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Reactive oxygen species ROS can be triggered by exogenous sources (tobacco, pollution, xenobiotics, drugs, ionizing

radiation and so on), but they can also be generated inside the cell by two different mechanisms: enzymatic and non-

enzymatic; in both cases, they can have irreversible effects on animal and plant cells and tissues. The superoxide anion

O  is unstable and cannot pass through membranes, but is rapidly converted to hydrogen peroxide H O  and it is

membrane-permeable. In the Fenton reaction, H O  produces the hydroxyl radical OH + OH, which is highly reactive in

the mitochondrial matrix. Elevated levels of ROS lead to increased mtDNA damage.
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1. Reactive Stress on Amino Acids

In recent decades, there has been considerable interest in the idea that chronic oxidative/nitrosative stress plays a key

role in the etiology of human disease . These reactions, mediated by reactive oxygen species ROS and reactive

nitrogen species RNS, are detrimental to cellular function, but do not present detectable disease-triggering symptoms .

Enhanced protection systems against oxygen and nitrogen radicals are thought to play a key role in primate evolution,

resulting in increased longevity and lower rates of age-related diseases .

Peroxynitrite ONOO  is an oxidant and nitrating agent that can penetrate biological membranes . Peroxynitrite reacts

with proteins through three possible pathways: (i) peroxynitrite reacts directly with cysteine, methionine, and tryptophan;

(ii) peroxynitrite reacts rapidly with transition metal centers and selenium-containing amino acids; and (iii) free radicals

formed during homolysis of peroxynitrite, such as hydroxyl and nitrogen dioxide radicals, and the carbonate radical CO

formed in the presence of carbon dioxide, also react with proteins. CO  is negatively charged in all physiological

environments, including those of acidic pH such as the phagolysosomes of phagocytic cells and ischemic tissues.

Although less oxidizing than the hydroxyl radical (E  = 2.3 V, pH 7.0), the carbonate radical (E  = 1.78 V, pH 7.0) is a very

strong one-electron oxidant that acts by both electron transfer and hydrogen abstraction mechanisms to produce radicals

from the oxidized targets. The inability of the carbonate radical to produce stable adducts makes it difficult to prove its

production under physiological conditions. In contrast, other radicals, such as the hydroxyl radical and nitrogen dioxide,

produce stable adducts with exogenous targets and biomolecules.

As a result, the changes caused by these radicals are more complex than those caused by hydroxyl radicals alone, since

they lead to oxidation and nitration.

In vivo, protein nitration at the tyrosine residue is considered a biomarker for nitrosative stress. The oxidative stress

biomarker, 3-nitrotyrosine, is useful for identifying major neurodegenerative diseases . In this reaction, nitrotyrosine units

are generated in peptides and proteins by a radical reaction. The nitration of tyrosine begins with the formation of the

tyrosyl radical, which is formed when tyrosine is oxidized by the hydroxyl or carbonate radical. Following the mechanism

of nitration of tyrosine already documented in the literature, the chemical mechanism of hydroxylation starts with the

formation of the phenoxyl radical in the aromatic ring, just as in the nitration of tyrosine.

Although the vast majority of research on RNS-derived protein modifications has long focused on the nitration of Tyr

residues, there is increasing evidence that nitrated or hydroxylated tryptophan may also play an important role in

controlling cellular processes. Tryptophan bound to proteins is susceptible to modification by nitrating agents, and it is

important to determine the nature of these modifications. This is because the nitration and oxidation products can take

different forms. Yamakura et al. (2005) found that ONOO induced Trp modifications in human Cu, Zn-SOD, including 5-

and 6-NO -Trp, and kynurenine, oxindole-3-alanine, and dihydroxy-tryptophan . The 2007 study by Ishii et al. showed

that ONOO  treatment leads to the formation of 2-, 4-, and 6-NO -Trp, with 6-NO -Trp being the most abundant product

.
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Protein S-nitrosylation SNO is a covalent modification of cysteine residues involving NO, peroxynitrite and its derivatives.

