
Reaction of peroxynitrite with thiols, hydrogen sulfide and persulfides

Madia Trujillo a,b, Ernesto Cuevasanta b,c, Lucía Turell b,d, Dayana Benchoam b,d,
Gerardo Ferrer-Sueta b,c, Ari Zeida a,b, Celia Quijano a,b, Sebastián Carballal a,b, Rafael Radi a,b,
Beatriz Alvarez b,d,*

a Departamento de Bioquímica, Facultad de Medicina, Universidad de la República, Montevideo, Uruguay
b Centro de Investigaciones Biomédicas (CEINBIO), Universidad de la República, Montevideo, Uruguay
c Laboratorio de Fisicoquímica Biológica, Instituto de Química Biológica, Facultad de Ciencias, Universidad de la República, Montevideo, Uruguay
d Laboratorio de Enzimología, Instituto de Química Biológica, Facultad de Ciencias, Universidad de la República, Montevideo, Uruguay

A R T I C L E I N F O

Keywords:
Peroxynitrite
Thiols
Oxidation
Nitrogen dioxide
Carbonate radical
Hydrogen sulfide
Persulfide
Sulfenic acid
Thiyl radical

A B S T R A C T

Three decades of research on the biochemistry of peroxynitrite (ONOOH/ONOO− ) have established that this
stealthy oxidant is formed in biological systems, and that its main targets are carbon dioxide (CO2), metal-
loproteins and thiols (RSH). Peroxynitrous acid reacts directly with thiols (precisely, with thiolates, RS− ),
forming sulfenic acids (RSOH). In addition, the free radicals derived from peroxynitrite, mainly carbonate radical
anion (CO3•− ) and nitrogen dioxide (NO2•) formed from the reaction of peroxynitrite anion with CO2, oxidize
thiols to thiyl radicals (RS•). These two pathways are under kinetic competition. The primary products of thiol
oxidation can follow different decay routes; sulfenic acids usually react with other thiols forming disulfides,
while thiyl radicals can react with oxygen, with other thiols and with other reductants such as ascorbic acid.
Peroxynitrite is also able to oxidize hydrogen sulfide (H2S/HS− ) and persulfides (RSSH/RSS− ). Among the
different biological thiols, peroxiredoxins stand out as main peroxynitrite reductases due to their very high rate
constants of reaction with peroxynitrite together with their abundance. Rooted in kinetic concepts, evidence is
emerging for the role of peroxiredoxins in peroxynitrite detoxification, with potential implications in diseases in
which peroxynitrite is involved.

1. Peroxynitrite is a fleeting biological oxidant

Peroxynitrite (ONOOH/ONOO− )1 caught the attention of biomedical
researchers in the beginning of the 1990s [1,2], although it had been
known to chemists for decades. In the following ~35 years, peroxyni-
trite formation in biological systems was established and its biochem-
istry elucidated, contributing to evidence roles for peroxynitrite as
cytotoxic effector and signaling mediator.

Peroxynitrite is mainly formed in biological systems through the
diffusion-controlled reaction between superoxide (O2•− ) and nitric
oxide (NO•) radicals [1,3] (Equation (1) and Fig. 1).

NO• +O2•− →ONOO− (1)

Other potential sources have been proposed [4,5], but their

contribution appears to be minimal. On kinetic grounds, the reaction
between superoxide and nitric oxide is unavoidable even when these
radicals can undergo alternative reactions and their concentration is low
[6,7].

Peroxynitrous acid is a weak acid with a pKa of 6.8, and thus both
base (ONOO− ) and acid (ONOOH) exist in comparable concentrations
close to neutral pH. While ONOOH is relatively unstable and decays
spontaneously even in inert chemical environments, its conjugate base
ONOO− is relatively stable and can be stored in alkaline aqueous
solutions.

