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1. ABSTRACT

The incubation of peroxynitrite (PN)-pretreated
histone III-S (NH) with Escherichia coli nitrate reductase
(cytochrome, NADPH/GSH-independent) and that of
NADPH-treated NH (NHNADPH) with liver cytochrome P-
450 reductase (NADPH-dependent) resulted in decreased
3-nitrotyrosine immunoreactivity found in Western blot
analysis. Additionally, increased nitrate was noted as an
end product of these reactions. These findings imply that
varied enzymatic denitration/modification of NO/PN-
reacted protein, either with or without a reductant, may be
important in regulating related signal transduction
cascade(s) and relieving oxidative stress.

2. INTRODUCTION

Cytochrome P-450 reductase is a NADPH-
dependent flavoprotein, which is a component of the liver
(and possibly other tissues) microcosmal mixed-function
oxygenase system (1, 2). The transferring of electrons to
cytochrome P-450 by the reductase is crucial in the

detoxification of drugs and xenobiotics (1,3,4,2).
Interestingly, cytochrome P-450 can catalyze the
denitration of organic nitrates (5,6,3,7) and the
denitrosation of nitrosoguanidinium compounds (8, 9).
Such denitration/denitrosation of non-protein compounds
may be important for cellular detoxification.

Via nonenzymatic reaction(s), tyrosine residues
of proteins can be nitrated to form 3-nitrotyrosine by nitric
oxide (NO) and/or its derivative peroxynitrite (PN) (10). 3-
nitrotyrosine is a hallmark of NO/PN-mediated oxidative
stress on proteins/enzymes, and it has been detected in the
diseased tissues of Parkinson’s (11), Alzheimer’s (11, 12,
13), artherosclerotic lesions (11, 14), Huntington’s (15, 12),
multiple sclerosis (13), and autoimmune diseases (15).
Additionally, PN can inactivate a variety of enzymes
including α1-antiproteinase (16), glutamine synthase (17),
gylceraldehyde-3-phosphate dehydrogenase (18), acotinase
(19), cytochrome P-450 (20), Ca2+- ATPase of the
sarcoplasmic reticulum (21), mitochondrial creatine kinase
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(22), tyrosine hydroxylase (23), Mn2+-superoxide
dismutase (24), prostacyclin synthase (25), tissue inhibitor
of metalloprotease-1 (26), glutathione reductase (27),
nicotinamide nucleotide transhydrogenase (28),
mitochondrial electron transport (29) and glutathione
peroxidase (30). Surprisingly, modification by peroxynitrite
can also lead to the activation of certain enzymes including
cyclooxygenase (31), poly ADP synthetase (32) and matrix
metalloprotease (33). Moreover, recent studies reveal the
occurrence of enzymatic denitration/modification of
NO/PN-reacted proteins (34, 35). However, further detailed
investigations are required to elucidate the mechanism of
these vital enzymatic reactions.

3. MATERIALS AND METHODS

3.1. Materials
Sodium dodecyl sulfate (SDS), NADPH, reduced

glutathione (GSH), acrylamide, EGTA, EDTA, pepstatin-
A, bestatin, leupeptin, transepoxysuccinyl-L-
leucylamido(4-guanido)-butane, histone III-S (from calf
thymus), bovine serum albumin (BSA), cytochrome P-450
reductase (from rabbit liver), and Escherichia coli nitrate
reductase (cytochrome, NADPH/GSH-independent) were
supplied by Sigma Chemical Company, St. Louis, USA.
Western blotting reagents, nitrocellulose membranes, and
anti-rabbit IgG alkaline phosphatase conjugate were
obtained from Bio-Rad Laboratories, Hercules, USA.
Peroxynitrite and rabbit polyclonal anti-nitrotyrosine were
purchased from Upstate Biotechnology, Lake Placid, USA.
Microcon centrifugal filter tubes (3,000 and 10,000Da-cut
off) were from Millipore Corporation, Bedford, USA.
Dialysis tubing (3,500Da-cut off) was purchased from
Pierce, Rockford, USA. Nitrate/Nitrite Colorimetric Assay
Kit was acquired through Cayman Chemical, Ann Arbor,
USA.

