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Abstract
The mechanisms of tyrosine nitration by peroxynitrous acid or nitrosoperoxycarbonate were
investigated with the CBS-QB3 method. Either the protonation of peroxynitrite, or a reaction with
carbon dioxide gives a reactive peroxide intermediate. Peroxynitrous acid mediated nitration of
phenol occurs via the unimolecular decomposition to give nitrogen dioxide and hydroxyl radicals.
Nitrosoperoxycarbonate also undergoes unimolecular decomposition to give carbonate and nitrogen
dioxide radicals. The reactions of tyrosine with the hydroxyl or carbonate radicals give a phenoxy
radical intermediate. The reaction of the nitrogen dioxide with this radical intermediate followed by
tautomerization gives nitrated tyrosine in both cases. According to CBS-QB3 calculations, the rate-
limiting step for the nitration of phenol is the decomposition of peroxynitrous acid or of
nitrosoperoxycarbonate.

INTRODUCTION
Nitric oxide (NO) is an important small molecule that is involved in various biochemical
pathways1 such as neurotransmission,2 dilation of blood vessels3 and the immune response.
4 Under normal conditions, NO is produced by nitric oxide synthase at low concentrations.5
However, the production of excess amounts of NO can have detrimental effects via the
formation of reactive nitrogen species (RNS) such as dinitrogen trioxide (N2O3) and
peroxynitrite (ONOO−).5 The formation of these RNS has been considered to be the basis for
NO related cytotoxicity in biology.5 The formation of ONOO− is particularly important
because it can cause both oxidative and nitrosative stress under physiological conditions.

Peroxynitrite is produced via the diffusion-limited reaction of NO with the superoxide radical;
6 a reaction that has been studied extensively, the formation of peroxide is maximal when equal
amounts of NO and superoxide are present.7,8 During the inflammatory processes, cells
produce high levels of superoxide and NO;9 consequently, peroxynitrite formation is expected
to be facile during the inflammatory processes. For example, increased levels of proteins
containing 3-nitrotyrosine were identified when transplanted organs are rejected.9

Peroxynitrite, with a pKa of 6.8, is readily protonated under physiological conditions.10,11
The protonation of peroxynitrite generates peroxynitrous acid (ONOOH). Peroxynitrite can
also react with CO2 to form a reactive CO2 adduct of peroxynitrite, nitrosoperoxycarbonate,
ONOOCO2 −.12 We have studied the mechanism of tyrosine nitration by peroxynitous acid
and nitrosoperoxycarbonate using the high-accuracy CBSQB3 method. The nitration of
tyrosine by peroxynitrous acid was found to take place via a radical mechanism. The rate-
determining step in this mechanism is the decomposition peroxynitrous acid to nitrogen dioxide
and hydroxyl radical. The reaction of CO2 with peroxynitrite is very favorable, and
nitrosoperoxycarbonate decomposes to carbonate radical and nitrogen dioxide. These radicals
react with tyrosine to give 3-nitrotyrosine.
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Biology of Tyrosine Nitration
Peroxynitrous acid can nitrate free or protein bound tyrosine.13 The nitration of tyrosine at the
3-position is considered to be a biomarker for the formation of peroxynitrite in vivo.5 The
nitration of protein bound tyrosine may alter the structure and/or diminish the function of
proteins. For example, tyrosine nitration can alter the structure of actin,14 neuroflament-L15
and tyrosine kinase.16,17 The nitration of protein bound tyrosine may also inhibit the activity
of enzymes; for example the activities of cytochrome P450,18 α-thrombin,19 mitochondrial
ATPase,20 tyrosine hydroxylase,21 tyrosine kinase16 and manganese and iron superoxide
dismutase are known to be diminished in the presence of peroxynitrite.22 The inhibition of
tyrosine hydroxylase and tyrosine kinase may cause dopamine deficiency and inhibit kinase
dependent phosphorylation, respectively.16,21

Tyrosine nitration by peroxynitrite may also be dependent on the local protein environment.
The presence of nearby acidic residues facilitates the nitration of certain tyrosine residues in
proteins.23 In addition, the abundance of tyrosine residues in proteins does not correlate with
the yields of tyrosine nitration in proteins.13 For example, β-casein, with a relatively low
tyrosine content (1.9 % tyrosine), is more susceptible to tyrosine nitration by peroxynitrite than
phospholipase A2, which contains 7.9 % tyrosine.13

Mechanism of Tyrosine Nitration
Two different mechanisms have been proposed for the nitration of tyrosine. They involve the
formation of (i) the nitronium ion24 or (ii) the nitrogen dioxide radical.25 The formation of
nitronium ion from peroxynitrite is favored over the formation of nitrogen dioxide radical in
the presence of protein bound or free metal ions.24 It was proposed that the redox reaction of
the metal ions with the peroxynitrite can generate the nitronium ion and metal oxide.22 The
nitronium ion reacts rapidly with water to give nitric acid, but can also attack tyrosine in
proteins.