Proteins can undergo reversible post-translational modifications for which SNO is required. Accurate prediction of SNO

sites is a topic that is currently receiving much attention, because it is very important for elucidating biological changes.

Several studies have shown that S-nitrosylation controls both physiological and pathological processes, including

immunological response and cellular senescence . Alzheimer’s disease and breast cancer are two other diseases that

may be due to the abnormal S-nitrosylation of proteins .

Methionine is one of the most easily oxidized amino acids with cysteine, tyrosine, and tryptophan. Peroxynitrous acid and

peroxynitrite combine with methionine to form sulfoxides, and methionine catalyses the isomerization of peroxynitrite to

nitrate. The pH and methionine concentration have no effect on the distribution of nitrite, nitrate, and methionine sulfoxide,

the only detectable products . This is a straight bimolecular process.

There is a growing interest in the post-translational modification of proteins by methionine sulfoxide . Oxidation of

methionine to sulfoxide can lead to significant structural and/or functional changes in protein activity, which can be up- or

down-regulated. Methionine sulfoxide has been shown to serve as a conformational transition between -helical and -sheet

forms in model peptides , a process similar to that observed in neurodegenerative diseases.

HOCl interacts rapidly with amines and, to a lesser extent, with amides, producing chlorinated derivatives such as

chloramines (R-N(R’)-Cl) and chloramides (R-C(O)-N(R’)-Cl). These compounds can be further oxidized to produce

dichlorinated species (R-N-Cl ). The α-amino group of amino acids, the N-terminus of peptides and proteins as well as

nucleophilic sites on the side of protein chains can be chlorinated (e.g., lysine, arginine). Depending on the ratio of

chlorine to amino acid, chlorination of amino acids leads to the formation of organic mono- or di-chloramines. Aldehydes,

nitriles, and N-chlorodimines are all likely by-products of the degradation of organic chloramines, and all three pose a risk

to human health. Chloramine production interferes with protein folding and causes protein aggregation .

2. Amino Acid Nitration and Hydroxylation

2.1. Tyrosine Nitration and Hydroxylation

Figure 1 shows the mechanism of tyrosine nitration described in the literature. Because of its short half-life of 10  s,

peroxynitrite cannot react directly with tyrosine residues. Instead, it decomposes into oxidizing and nitrating species,

including the radicals— OH and NO . The radical OH removes hydrogen from the phenol group of tyrosine. This

produces the tyrosyl radical, which reacts with the NO  to form 3-nitrotyrosine 3- NTyr .
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Figure 1. Mechanism of tyrosine nitration with either NO  (in blue) or NO (in red) leading to the formation of 3-

nitrotyrosine.

The tyrosyl radical formed during the oxidation of tyrosine by various oxidizing agents reacts with NO  to form 3-NTyr. It is

also possible to nitrate tyrosine by an alternative route in which tyrosyl radicals react with NO to form 3-nitrosotyrosine.

Using an iminoxyl radical as an intermediate, oxo-metal complexes can further oxidize this product to form NO -Tyr.

Hydroxylation of tyrosine follows a similar mechanism, in which NO  is replaced by OH, Figure 2. In the mechanism, the

OH can be added to the tyrosine phenyl ring, producing a hydroxytyrosyl radical, stable by odd-electron delocalization, to

generate 3-hydroxytyrosine.

Figure 2. Mechanism of tyrosine hydroxylation with OH leading to the formation of hydroxytyrosine.

The energy values of amino acids and its derivatives have been analyzed using the zwitterion structure, as this form can

be found in the cell cytosol in equilibrium with the non- zwitterion structure, as its pH is usually maintained between 7.0

and 7.4 .

2.2. Tryptophan Nitration and Hydroxylation

Tryptophan nitration is less frequent than tyrosine nitration. In homogenized rat brain media, treated with 1 mM

peroxynitrite, 244 peptides with nitrated tyrosine were identified, compared to only 2 peptides with nitrotryptophan . The

numbering of the carbon atoms in the aromatic ring of the tryptophan molecule is shown in Figure 3.
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Figure 3. Numbering of the carbon atoms in the aromatic ring of the tryptophan molecule.