The biological decay of peroxynitrite is dominated by a number of
selenol and thiol peroxidases (RSe‒/RS‒ in Fig. 1), that have extremely
fast reactions with ONOOH and can vastly outcompete almost any other
intracellular target [8–11]. As depicted in Fig. 1, the only potential
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competitors of the peroxidases are carbon dioxide (CO2), that reacts
with ONOO− [12], and several iron heme proteins that can reach very
high concentration in specific cells and cellular compartments [13–15].
There are numerous other potential routes of peroxynitrite consump-
tion, from spontaneous homolysis [1] to reaction with low molecular
weight (LMW) thiols [2,16] and a long list of reductants [17]. However,
most of these reactions cannot compete kinetically with the reactions
with thiol and selenol peroxidases, carbon dioxide and heme proteins.
The reactions of peroxynitrite with the peroxidases will be discussed
below in Sections 4 and 7, and that with carbon dioxide will be discussed
in Sections 4 and 8. The reactions with heme proteins are quite diverse
and beyond the scope of this article; the reader is referred to Ref. [17] for
a detailed discussion. In any case, these three main routes of decay are
fast, implying that peroxynitrite never accumulates in biological systems
beyond very low steady-state concentrations, estimated in the low
nanomolar range [18].

The main nitrogen-containing products of peroxynitrite reactions are
nitrate (NO3 − , isomerization), nitrite (NO2 − , two-electron reduction),
and nitrogen dioxide (NO2•, homolytic cleavage or one-electron
reduction). Nitrogen dioxide can cause further oxidation and nitration
of different biomolecules. In addition, the reaction of peroxynitrite with
carbon dioxide forms the oxidizing carbonate radical anion (CO3•− ) as
well as nitrogen dioxide [19], and the reaction with some heme proteins
can form oxidizing species such as oxo-ferryl compounds (Fe(IV)––O),
sometimes accompanied by porphyrin or amino acid radicals [13–15].
Thus, the reaction with carbon dioxide and certain heme proteins diverts
part of the oxidizing properties to secondary species that can exert
downstream effects.

The low steady-state concentrations of peroxynitrite in biological
systems complicate the study of its biochemistry. Another drawback is
that its existence is very hard to trace. Most species derived from per-
oxynitrite can be formed from other sources. For example, nitrogen di-
oxide can be formed from the oxidation of nitrite with heme peroxidases
and from nitric oxide autooxidation. Therefore, extremely careful and
detailed studies need to be made before invoking peroxynitrite as
effector in any given process or condition; the studies should include the
modulation of the production or consumption of the superoxide and
nitric oxide precursors. Protein tyrosine nitration is a good approxima-
tion to a peroxynitrite footprint, and as such has been used for a long
time, although peroxynitrite-independent nitration pathways also exist
[17]. In recent years, boronic acid probes are increasingly being
employed to assess peroxynitrite formation in biological systems. While
they were initially conceived for the detection of hydrogen peroxide,

they react with peroxynitrite with rate constants 106 times higher [20,
21]. Further discussions about peroxynitrite detection can be read in
Refs. [22,23].

2. Thiols ionize to nucleophilic thiolates

Most biological thiols (RSH/RS− )2 are derived from the amino acid
cysteine, and the most interesting ones are cysteine-containing proteins.
To describe the reactions of biological thiols, it is extremely important to
remember that we are actually describing the chemistry of thiolates
(RS− ). When protonated, thiols (RSH) are relatively unreactive and
nonpolar but their conjugate bases (RS− ) can be strong nucleophiles. So,
we are dealing with a very concise group of molecules (deprotonated
derivatives of cysteine) that have wide ranges of reactivity in several
dimensions.

Themost obvious dimension resides in the acid-base properties of the
thiols, since deprotonation is a requisite for reactivity. Cysteine as a free
amino acid has a pKa of 8.3, but when forming part of proteins, and
especially when being part of enzyme active sites, the range of pKas is
very wide, at least from 2.5 in the case of pig glutaredoxin [24] to 10.5 in
Escherichia coli cDsbD [25], i.e., eight orders of magnitude variations in
acidity, since pKa is a logarithmic expression. The pKa of the thio-
l/thiolate pair causes a species distribution with pH that affects the
measured values of reaction rate constants. Thus, in the literature there
are values of “apparent rate constants” that are measured at a specific
pH and consider the concentration of all species (thiol + thiolate), and
“pH-independent rate constants” that are not measured but extrapolated
and that only consider the concentration of thiolate. The usual proced-
ure to obtain pH-independent rate constants (kRS- ) consists in measuring
apparent rate constants (kapppH ) at several values of pH and extrapolating
the value of the rate constant to an extreme (very often hypothetical) pH
value in which all thiol is deprotonated. The main use of
pH-independent rate constants is to compare the reactivity of different
thiolates towards one substrate, a comparison that cannot be carried out
using apparent rate constants at a particular pH. For example,
pH-independent rate constants can be used to assess the effect of the
molecular environment on the reactivity of a thiolate, independently of
the availability of the thiolate at a given pH.