In the absence of metal ions, the nitration of tyrosine is likely to take place through the formation
of nitrogen dioxide. Prutz et al. demonstrated that the reaction of tyrosine with the nitrogen
dioxide radical gives phenoxyl radicals in the aqueous phase; further reaction of phenoxyl
radical with nitrogen dioxide gives nitrotyrosine. 25 Peroxynitrous acid may react with tyrosine
(Scheme 1) or undergo peroxide bond homolysis to give hydroxyl radical and nitrogen dioxide.
The reaction of the hydroxyl radical and nitrogen dioxide with tyrosine can also give nitrated
tyrosine (Scheme 2). The measured pseudo first-order rates for nitration of 4-
hydroxyphenylacetic acid by peroxynitrite at pH 7.5 (0.36 s−1) and the first-order rate of
spontaneous decomposition of peroxynitrite under physiological conditions (0.34 s−1) are
similar.24 Peroxynitrite is readily protonated under these conditions.10,11 Therefore, it is
possible that both tyrosine nitration and peroxynitrite decomposition proceed via the same
mechanism. On the other hand, peroxynitrite can react with CO2 to form
nitrosoperoxycarbonate,12 ONOOCO2

− which can react with tyrosine to give nitro-tyrosine
and bicarbonate (Scheme 3) or decompose into nitrogen dioxide and carbonate radicals. The
reaction of tyrosine with the nitrogen dioxide and carbonate radicals can also give the nitro-
tyrosine (Scheme 4).26–31

The formation of dityrosine is also observed in the presence of free tyrosine and peroxynitrous
acid, nitrogen dioxide radical or nitrosoperoxycarbonate.31 The amount of dityrosine formed
exceeds that of nitrotyrosine in the presence of hydroxyl or carbonate radical scavengers or at
low peroxynitrite concentrations.31 Under such conditions, nitrogen dioxide radical reacts with
the tyrosine to give a phenoxy radical intermediate and HONO. The formation of nitrotyrosine
requires the reaction of nitrogen dioxide with the phenoxy radical intermediate; therefore, the
formation of nitrotyrosine occurs via a second-order rate constant with respect to nitrogen

Gunaydin and Houk Page 2

Chem Res Toxicol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dioxide radical. However, the dimerization of phenoxy radicals gives the experimentally
observed dityrosine. Therefore the formation of dityrosine is expected to be faster than the
formation of nitrotyrosine under such conditions.31

We have investigated the mechanism and energetics of tyrosine nitration by using CBS-QB3
method.32,33 In our calculations, tyrosine was modeled with p-methylphenol (p-cresol). The
reaction energetics were computed for the reaction of p-methylphenol with peroxynitrous acid
and nitrosoperoxycarbonate for two competing reaction mechanisms: i) the direct reaction of
ONOOH or ONOOCO2

− with the p-methylphenol (Scheme 1 & Scheme 3) and ii) the reaction
of p-methylphenol with the peroxynitrous acid or nitrosoperoxycarbonate decomposition
products, hydroxyl or carbonate radical and nitrogen dioxide (Scheme 2 & Scheme 4). When
hydroxyl or carbonate radical and nitrogen dioxide are generated, p-methylphenol can be
converted to 2-nitro-4-methyl phenol (4) via two competing pathways. The initial reaction of
p-methylphenol with nitrogen dioxide gives the radical intermediate (6) (Path B, Scheme 2 &
Scheme 4). The reaction of hydroxyl radical with this intermediate forms the final product
(4). Alternatively, the initial reaction of p-methylphenol with the hydroxyl (carbonate) radical
gives the radical the intermediate (5) (Path A, Scheme 2 & Scheme 4). This radical intermediate
can react with the nitrogen dioxide to give intermediate (3). In this pathway, the re-
aromatization of the intermediate (3) gives the final product (4).