3.2. Preparation of peroxynitrite (PN)-treated histone
III-S (NH) and subsequent NADPH or GSH-treated NH
(NHNADPH or NHGSH)

Nine mg of histone III-S was treated with 1 mM
PN at 25°C for 30 minutes in a final volume of 500µl of
50mM potassium phosphate buffer (pH 7.4) containing
1mM FeCl3 and 1mM EDTA (36). Peroxynitrite (PN)-
treated histone III-S (NH), thus prepared, was then dialyzed
against 50 mM potassium phosphate buffer (pH 7.4) at 4°C
for 6 hours to remove excess PN, FeCl3 and EDTA. The
dialyzed NH was further treated with 0.5 mM NADPH at
25°C for 15 minutes, and excessive NADPH was removed
with centrifugal filter tubes (10kDa-cut off). The resulting
samples (NHNADPH) were dissolved in an appropriate
volume of 50mM potassium phosphate buffer (pH 7.4) for
the subsequent study with Escherichia coli nitrate reductase
and cytochrome P-450 reductase. In addition, the further
treatment of NH with 1 mM GSH (NHGSH), the treatment
of BSA with PN (NTB), and the subsequent treatment of
NTB with NADPH (NTBNADPH) or GSH (NTBGSH) were
similarly performed.

3.3 Enzymatic modification of NH, NHNADPH and NHGSH
With minor modifications, the experimental

procedures basically followed those from past studies (34,

35, 37). The incubation mixture was in a final volume of
125 µl of 50 mM potassium buffer (pH 7.4) containing
75µg of NH, NHNADPH or NHGSH, 1mM of various protease
inhibitors (pepstatin-A, bestatin, leupeptin, and
transepoxysuccinyl-L-leucylamido(4-guanido)-butane) and
varied amounts of modification enzyme (either E. coli
nitrate reductase or cytochrome P-450 reductase). The
reaction was carried out for 60 minutes at 30°C, and then
terminated by the addition of 25µl of 10% SDS (without β-
mercaptoethanol or diothiothreitol) followed by 30 seconds
of boiling. The samples were subjected to SDS-
polyacrylamide gel (12%) electrophoresis (SDS-PAGE)
(38) and subsequent Western blot analysis. The detection of
3-nitrotyrosine was performed by using polyclonal rabbit
anti-nitrotyrosine (0.05µg/ml) (38) as the primary antibody
and anti-rabbit IgG-AP conjugate (39) as the secondary
antibody. Finally, the enzymatic modification of treated
NH, NHNADPH and NHGSH was monitored by their altered
immunoreactivities.

3.4. Enzymatic denitration of NH, NHNADPH and NHGSH
The incubation mixture was in a final volume of

350µl of 50mM potassium phosphate buffer (pH 7.4)
containing 450µg of NH, NHNADPH or NHGSH, 1mM of
various protease inhibitors, and appropriate amount of
enzyme. The reaction was carried out for 60 minutes at
30°C, and then terminated by boiling for 30 seconds
followed by centrifugation at 16,000 x g at 4°C for 15
minutes to remove denatured proteins. The resulting
supernatants were filtered through microcon centrifugal
filter tubes (3kDa-cut off) at 16,000 x g at 4°C for 40
minutes and the filtrates were collected. Alternatively, the
incubated samples were subject to centrifugal filtration
without boiling. Finally, the concentrations of nitrate in the
filtrates were determined by using the Nitrate/Nitrite
Colorimetric Assay Kit (34, 35).