Although the mechanism of the reaction between ONOO and Trp is less clear, it probably follows a similar pattern to that

described for the synthesis of 3-NTyr. Tryptophanyl radicals were observed after the addition of ONOO , suggesting that

ONOO  also modifies Trp via a radical intermediate. Unlike Tyr, whose indole can only be modified at a single carbon

atom in the benzene ring, the indole of Trp has multiple reactive sites, including carbons 2-, 4-, 5-, 6- and 7 as well as

nitrogen. Therefore, 1-, 2-, 3-, 4-, 5-, 6-, and 7-nitrotryptophan are all possible outcomes of the ONOO  reaction with Trp.

In addition, the formation of a variety of oxidation products occurs, possibly due to a tryptophanyl radical at one of these

sites.

In addition, Trp has been shown to nitrate in response to ONOO  treatment. This occurs when ONOO  combines with OH

to form an ONOO radical, and subsequently decomposes to NO, which reacts with Trp. Trp, unlike Tyr residues, can react

directly with ONOO  to produce other oxidation products. It is possible to nitrate tryptophan by first removing a proton in

an aromatic electrophilic substitution, as shown in Figure 4, and then adding a nitronium ion-like species ( NO ) to the

indole ring.

Figure 4. Mechanism for tryptophan nitration by addition of a nitronium ion-like species ( NO ) to the indole ring and

removal of a proton in an aromatic electrophilic substitution.

Alternatively, nitration can be accomplished by removing the hydrogen atom from the nitrogen to produce a stabilized

tryptophanyl radical capable of delocalizing the odd electron throughout the six-membered ring, followed by the addition of

the nitrogen dioxide radical, either in steps or simultaneously, as shown in Figure 5 In this way, the one-electron oxidation

of tryptophan is thermodynamically possible because the reduction potential E°′ (ONOO ,2H / NO , H O), +1.4 V , is

higher than E°′ (tryptophanyl radical, H /tryptophan), +1.0 V .

Figure 5. Alternative mechanism for tryptophan nitration via abstraction of the hydrogen atom from the nitrogen to give

stabilized tryptophanyl radical, which can delocalize the odd electron throughout the ring, followed by addition of the NO

radical.
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In summary, 6-nitrotryptophan is the major by-product of the reaction between peroxynitrite and tryptophan, followed by

other nitrated and oxidized isomers such as N-formylkinurenine, and the more labile 1-nitrosotryptophan.

The peroxynitrite ion is stable, but its protonated form (ONOOH, pKa = 6.5 to 6.8) decomposes rapidly through homolysis

to a variety of RNS. Its decomposition can form approximately 28% free NO  and OH radicals , Figure 6.

Figure 6. Decomposition of peroxynitrite to NO  and OH.

Tryptophan can be converted to 2-, 4-, 5-, 6- or 7-hydroxyderivatives, and to N-formylkinurenine and kinurenine, Figure 7.

Figure 7. Oxidation products of L-tryptophan.

Addition of the OH on the benzene ring and hydroxy isomers formation is represented in Figure 8.

Figure 8. Formation of the hydroxy isomers.

For the formation of oxindole-3-alanine, there is the addition of the OH to C-2 and formation of the radical at C-3,

stabilized by being delocalized with the double bonds of the benzene ring. The last step is the formation of the enol in

tautomeric equilibrium with the ketone form , Figure 9.
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Figure 9. Oxindole-3-alanine formation mechanism.

The formation of hydropyrroloindole from oxindole-3-alanine could be explained by the nucleophilic addition of NH  to the

carbonyl carbon, generating an unstable NO-acetal, Figure 10. Kato et al. (1997) found that equimolar concentrations of

ONOO− and tert-butoxycarbonyl-tryptophan (Boc-Trp) produced oxindole-3-alanine (Hydropyrroloindole and N-

formylkinurenine) exclusively, without identifying nitrMetation products .