RESULTS AND DISCUSSION
The reaction of ONOOH with p-methylphenol

The concerted formation of intermediate (3) from p-methylphenol and peroxynitrous acid is
illustrated in Scheme 1. We were unable to locate the hypothetical transition state that is shown
in Scheme 1 for the direct reaction of peroxynitrous acid with p-methylphenol at the UB3LYP/
6-311G(2d, d, p) level of theory. Attempts to locate such a concerted transition state led to a
transition state for the decomposition of peroxynitrous to hydroxyl radical and nitrogen dioxide
in the presence of one water molecule and one molecule of p-methylphenol in the gas phase.

The transition state located for the decomposition of peroxynitrous acid in the presence of p-
methylphenol suggests that ONOOH decomposition transition state is lower in energy that the
hypothetical transition state shown in Scheme 1. The mechanism and dynamics of the decay
of peroxynitrous acid to nitrate in water have recently been studied with molecular dynamics
simulations.34 Peroxynitrous acid decays to nitrate via the formation of nitrogen dioxide and
hydroxyl radicals.34 The fluctuations of the water molecules solvating the peroxynitrous acid
and the dynamics of the nitrogen dioxide and hydroxyl radicals within the water cage determine
the ratio of the formation of the solvent separated radical pair versus nitrate in water.34 Once
the peroxynitrous acid decomposition takes place, the nitration of p-methylphenol can proceed
via two competing radical pathways described in Scheme 2. We have computed the reaction
energy profile for these two competing mechanisms separately in order to find which one of
these competing pathways is favored. Relative enthalpies of the transition states and
intermediates for the lowest energy pathway with respect to infinitely separated peroxynitrous
acid and p-methylphenol are given in Figure 1.

The stepwise mechanism proposed here requires the initial decomposition of peroxynitrous
acid. According to our calculations, the energy of infinitely separated hydroxyl radical and
nitrogen dioxide is 20.1 kcal/mol higher than that of peroxynitrous acid in the gas phase. The
separated products are higher in energy than the energy of the transition state in the gas phase.
This is because hydroxyl radical and nitrogen dioxide form a complex (6.5 kcal/mol higher in
energy than reactants) in the gas phase. The mechanism of peroxynitrous acid decomposition
in the gas phase has been discussed in detail elsewhere.35 The experimentally measured
activation energy for the aqueous phase decomposition of peroxynitrous acid is 16 kcal/mol.
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36 The CBS-QB3 method computed activation enthalpy (16.5 kcal/mol) is consistent with the
experimental value. Once the peroxynitrous acid decomposition takes place, the hydroxyl
radical and nitrogen dioxide can diffuse away from each other in water.34 The reaction of
nitrogen dioxide with the pmethylphenol gives the intermediate (6). This step is endothermic,
and the infinitely separated species are 30.4 kcal/mol above peroxynitrous acid and p-
methylphenol in the gas phase. The reaction of intermediate (6) with the hydroxyl radical can
spontaneously form the nitrated product 2-nitro-4-methyl phenol (Scheme 2). The nitration of
the p-methylphenol via this mechanism requires an overall activation enthalpy of 31.6 kcal/
mol.

In the competing pathway, p-methylphenol reacts with the hydroxyl radical; the enthalpy
profile for this pathway is given in Figure 1. This reaction gives intermediate (5). This step is
barrierless in the gas phase and exothermic by 14.3 kcal/mol with respect to the infinitely
separated peroxnitrous acid and p-methylphenol. Intermediate (5) reacts with the nitrogen
dioxide to give p-tolyl nitrate in a barrierless process that is exothermic by 32.3 kcal/mol with
respect to the infinitely separated starting materials. The reaction of the intermediate (5) with
the nitrogen dioxide can also form the intermediate (3) without a barrier. Intermediate (3) is
thermodynamically favored over intermediate (7) by 5.2 kcal/mol (Figure 1). The re-
aromatization of the intermediate (3) gives the nitrated product (4). The activation enthalpy
for this re-aromatization step is 16.2 kcal/mol in the gas phase for the water-assisted mechanism
(Scheme 1 and Scheme 2). The transition state for this re-aromatization step is given in Figure
2. Traces of acid or base would presumably give a lower-energy process for this re-
aromatization step.