4. RESULTS AND DISCUSSION

To prevent the occurrence of an undesirable artifact,
such as conversion of a nitro-group into an amino-group, the
reducing agent (ß-mercaptoethanol or dithiothreitol) was
omitted, and sample boiling was decreased from 60 seconds
to 30 seconds prior to SDS-PAGE (37). As a result, the
decrease in the intensity of immunoreactive bands was
accurately assessed in Western blot.

The incubation of nitrated histone III-S (NH)
with E. coli nitrate reductase (Figure 1, lane 2) drastically
decreased the immunoreactivity as compared  to the control
sample, NH alone (Figure 1, lane 1). In contrast, the
subsequent treatment of 1mM GSH (NHGSH) (Figure 1, lane
3) did not significantly change the immunoreactivity of
histone as compared to the control sample, NH alone
(Figure 1, lane 1). Interestingly, striking similarity of
decreased immunoreactive bands (Figure 1, lane 2) were
noted when NHGSH was incubated with E. coli nitrate
reductase (Figure 1, lane 4). These results imply that 1mM
GSH-treatment does not significantly alter the affinity
between NH and the reductase, but rather, the enzymatic
modification of NH is GSH-independent.
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Figure 1. Modification of peroxynitrite-treated histone III-
S (NH, 75µg) by E. coli nitrate reductase (5µg). Lane 1,
NH alone; Lane 2, NH incubated with nitrate reductase;
Lane 3, NH treated with 1mM GSH (NHGSH); Lane 4,
NHGSH incubated with nitrate reductase.

Figure 2. Lack of significant proteolysis on peroxynitrite-
treated histone III-S (NH, 75µg) incubated with E. coli
nitrate reductase (5µg). Incubation mixture contained
various protease inhibitors and the resulting gel from SDS-
PAGE (12%) was stained with Coomassie blue. Lane 1,
NH alone; Lane 2, NH incubated with nitrate reductase;
Lane 3, NH treated with 1mM GSH (NHGSH); Lane 4,
NHGSH incubated with nitrate reductase.

Figure 3. Lack of significant modification on peroxynitrite-
treated BSA (NTB, 75µg) by E. coli nitrate reductase
(5µg). (A) Lane 1, NTB alone; Lane 2, NTB incubated with
nitrate reductase; Lane 3, NTB treated with 0.5mM
NADPH (NTBNADPH) prior to incubation with nitrate
reductase. (B) Lane 1, NTB treated with 1mM GSH
(NTBGSH); Lane 2, NTBGSH incubated with nitrate
reductase.

Acquired through Sigma, histone III-S (from calf
thymus), which is rich in lysine and primarily contains f1
subgroup, has an approximate molecular mass of 22kDa
(personal communication with Sigma). Nonetheless, the
presence of other subgroups of histone and contaminant
proteins has been suggested by the observation of multiple
bands between 14.0 and 45.0kDa (Figure 1, lanes 1 and 3).
This is further supported by the appearance of multiple
bands of histone stained with Coomassie blue after SDS-
PAGE (Figure 2).

Throughout the entire experiment, the possible
interference due to protease contaminants in E. coli nitrate
reductase was overcome by the addition of sufficient
protease inhibitors in the incubation mixture. Regardless of
incubation with or without the enzyme, the lack of apparent
proteolysis was persistently noted in all samples by the
unchanged intensity and mobility of peptide bands of NH
and NHGSH stained with Coomassie blue after SDS-PAGE
(Figure 2). Hence, the modification of nitrated protein
(histone III-S) without the production of smaller proteolytic
fragments (Figure 2, lanes 2 and 4), indeed, is due to
enzymatic modification of histone f1 and contaminant
proteins.

Subsequent treatment of PN-treated BSA (NTB)
with 0.5mM NADPH  (NTBNADPH) or 1mM GSH
(NTBGSH) did not alter its immunoreactivity (data not
shown). Additionally, the incubation of NTB (Figure 3A,
lane 2), NTBNADPH (Figure 3A, lane 3), and NTBGSH
(Figure 3B, lane 2) with E. coli nitrate reductase did not
change the intensity/pattern of their immunoreactive bands
as compared to control samples, NTB (Figure 3A, lane 1)
and NTBGSH alone (Figure 3B, lane 1). These results
suggest that NTB, NTBNADPH and NTBGSH lack substrate
specificity for E. coli nitrate reductase.