Figure 10. Hydropyrroloindole formation mechanism.

Oxindole-3-alanine, N-formylkynurenine, and four hydroxytryptophans are formed when tryptophan undergoes a Fenton

or Udenfriend reaction. According to this observation, the hydroxyl radical targets positions 2 and 3 of the pyrrole ring in

addition to the aromatic nucleus. Hydroxylated derivatives are formed when the hydroxyl radical adduct is unevenly

distributed with Fe-EDTA, or in a Fenton reaction. The yield of hydroxytryptophane derivatives is proportional to the

concentration of Fe-EDTA up to a theoretical yield limit of 54%. The ratio of 4-, 5-, 6-, and 7-hydroxytryptophan derivatives

under these circumstances is 4:2:2:3, respectively . Trp subjected to the Udenfriend reaction yields approximately

equal amounts of 4-, 5-, 6-, and 7-OHTrp and N-formylkynurenine.

2.3. Cysteine Derivatives from Reaction with Peroxynitrite

Cysteine is the amino acid that reacts most rapidly with peroxynitrite. The products and intermediates detected in the

reaction of cysteine with peroxynitrite  are specified in Figure 11.
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Figure 11. Products and intermediates detected in the reaction of cysteine with peroxynitrite.

In biochemistry, S-Nitrosylation is the covalent attachment of a nitric oxide group −NO to a cysteine thiol within a protein to

form an S-nitrosothiol SNO, and has diverse regulatory roles in bacteria, yeast, plants, and in all mammalian cells . It is

a fundamental mechanism for cellular signaling across phylogeny, and accounts for the large part of NO bioactivity. S-

nitrosylation is a precise, reversible process necessary for a wide range of cell signaling, including, for example, the red

blood cell-mediated auto regulation of blood flow, essential for vertebrate life . S-nitrosylation depends on enzyme

activity, with three classes of S-nitrosylase enzymes, which operate in concert, analogous to ubiquitinylation . The

reverse effect of S-nitrosylation is denitrosylation, also controlled by enzymes. Multiple enzymes have been described and

divided into two main classes that mediate denitrosylation of proteins and low molecular weight SNOs, respectively. S-

Nitrosoglutathione reductase (GSNOR) is an example of the low molecular weight class . These denitrosylases are

involved in the removal of NO from S-nitrosylated cysteine residues, and thus can potentially remodel nitrosative stress

under disorder conditions.

2.4. Methionine Derivatives from Reaction with Peroxynitrous Acid and Peroxynitrite

Peroxynitrous acid and peroxynitrite both react with methionine. The corresponding kinetic constants being K  = (1.7 ±

0.1) × 10  M  s  and K  = 8.6 ± 0.2 M  s . Nitrites, nitrates, and methionine sulfoxide were the only byproducts

identified, Figure 17.

Figure 12. Products and intermediates detected in the reaction of methionine with peroxynitrous acid and peroxynitrite.
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For every three peroxynitrites consumed in the reaction, one nitrate and two nitrites are formed. The excess methionine

concentration had little effect on the distribution of nitrite, nitrate, and methionine sulfoxide yields. pH had no effect on the

production of methionine sulfoxide, nitrite, or nitrate. Methionine sulfoxide with recovered methionine corresponds to

100±4% of the methionine present at the beginning. The only methionine-derived substance identified was methionine

sulfoxide .

3. Chlorination of Amino Acids

HOCl is formed in biological systems by the enzyme heme myeloperoxidase MPO, which converts H O  to HOCl in the

presence of chloride ion (Cl ) , Figure 13.

Figure 13. Conversion of H O  and chloride to HOCl.