The reaction of ONOOCO2− with p-methylphenol
The reaction of peroxynitrite with carbon dioxide is exothermic by 19.1 kcal/mol and is
expected to take place whenever peroxynitrate is exposed to carbon dioxide (Figure 3). This
reaction gives nitrosoperoxycarbonate. The concerted reaction of (1) and ONOOCO2

− gives
intermediate (3) (Scheme 3). The activation enthalpy for this concerted transition state is 17.2
kcal/mol with respect to the substrate complex at the UB3LYP/6-311G(2d, d, p) level of theory.
However, the unimolecular decomposition of nitrosoperoxycarbonate into nitrogen dioxide
and carbonate radicals requires only 11.9 kcal/mol. The reaction of (1) with the nitrogen dioxide
and carbonate radicals can also give (4) (Scheme 4). Just like the reaction of peroxynitrous
acid with (1), the rate-limiting step for the reaction of (1) with ONOOCO2

− is the unimolecular
decomposition step; the activation enthalpy for this step is 11.9 kcal/mol, 4.6 kcal/mol lower
in energy than the rate-limiting step in the peroxynitrous acid mediated pathway (Figure 2 &
Figure 3). In this mechanism, the reaction of the carbonate radical with (1) generates
intermediate (5). The reaction proceeds via the same mechanism described for the reaction of
ONOOH with (1) after the generation of intermediate (5), and the energies are given in Figure
(3).

In the experiments, the formation of dityrosine has also been observed. Dityrosine can be
formed from intermediate (5), which has appreciable spin density at the ortho carbon. The
reaction of nitrogen dioxide with (5) at the ortho carbon is barrierless (Figure 2 & Figure 3).
Radical (5) can react with itself to form the experimentally observed dityrosine. According to
UB3LYP/6-311G(2d, d, p) calculations, the formation of dimer in Scheme 5 is exothermic by
50.4 kcal/mol whereas the reaction of (5) with nitrogen dioxide is exothermic by 42.5 kcal/
mol.

CONCLUSIONS
In conclusion, according to CBS-QB3 calculations, the nitration of p-methylphenol proceeds
via radical mechanism. Hydroxyl or carbonate radicals and nitrogen dioxide are generated via
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the unimolecular decomposition of peroxynitrous acid or nitrosoperoxycarbonate. The
diffusion-limited reactions of p-methylphenol with the hydroxyl or carbonate radicals generate
the radical intermediate (5). The reaction of (5) with nitrogen dioxide is diffusion limited and
gives intermediate (3). The rearomatization of intermediate (3) gives the final product 2-
nitro-4-methyl phenol. In this mechanism, the rate-determining step is the generation of the
hydroxyl or carbonate radical plus nitrogen dioxide. According to CBS-QB3 calculations, the
reaction of nitrosoperoxycarbonate with (1) is faster than the reaction of peroxynitrous acid
with (1). This proposed reaction mechanism is also supported by experimental kinetic data;
the rate of peroxynitrite decomposition in the absence of 4-hydroxyphenylacetic acid and the
rate of 4-hydroxyphenylacetic acid nitration by peroxynitrite are similar, and the presence of
carbon dioxide speeds up the nitration process.24,27 The observation of the phenoxyl by Prutz
et al. also supports the stepwise radical mechanism.25
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Energy diagram for the reaction of the p-methylphenol with peroxynitrous acid via the hydroxyl
radical and nitrogen dioxide. (3) is converted to (4) via a water assisted TS.
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Figure 2.
Transition state for the water assisted re-aromatization of intermediate (3).

Gunaydin and Houk Page 8

Chem Res Toxicol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
CBS-QB3 enthalpy diagram for the reaction of the p-methylphenol with the carbonate radical
and nitrogen dioxide formed from nitrosoperoxycarbonate. (3) is converted to (4) via a water
assisted TS.
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Scheme 1.
Reaction of ONOOH with p-methylphenol via a concerted pathway.
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Scheme 2.
Reaction of ONOOH with p-methylphenol via radical pathways.
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Scheme 3.
Reaction of ONOOCO2

− with p-methylphenol via concerted pathway.
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Scheme 4.
Reaction of ONOOCO2

− with p-methylphenol via radical pathways.
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Scheme 5.
The formation of dityrosine from ortho radicals.
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