temperature (lane 8).

endogeneously generated H,O,. In several in
vitro studies, NO formation by the oxidation
of NaN; with the catalase/H,O, system was
conclusively shown.[>*? Azidyl radicals have
been detected by ESR spin-trapping analysis as a
result of the oxidation of NaNj; with the
catalase/H,0, system”® and various peroxi-

TABLE I Nitrite (NO,) and nitrate (NO;3) production via
NaNj3/catalase/H,O, system. Nitrite (NO,) and nitrate
(NO;3) was determined by capillary electrophoresis after
incubation of 500 pM catalase, TmM NaN,;, 5mM H,0,,
30uM NO;, 50 ng/ml SOD, 30 pg/ml ferrous sulfate or a
combination of each reagents in 50 mM pottasium phosphate
buffer (pH 7.4) for 1h at 37°C.

NO, (uM)  NOj (uM)
Chemicals (mean*SD) (mean=*SD)
Catalase 2.1x0.8 4.1*1.0
Catalase+NaN3; 2.0+03 39+1.3
Catalase+H,0, 19+12 34*1.2
Catalase+NaN;+H,O, 74+05 16.6+2.1
Catalase+NaN3;+H,O0,+NO, 382+1.7 16.6+2.2
Catalase+NaN;+H;0,+SOD 84+12 15.6+0.9
NaN3+H,O, 1.0+0.3 0.5+0.1
NaN3+H,0,+Fe?* 0.8+0.2 0.3+0.2
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FIGURE 7 Effects of pH on protein-bound nitrotyrosine
formation by the NaN; catalase/H,O; system. BSA
(1mg/ml) incubated with 100uM DTPA, 10mM NaNj,
500 pg/ml catalase, and 5mM H,0, at pH 3.7, 6.0, 7.4, or 9.0
(closed circle), hydrolyzed to free amino acid by 6N HCI, and
nitrotyrosine formed was analyzed by HPLC. NaNj3 or H,O,
was omitted in the reaction mixtures at pH 6.0, shown by a
closed triangle or a closed square.

dasel”~"! dependent on H,0O; or ferry iron. One
electron oxidation of N; by catalase Compound I
produces Compound II and ‘N3, and then
Compound II oxidizes Nj to N3B! ‘N3 may
react with oxygen to form N,O and NO.®!
However, NO itself does not show luminol-
dependent chemiluminescence.™?¢! Peroxyni-
trite (ONOO™) revealed chemiluminescence for
luminol.?®! However, it is not clear whether ‘N3
shows luminol-dependent chemiluminescence.
Although luminol-dependent chemilumines-
cence provides less specificity for the detection
of radicals.”) it is suggested that oxidants
besides NO may be associated with luminol-
dependent chemiluminescence in the NaNs/
catalase/H,0, system.

The nitration of amino acid tyrosine and protein
tyrosine at physiological pH is caused by
peroxynitrite itself,** nitronium ions (formed by
metal-catalyzed heterolytic cleavage of peroxyni-
trite, %! nitrogen dioxide ('NOZ),[SOI peroxidase-
catalyzed oxidation of NO; ,!*® and the reaction of
‘NO; or NO with tyrosine radicals.['>*"! Besides
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the reaction of azide with peroxidases in the
presence of H,O,, azidyl radicals are generated by
the reaction of azide with hydroxyl radicals.”*"!
Azidyl radicals attack tyrosine, and subsequently
tyrosine radicals are generated.""! Simultaneous
generation of NO and azidyl radicals tends to
form nitrotyrosine. Our result that azidyl radicals,
generated by the reaction of azide with hydroxyl
radicals, could nitrate tyrosine but could not form
nitrite or nitrate, suggests that azidyl radicals may
berelated to the formation of nitrotyrosine, but not

pH

FIGURE 8 Effects of pH on nitrite (NO, ) and nitrate (NO;) formation by NaNj3/catalase/H,O,. The reaction mixtures
contained 100 puM DTPA, 10mM NaNj3, 500 pg/ml catalase, and 5mM H,0; in 50mM glycine-HCI buffer (pH 3.0), 50mM
potassium phosphate (pH 6.0 or 7.4) or 50mM potassium pyrophosphate buffer (pH 9.0) NO, and NO; were analyzed by
capillary zone electrophoresis. Each value represents the mean + SD of three determinations.

to the formation of NO or ‘NO,. The tyrosine
nitration in the reaction of NaN; with the hydroxyl
radical generating system may have contributed
to the oxidation of contaminating NO; to ‘NO, by
hydroxyl radicals because addition of NO,
augmented the formation of nitrotyrosine (data
not shown). Tyrosine nitration via the reaction of
‘NO; and tyrosine radicals is less efficient in acidic
solutions due to the natural disproportionation of
‘NO,.[?% The addition of NO; and NO donating
agents to the NaN3/ catalase/H,0O, system could
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not promote tyrosine nitration. Therefore, azidyl
radicals are not likely to be associated with the
formation of NO and nitrotyrosine in the NaN3/-
catalase /H,0, system.