In this study, the pretreatment of 0.5mM NADPH
may alter the 3-nitrotyrosine of NH as evident by a minor
decrease in the immunoreactivity (Figure 4, lane 1).
However, such treatment may facilitate rendering the
substrate (NHNADPH) to the active site of cytochrome P-450
reductase. This is supported by the drastically decreased
immunoreactivity as the amount of the enzyme increases
from 3, 5, to 10µg (Figure 4, lanes 2, 3, 4). In contrast,
without NADPH-pretreatment to the substrate (NH) (Figure
4, lanes 5 and 6), no significant modification was observed
as shown by the unchanged immunoreactivity (Figure 4,
lane 6). These results suggest that the modification of NH
by cytochrome P-450 reductase is NADPH-dependant.

The enzymatic modification of NH by E. coli
nitrate reductase (GSH-independent) and cytochrome P-
450 (NADPH-dependant) led to the production of nitrate,
an end product, at approximately 1,300?mol and
3,000?mol, respectively (Table 1). In comparison, when
BSA was substituted for E. coli nitrate reductase and
cytochrome P-450 reductase as a control, there was no net
nitrate produced (Table 1). The significant production of
nitrate (Table 1), together with the decrease in
immunoreactivity (Figure 1, lanes 2 and 4; Figure 4, lanes
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Table 1. Enzymatic denitration of NH and NHNADPH

Substrate (450mg) Enzyme/Protein (10mg) Net Nitrate Produced (rmol)
Experiment  1   
NH BSA (control) ˜  0
NH Escherichia coli nitrate reductase 1,248 ± 98
Experiment. 2   
NHNADPH BSA (control) ˜  0
NHNADPH Cytochrome P-450 reductase 2,976 ± 203
Enzymatic denitration was established under Materials and Methods. Each value shown is the mean ± S.E. from 3 to 5 samples.
NH represents PN-treated histone III-S, and  NHNADPH represents NH further treated with 0.5mM NADPH.

Figure 4. Modification of NHNADPH (NH treated with
0.5mM NADPH, 75µg) by liver cytochrome P-450
reductase. Lane 1, NH treated with 0.5mM NADPH; Lanes
2-4, NHNADPH incubated with 3, 5, and 10µg of cytochrome
P-450 reductase, respectively; Lane 5, NH alone; Lane 6,
NH incubated with 5µg of cytochrome P-450 reductase.

Figure 5   Scheme of enzymatic denitration/modification of
NO/ PN-reacted proteins.

 2-4) suggests the enzymatic modification of histone f1 and
contaminant proteins.

Enzymatic denitration/modification of NO/PN-
reacted proteins is illustrated in Figure 5. Nitric
oxide/peroxynitrite-reacted proteins, which may have
significantly altered activities (34, 35), could form a
complex or other intermediate(s) by further reaction with
NADPH, thus, leading to favorable conformational
change(s) for final enzymatic denitration/modification by
cytochrome P-450 reductase. Moreover, other enzymes in
cooperation with a reductant, such as GSH, might similarly
modify NO/PN-reacted proteins.  Alternatively, other
enzymatic modification of these proteins may be reductant-
independent, because it is possible that E. coli nitrate

reductase-like enzymes also occur in the mammalian
counterpart. These enzymatic modifications, which lead to
the production of nitrate, may be due to the denitration of
nitrotyrosine, nitrotryptophan and/or denitrosation of S-
nitrosocysteine or N-nitroso amino acid (11). These
enzymatic modifications could restore the biologic
activities of proteins, thereby playing a vital role in
regulating NO/PN-mediated signal transduction cascade(s)
as well as relieving cellular oxidative stress.
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