A second dimension refers to the nucleophilicity of thiolates. Thio-
lates are nucleophilic since they have the potential to donate a pair of
electrons to an electrophile to form a new covalent bond. Nucleophi-
licity is revealed by reaction rates; the faster the rate constant with a
certain electrophile, the stronger the nucleophile. Thiolates are good
nucleophiles because of their negative charge and the relatively low
electronegativity, large size and polarizability of sulfur.

Finally, an additional dimension of reactivity refers to the selectivity
of the nucleophilicity. Each catalytic cysteine residue in the active site of
an enzyme specializes in only one type of electrophile. For instance, the
catalytic cysteines in thioredoxins and glutaredoxins specialize in
disulfides as electrophiles, those of peptidases specialize in the carbonyl
of a peptide bond, and those of peroxidases have hydroperoxides as
favored electrophiles. This dimension of electrophile specialization can
be further divided into more specific sets, as not all disulfides, peptide
bonds or hydroperoxides are equally good substrates within their sets.
Of course, cross-reactions exist but their rate constants are significantly
smaller [26].

Fig. 1. Main source and sinks of peroxynitrite. Biological formation of
peroxynitrite is mostly due to the reaction between superoxide and nitric oxide
radicals. The consumption of peroxynitrite is diverse and dependent on the
biological compartment involved. The width of the arrows gives a rough idea of
the prevalence of each reaction. Thiol and selenol peroxidases (RS− and RSe− )
are the preferred targets in most intracellular spaces, whereas CO2 appears as a
prevailing consumer in extracellular milieu. In some specialized compartments,
rich in heme proteins, the reaction with heme iron can be a competitive target.
There are other routes for peroxynitrite consumption, but they cannot compete
kinetically with the prevailing reactions shown.

2 Thiols (RSH), also called sulfhydryls or mercaptans, are in equilibrium with
the thiolate anions (RS‒); for example, in the case of the amino acid cysteine,
the pKa is 8.3.

M. Trujillo et al. Redox Biochemistry and Chemistry 10 (2024) 100039 

2 



3. Early work evidenced that the oxidation of thiols by
peroxynitrite can occur through two- and one-electron pathways

The study of the reaction of peroxynitrite with thiols was the first to
establish a second-order reaction between peroxynitrite and a biomol-
ecule [2]. Indeed, the reaction was characterized as a two-electron redox
process between peroxynitrous acid and thiolate to yield nitrite and the
corresponding sulfenic acid (RSOH) as products [2,16] (Equation (2)).

ONOOH+ RS− →NO2 − + RSOH (2)

This reaction was initially studied on the amino acid cysteine and the
cysteinyl residue in bovine serum albumin using fast kinetic spectro-
photometric techniques (i.e., stopped-flow spectrophotometry), taking
advantage of the characteristic 302 nm absorbance of peroxynitrite
anion (ONOO− ). Indeed, peroxynitrite was consumed within a fraction
of a second and followed second-order reaction kinetics in the presence
of thiols, with apparent rate constants of 5900 M− 1 s− 1 and 2600–2800
M− 1 s− 1 for cysteine and bovine serum albumin, respectively, at pH 7.4
and 37 ◦C [2]. The early work demonstrated that under physiologically
relevant conditions, peroxynitrite reacted with “typical” thiols with rate
constants about 1000 times higher than hydrogen peroxide (H2O2).

In the following years, the reaction of peroxynitrite with the tri-
peptide glutathione was characterized, reporting an apparent second
order rate constant of 1360 M− 1 s− 1 at pH 7.4 and 37 ◦C [16,27], fully
compatible with the previously reported values [2]. It was also evi-
denced that, among the 20 amino acids, the only ones that are able to
react directly with peroxynitrite are cysteine, methionine and trypto-
phan, and that cysteine is the one that reacts the fastest [28]; the other
amino acids, including tyrosine, react with secondary species derived
from peroxynitrite. Also, peroxynitrite was shown to cause thiol oxida-
tion in non-mammalian and mammalian cells [29,30], the reversibility
of which (i.e., by addition of 1,4-dithiothreitol, DTT) was progressively
jeopardized as the level of the added oxidant increased. Indeed, under
mild conditions, the sulfenic acid initially formed usually reacts with
another thiol forming a disulfide (RSSR), which can be reduced back to
thiols with suitable reductants, while excess peroxynitrite can lead to the
formation of other products that are not easily reduced. In addition,
using isolated organelles, peroxynitrite was shown to inactivate mito-
chondrial (e.g., succinate dehydrogenase [31,32]) and sarcoplasmic re-
ticulum enzymes (e.g., sarcoplasmic reticulum Ca2+-ATPase [33]) via
thiol oxidation, observations that were later recapitulated in cells and
tissues [34,35].