The high concentrations of NO; formed by the
reaction of NaN3 with catalase and H,0O, suggest
the formation of peroxynitrite as a reactive
nitrogen species. Peroxynitrite is stable in
alkaline solutions, but at pH 7.4, it undergoes
protonation to give peroxynitrous acid
(ONOOH) (pKa 6.8), which rapidly decomposes
to yield NO; .'>) However, the difference in the
inhibition of free-tyrosine nitration by both
NaNj3/catalase/H,O, and peroxynitrite with
SOD, ethanol and DMSO suggests that tyro-
sine-nitrating species contributing to the
nitration of tyrosine in the NaN,/catalase/H,O,
system may be different from peroxynitrite. At
acidic pH, peroxynitrous acid oxidizes DMSO to
formaldehyde.®” The promotion of peroxyni-
trite-dependent tyrosine nitration by SOD was
explained by the formation of nitronium ions
(NO;).”! However, the ineffectiveness of SOD
in tyrosine nitration by NaNs/catalase/H,0,
system may be associated with the inactivation of
superoxide dismuatse by added H,0,.1%!

Inactivation of catalase in the presence of azide
and H,0O, is associated with the formation of
Compound ITI from the reaction of Compound II
with H,0,* Compound II has properties
similar to the oxy-ferrous compounds of myo-
globin and hemoglobin.*™! Nitrate and methe-
moglobin are formed by the reaction of oxy-
ferrous compounds with NO. The formation of
nitroxyl anions (NO7) is suggested from the
ferrous—~NO complex generated by the reaction
of Compound I with N3 in the inactivation of
lignin peroxidase by azide.®®! The formation of
the ferrous—NO complex has been detected in
the NaNj;/catalase/H,0, system.m However,
the contribution of Compound I, ferrous—NO
complex and NO™ in the tyrosine nitration by
NaN3/ catalase/H,O, system is not clear.

It was reported that NO, can be oxidized to
NO; by the catalase-H,O, complex II (Com-

pound II).”) The oxidation of NO, to NOj
was not demonstrated in the NaN3/-
catalase/H,O, system. It is not clear why a
discrepancy between our results and a previous
report exist. It is possible that Compound II
may not be a major form in the NaNs/-
catalase/H,O, system. Moreover, the discre-
pancy may be due to the method used, because
our method is a newly developed and reliable
direct method to measure nitrate, whereas the
spectrophotometric assay, most widely used,
requires the treatment of samples with nitrate
reductase or reductants, which reduce nitrate to
nitrite.*!]

The inhibition of endogenous peroxidase is a
prerequisite for immunohistochemical study. A
commercial kit is available for the inhibition of
endogeneous peroxidase using high concen-
trations of azide and hydrogen peroxide. There-
fore, it is possible that there is some peroxidase in
tissue other than catalase, which produces
tyrosine-nitrating species in the presence of
azide and hydrogen peroxide. If some proteins
in tissue are nitrated after treatment with
inhibitors containing azide and hydrogen per-
oxide, the immunoreactivity of proteins against
specific antibodies may change because tertiary
conformational enzyme changes occur after
tyrosine nitration.*®)

Azidyl radicals are likely to contribute little
to tyrosine nitration in the NaNj3/catalase/H,.
O, system. NO; formation and inhibition
studies on tyrosine nitration with scavengers
resembles the properties of peroxynitrite.
Therefore, it is concluded that unknown
reactive nitrogen species, clearly different
from, but similar to peroxynitrite, may be
generated in the NaNj3/catalase/H,0, system.
However, the contribution of Compound II,
the ferrous—NO complex and NO™ in tyrosine
nitration by the NaNj/catalase/HO, system
and the possibility of tyrosine nitration after
treatment of tissue with inhibitors containing
azide and hydrogen peroxide should be
clarified in the future.
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