HOCl belongs to a new group of “non-antibiotic antimicrobial molecules”, known as disinfectants, which act by oxidation of

organic matter. It was found in very low concentrations in the human body, synthesized by the enzyme myeloperoxidase

in the cells of the immune system (neutrophils and macrophages) during an immunological process known as “respiratory

burst”, and is used to fight against infections caused by bacteria. It is a chemotactic substance with excellent microbial

control. The distance of the H-O bond (97 pm) is almost half that of O-Cl (169.3 pm), so there is a higher electronegativity

in the HO part of the molecule, Figure 14. HOCl has a pKa of 7.5, so it coexists with ionized hypochlorite (-OCl) in

solution at physiological pH. The HOCl produced has been shown to be a potent oxidant capable of chlorinating electron-

rich substrates.
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Figure 14. Interatomic distances and electronegativity of the HOCl molecule.

Amino acids can react with HOCl to monochloramine formation, Figure 15. Aromatic amino acids react with HOCl to form

a short-lived chloro-amine, which rapidly transfers its chlorine group to another amine.

Figure 15. General method of chlorination of the amino group of the amino acid.

Competitive kinetic studies and stopped-flow approaches have been used to evaluate the rates of various HOCl-amino

acid reactions . Winterbourn used a competitive reaction with monochlorodimetone in 1985 to determine the relative

reaction rates of various amino acids with HOCl. The reaction sites (amino versus side chain) were not reported, although

the order of reactivity was Cys > Met > Cystine > His > Ser > Leu.

Second-order rate constants for HOCl reactions within a protein were calculated (at physiological pH, 7.4, in aqueous

solution). Met > Cys > Cystine > His > Trp > Lys > Tyr > Arg > Gln > Asn  was the order of reactivity of the different side

chains. The constants for the reactions of HOCl with the side-chain groups of amino acids, α--amino groups, and

backbone amides are shown.

Depending on the environment, the second-order rate constant for backbone amides varies by several orders of

magnitude. This is a maximum estimate based on research with cyclic dipeptides.

In view of the energy content of the chlorinated species in the amino acids studied, a little higher than the free amino

acids, it can be proposed that chlorination takes place, but that the new molecule evolves by losing chlorine as a radical,

or through decarboxylation of the chloramines, to form unstable imines that undergo hydrolysis and change to aldehydes,

with loss of ammonia.

It was now considered that the products and energy content of the side-chain reaction on a series of amino acids with

HOCl, Figure 16.
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Figure 16. Chlorination of amino acids to a nitrogen other than the amino group adjacent to the carboxyl group.

Reaction with HOCl alters the side chains of tyrosine, tryptophan, histidine, arginine, cysteine, and methionine derivatives.

The main products of HOCl-mediated Trp oxidation are 2-hydroxyindole and its tautomeric 2-oxindole derivative Trp . It

has also been proposed that HOCl oxidation of Trp can lead to the formation of kynurenine and N-formylkynurenine. The

proposed mechanism involves HOCl reacting with the amino group to form monochloramine, which is then thermally

decomposed (or catalyzed by metal ions) to form radicals. These radicals can react with additional Trp side chains to form

kynurenine.

In the presence of excess HOCl, the reactions of the amine of the Lys side chain with HOCl lead to the formation of

unstable mono- and dichloramines. These compounds are moderate oxidants that can transfer chlorine to other

substrates while the original amine is renewed .

Although the His side chain reacts rapidly with HOCl to form a short-lived chloramine , the free amino group can also

be chlorinated. At a pH of 7.4, kinetic measurements indicate that the reaction proceeds approximately the same at both

sites . However, because the reactivity of the imidazole ring is particularly sensitive to pH, changes in pH, an

environment in which the pKa of the side chain changes, limit the rate of reaction at the side chain. This leads to a

preferential reaction at the -amino group. Ring-derived chloramines have been shown to readily transfer chlorine to other

amine groups, resulting in more stable chloramines. The interaction of histamine with HOCl at pH 8.0 has already been

shown to occur preferentially at the (non-imidazole) amino main group .

The aromatic ring reaction of tyrosine with HOCl leads to 3-chlorotyrosine. There is no information in the literature about

the by-products of HOCl-mediated oxidation of Gln and Asn side chains in aqueous solution. This is most likely due to

their slow reaction rate with HOCl, which makes them very insignificant targets in proteins .
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