At the end of the first decade of studies on peroxynitrite-mediated
thiol oxidation, a key discovery was reported showing that bacterial
peroxiredoxins elicited “peroxynitrite reductase” activity through an
efficient catalytic process involving the two-electron oxidation of an
active site cysteine [36]. The rate constant of the reaction of peroxyni-
trite with this cysteine was 1.51 × 106 M− 1 s− 1 (pH 6.75, room

temperature), for the alkyl hydroperoxide reductase C (AhpC) from
Salmonella typhimurium. This value is over 1000-fold higher than with
LMW thiols, suggesting the existence of endogenous enzymatic perox-
ynitrite decomposition systems. The observation was later extended to
other microbial and mammalian enzymes. The reactions of the perox-
iredoxins with peroxynitrite kinetically outcompete the reactions of
other reductants, including glutathione [37,38]. They turned out to be
so relevant biologically, that they represent major pathways for perox-
ynitrite consumption at various sub-cellular compartments, including
the cytosol and mitochondria (see Sections 4, 7 and 12 on thiol
peroxidases).

Revealing the second-order reaction of peroxynitrite with thiols
(Equation (2)) was of key relevance to shift the focus of an earlier and
seminal work that suggested that the oxidative capacity of peroxynitrite
towards biomolecules was due to the proton-catalyzed homolysis to
hydroxyl radical (HO•) and nitrogen dioxide (NO2•) [1], which occurs
with an apparent first-order rate constant of 1.13 s− 1 at pH 7.4 and 37 ◦C
[27] (Equation (3)). The discovery of the direct reaction of peroxynitrite
with thiols paved the way, experimentally and mechanistically, to
identify the preferential targets of the oxidant under
biologically-relevant conditions which depend on second-order re-
actions that largely outcompete the homolytic pathway (reviewed in
Ref. [18]).

ONOOH→0.7 HNO3 + 0.3 HO• + 0.3 NO2• (3)

While the direct reaction of peroxynitrite with thiols initially yields
the two-electron oxidation product of a thiol, the sulfenic acid (Equation
(2)), early electron paramagnetic resonance (EPR)-spin trapping studies
showed that under relatively low thiol concentrations (micromolar
levels), the fraction of peroxynitrite that homolyzes to hydroxyl and
nitrogen dioxide radicals (Equation (3)) can promote the one-electron
oxidation of thiols to the corresponding thiyl radicals (Equation (4))
[39–41].

HO•/NO2• + RS− →HO− /NO2 − + RS• (4)

Even though this proton-catalyzed homolytic process is not quanti-
tatively relevant under biological conditions, these initial observations
served as the foundation to assess peroxynitrite-mediated oxidation of
thiols to thiyl radicals under situations that favor the formation of one-
electron oxidants, such as in the presence of carbon dioxide (see Sections
4 and 8 on oxidation to thiyl radicals), situations that also lead to the
formation of 3-nitrotyrosine.

4. The two pathways for thiol oxidation by peroxynitrite are
under kinetic competition

The oxidation of thiols by peroxynitrite can occur via two main
pathways. First, peroxynitrite can react directly with thiols and oxidize
them by two-electrons to sulfenic acids (Fig. 2). Second, the free radicals
derived from peroxynitrite can oxidize thiols by one-electron, forming
thiyl radicals (Fig. 3).

These two pathways are under kinetic competition. In biological
scenarios, the direct reaction of peroxynitrite with thiols depends on the
product of the rate constant (apparent rate constant at the appropriate
pH and temperature) multiplied by the concentration of the thiol (total
sum of thiol + thiolate). Table 1 shows second-order rate constants for
the reactions of peroxynitrite with selected thiols, and comprehensive
compilations can be found in Refs. [17,42,43]. The rate constants have
apparent values between 103 and 108 M− 1 s− 1 at pH 7.4, depending on
the particular thiol. The total intracellular concentration of thiols is in
the tens of millimolar range. Glutathione, the most abundant LMW thiol,
is 2–17 mM, and mostly reduced [44,45], but its rate constant with
peroxynitrite is only 1.4 × 103 M− 1 s− 1. In contrast, some thiol peroxi-
dases have rate constants with peroxynitrite that are in the upper limit
(105–108 M− 1 s− 1) and can be present at relatively high concentrations
in particular compartments; for example, the concentration of the

Fig. 2. Direct reaction of peroxynitrite with thiols and main decay path-
ways of sulfenic acid. The conjugate base of the thiol, the thiolate (a, variable
pKa) reacts with peroxynitrous acid (b, pKa 6.8) forming sulfenic acid and ni-
trite (c). Sulfenic acid can decay by reacting with another thiolate forming a
disulfide (d), with an amine forming a sulfenamide (e) or, once deprotonated to
sulfenate (not shown), by further oxidation to sulfinic (f) and sulfonic (g) acids.
Protons are sometimes omitted for clarity.
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peroxiredoxin, Prdx2, is ~240 μM in red blood cells [46], while Prdx3
concentration is ~100 μM in the mitochondrial matrix of bovine adrenal
cells [47]. Hence, the reaction of peroxynitrite with thiol peroxidases is
one of the kinetically preferred decay pathways, and will be further
discussed below in Section 7.

The one-electron oxidation of thiols by peroxynitrite is secondary to
the formation of free radicals. The homolysis of peroxynitrous acid to
hydroxyl radical and nitrogen dioxide (Equation (3)) is slow (1.13 s− 1 at
pH 7.4 and 37 ◦C [27]) and is unlikely to be significant in biological
systems. In contrast, the reaction of peroxynitrite anion with carbon
dioxide can indeed occur given the relatively high rate constant (4.6 ×

104 M− 1 s− 1 at pH 7.4 and 37 ◦C [59]) and carbon dioxide concentration
(1–2 mM). This reaction leads to the formation of carbonate radical and
nitrogen dioxide in 33 % yield, both of which can oxidize thiols to thiyl
radicals (Fig. 3). It starts with the formation of a short-lived adduct,
ONOOCO2 − , which homolyzes to a geminate radical pair within a

solvent cage. The carbonate and nitrogen dioxide radicals can recom-
bine inside the cage giving carbon dioxide and nitrate in 67 % yield,
while 33 % of the radicals can diffuse and react with targets such as
thiols. In the absence of targets, carbon dioxide can be considered to
catalyze the isomerization of peroxynitrite to nitrate [60].

In addition to the formation of one-electron oxidants from the re-
action of peroxynitrite with carbon dioxide, the reaction with some
transition metal centers can also lead to the formation of oxidizing metal
derivatives, such as the oxo-ferryl Compounds I and II of hemeperox-
idases [13].

Importantly, the one-electron oxidation of thiols to thiyl radicals can
trigger oxygen-dependent chain reactions that can amplify the initial
oxidation event [41]. The reactions of thiyl radicals are further
described in Sections 8 and 9.

5. Peroxynitrous acid reacts with thiolates giving sulfenic acid
and nitrite

The relatively high rate constants of the reactions of peroxynitrite
with thiols together with the high concentrations of thiols in biological
systems translate into thiols being highly relevant targets of
peroxynitrite.

These reactions are second-order processes involving protonated
peroxynitrous acid (ONOOH) and deprotonated thiolates (RS− ) as
reacting species. Indeed, early in the 1990s, the study of the pH-
dependency study of the reaction with cysteine showed that the ki-
netics had a bell-shaped profile [2], reflecting the acid-base equilibria of
peroxynitrous acid and the thiolate, as evidenced in later studies [16].

To understand and compare the efficiency and the specialization of
peroxynitrite reactions with different thiols, the pH distribution of
thiols/thiolates needs to be considered, as mentioned in Section 2 above.
In addition, the pH distribution of peroxynitrous acid/peroxynitrite
needs to be considered as well, since only peroxynitrous acid reacts with
thiolates. To do that, the experimental apparent rate constants (kapppH ) can
be fitted to a two-pKa function (Equation (5)), where the pH-
independent rate constant (kRS- ) represents the actual rate constant
between thiolate and peroxynitrous acid.

kapppH = kRS-
(

[H+]

KONOOHa + [H+]

)(
KSHa

KSHa + [H+]

)

(5)

As shown in Table 1, the apparent rate constants with peroxynitrite
are in the 103 M− 1 s− 1 range at physiological pHs for different

Fig. 3. Thiol oxidation by carbonate and nitrogen dioxide radicals and
main decay pathways of thiyl radicals. Peroxynitrite anion reacts with car-
bon dioxide to form the putative adduct, ONOOCO2 − (a), which homolyzes to a
geminate radical pair consisting of carbonate radical and nitrogen dioxide
within a solvent cage (b). The radicals can recombine inside the cage giving
carbon dioxide and nitrate in 67 % yield (c), while 33 % can diffuse out of the
cage (d). Carbonate radical and nitrogen dioxide can recombine (e) or oxidize
thiolate to thiyl radical (f). The main fates of thiyl radical are the reaction with
oxygen (g, h), with another thiolate forming a reducing radical (R’SSR•− ) that
reacts with oxygen giving superoxide (i, j), or the oxidation of different com-
pounds (represented by A− ), such as ascorbate (k). Protons are sometimes
omitted for clarity. Dashed arrows indicate processes that occur in more than
one reaction.

Table 1
Rate constants of peroxynitrite reactions with selected thiols and persulfides.

kapppH (M− 1 s− 1) Conditions pKa kRS- (M− 1 s− 1) Ref.

Thiols
Cysteine 4.5 × 103 pH 7.4, 37 ◦C 8.3 2.9 × 105 [2]
Cysteine ethyl esther 6.8 × 103 pH 7.4, 37 ◦C 6.6 5.8 × 104 [16]
Glutathione 1.4 × 103 pH 7.4, 37 ◦C 8.8 2.6 × 105 [16,27]
Human serum albumin 3.8 × 103 pH 7.4, 37 ◦C 8.1 1.1 × 105 [28,48]
AhpC a (1.2–1.5) × 106 pH 6.75, RT <5 (2.4–3.0) × 106 [36]
Human Prdx2 a 1.4 × 107 pH 7.4, 25 ◦C 4.8 7 × 107 [10,49]
Human Prdx3 a 1 x 107 pH 7.8, 25 ◦C NDb NDb [50]
Human Prdx5 a 7 × 107 pH 7.8, 25 ◦C 5.2 7 × 108 [51,52]
MtAhpE a 1.9 × 107 pH 7.4, 25 ◦C 5.2 9.5 × 107 [53]
Poplar GPx5 a 1.4 × 106 pH 7.4, 25 ◦C 5.2 7 × 106 [54]
XfOhr a 2 × 107 pH 7.4, 25 ◦C 5.2 1 × 108 [11]

Hydrogen sulfide 6.65 × 103 pH 7.4, 37 ◦C 7.0 5.6 × 104 [55]

Persulfides
Glutathione 1.25 × 105 pH 7.2, 37 ◦C 5.5 4.7 × 105 [56]
Human serum albumin 1.2 × 104 pH 7.4, 20 ◦C ND b ND b [57]
MtAhpE a ~104 pH 7.4, 25 ◦C ND b ND b [58]

a AhpC is akyl hydroperoxide reductase C from different bacteria; Prdx2, Prdx3 and Prdx5 are peroxiredoxins 2, 3 and 5, respectively; MtAhpE is Mycobacterium
tuberculosis alkyl hydroperoxide reductase E; GPx5 is glutathione peroxidase 5; XfOhr is Xylella fastidiosa organic hydroperoxide resistance protein.
b ND is not-determined.
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biologically relevant LMW thiols, such as free cysteine or glutathione.
These values translate into pH-independent rate constants of ~105 M− 1

s− 1. In contrast, the pH-independent rate constants with hydrogen
peroxide are in the 1–10 M− 1 s− 1 range (compilation in [42]).

The accumulated kinetic and thermodynamic evidence regarding the
reactions between thiols and peroxynitrite is consistent with typical
concerted SN2 reactions (substitution, nucleophilic, bimolecular re-
actions) [2,16,27,61]. Molecular modeling helped to understand the
mechanistic basis of the process, suggesting that the reaction occurs via
the nucleophilic attack of the thiolate’s sulfur atom on the outer oxygen
atom of the protonated peroxide group, yielding nitrite anion as the
leaving group (Fig. 4) [56,61]. The free energy barrier is mostly due to
the appreciable electronic reorganization together with the changes in
the solvation structure, associated with the alignment of the sulfur and
oxygen atoms at the transition state (Fig. 4). The good leaving group
nature of the nitrite anion contributes deeply to the relative low value of
this barrier when comparing with other, slower-reacting hydroperox-
ides, such as hydrogen peroxide, in which the leaving group is hydroxide
(OH− ) [61,62]. Nevertheless, the protein microenvironment of the thi-
olate can alter the reactivity towards the different hydroperoxides, as in
the case of some specialized thiol peroxidases that react faster with
hydrogen peroxide than with peroxynitrite [10]. It is noteworthy that a
very similar SN2 mechanism was suggested for the reaction of persul-
fides (RSSH) with peroxynitrite [56], and also for selenols as discussed
in the work by Messias et al. published in this same special issue.

As expected from other typical SN2 reactions, the reactivity of LMW
thiolates towards peroxynitrous acid correlates with the basicity, i.e., the
pH-independent rate constants are higher for those thiolates whose
conjugated acids have high pKas. Remarkably, the reactivity of many
protein thiolates does not correlate with basicity, suggesting that the
environment of the thiolate in particular proteins can modulate nucle-
ophilicity independently of basicity, contributing to the selectivity of the
nucleophilicity mentioned above [26,52].

Finally, one aspect that may cause confusion in the reaction of per-
oxynitrous acid with thiolates is that the range of rate constants is
relatively narrow because unspecialized thiolates also react relatively
fast with peroxynitrous acid. For instance, the cysteine thiolate residue
of human serum albumin has a pH-independent rate constant of 1.1 ×

105 M− 1 s− 1 [28,63], while the most specific peroxidase studied so far
(human Prdx5) has a pH-independent rate constant of 7 × 108 M− 1 s− 1

[52]. Other peroxides have much wider ranges of rate constants with
thiolates, for instance, those of hydrogen peroxide span 1–108 M− 1 s− 1

(compilations of rate constants in Refs. [42,43]).

6. Sulfenic acid is a transient product of thiol oxidation

As previously mentioned, the two-electron oxidation product of a
thiol is a sulfenic acid (RSOH). This oxidation can be performed not only
by peroxynitrite but also by hydrogen peroxide (H2O2), perox-
ymonocarbonate (HCO4 − ), organic hydroperoxides (ROOH), hypo

(pseudo)halous acids (HOX, e.g. HOCl) or haloamines (R2NX) [42,64].
Sulfenic acids are usually short-lived intermediates although, in

some cases, the protein microenvironment protects them from further
reactions. They can engage in reversible and irreversible reactions, and
this particular feature enables them to be part of the catalytic mecha-
nism of several enzymes, to regulate protein function and to act as signal
transducers [65,66]. Sulfenic acids can display both nucleophilic and
electrophilic reactivities. They can participate in one of various re-
actions, leading to a wide variety of products (Fig. 2). First, protonated
sulfenic acids react with LMW or protein thiolates leading to the for-
mation of disulfides (pathway d in Fig. 2). If the thiol is glutathione, then
the protein gets glutathionylated, a well-known posttranslational
modification that protects the cysteine from further oxidation and is also
involved in the catalytic mechanisms of some enzymes such as gluta-
thione peroxidases, glutaredoxins and glutathione reductase [67,68].
The reaction with protein thiols leads to the formation of intra or
intermolecular disulfides, and this reaction is on the basis of the catalytic
mechanisms of several enzymes such as peroxiredoxins [49,69]. Sulfenic
acids can also react as electrophiles reversibly with an amine (RNH2) or,
more frequently, with an amide of the peptide backbone, leading to the
formation of a cyclic sulfenamide (sulfenylamide) (pathway e in Fig. 2)
[70–72]. In the presence of oxidants, including peroxynitrite [73], the
deprotonated sulfenate (RSO− ) can be further oxidized to sulfinic
(RSO2H) and then to sulfonic (RSO3H) acids in reactions often called
over or hyperoxidation (pathways f and g in Fig. 2). These oxidation
reactions are irreversible except in the case of several typical 2-Cys
peroxiredoxins where this modification can be reverted by sulfir-
edoxin, an ATP-dependent oxidoreductase [74]. Recently, it has been
proposed that this enzyme is also able to reduce sulfinic acids formed in
other proteins [75]. Because a sulfenic acid can behave both as an
electrophile and as a nucleophile, two sulfenic acids can react with each
other, yielding a thiosulfinate (RS(O)SR). This reaction occurs as part of
the catalytic cycle of sulfiredoxins [76], however, it is not a common
pathway of sulfenic acid decay due to steric constraints and competing
reactions. In addition, ascorbate can reduce sulfenic acids to thiols [77,
78]. In the last years, it has also been shown that sulfenic acid can react
with hydrogen sulfide (H2S), leading to the formation of a persulfide
(RSSH). This reaction has been proposed as a mechanism of transduction
of the signals triggered by hydrogen sulfide [57,58,79].

Many of the reaction pathways described above for the decay of
sulfenic acid were observed and kinetically characterized in the sulfenic
acid formed in human serum albumin [28,57,63,80–83]. This sulfenic
acid is particularly stable due to the absence of neighbor thiols and to the
location in a crevice that protects from intermolecular reactions [82].
However, in general, the elusive nature of sulfenic acid has challenged
its detection in vitro and in vivo. Several probes and the associated
analytical methods have been proposed to aid in the detection of sulfenic
acid (reviewed in Refs. [84–86]). Importantly, a probe to detect sulfenic
acid has to kinetically outcompete the reaction pathways described
above. This is particularly critical in cells, where thiols are highly
abundant. Additionally, the probe has to distinguish sulfenic acid from
other cysteine oxidation products such as disulfides, sulfenylamides and
persulfides [87–90]. Last, it has to be borne in mind that several oxidants
can form sulfenic acid from thiols. Thus, further evidence would be
needed to associate the detection of sulfenic acid with a particular
oxidant.

7. Thiol-dependent peroxidases are efficient peroxynitrite
reductases

Different families of thiol-dependent peroxidases catalyze the two-
electron reduction of peroxynitrite to nitrite, through a bisustratic re-
action with a ping-pong kinetic mechanism. The oxidizing part of the
catalytic cycle consists of a SN2 type reaction, in which peroxynitrous
acid and the thiolate of a critical cysteine residue of the peroxidase,
named the peroxidatic cysteine (CysP), are the reactive species

Fig. 4. Molecular mechanism of peroxynitrite reduction by thiols. Top:
schematic representation of reactants, transition state and products during the
SN2 type reaction between a generic thiolate and peroxynitrous acid, high-
lighting the characteristic linearity of the transition state. Bottom: molecular
representations of the species described above (for the thiolate of cysteine)
obtained from molecular modeling [61].
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(Equation (6)) [8,17].

P-CysPS
− +ONOOH→P-CysPSOH+ NO2 − (6)

The sulfenic acid formed at CysP then follows different routes
depending on the particular peroxidase. In most cases, there is a reso-
lution step involving the reaction of the sulfenic acid with another
cysteine, the resolving cysteine of the protein, to form a disulfide. This
step is followed by the reduction of the disulfide to the original thiol by
thioredoxin/thioredoxin reductase or similar protein systems [49,91,
92]. Importantly, the sulfenic acid or the disulfide, transiently formed in
the peroxiredoxins, can potentially oxidize a target protein, usually with
the intermediacy of protein-protein interactions. This last enables per-
oxiredoxins to channel the oxidation event to a different signal partner
in redox relay sequences (reviewed in Refs. [69,93]).

Peroxiredoxins are ubiquitously expressed thiol-dependent peroxi-
dases notable due to their high catalytic efficiency and abundance [8,94,
95]. The peroxynitrite reductase activity of peroxiredoxins was first
described for alkyl hydroperoxide reductase C (AhpC) from different
bacteria [36], and later confirmed for several members of the family,
including examples from all the six subfamilies in which peroxiredoxins
are classified [36,96,97]. The apparent rate constants for the reduction
of peroxynitrite by peroxiredoxins are in the 105–108 M− 1 s− 1 range at
physiological pH [36] (Table 1 and compilations in Refs. [17,42,43]).
Furthermore, oxidized peroxiredoxins are also rapidly reduced by their
reducing partners, ensuring that in most studied cell types, the enzyme is
predominantly in the reduced state under basal, non-stressed conditions
[92,98]. Combined with the high concentration in which peroxiredoxins
are usually expressed, the kinetic data indicate that they should be
considered as main intracellular targets for peroxynitrite formed in
different biological systems [8,17]. Indeed, the role of peroxiredoxins in
the reduction of peroxynitrite has been demonstrated either at a cellular
and at a whole organism level (see Section 12).

Peroxynitrite can not only oxidize but also hyperoxidize the CysP in
peroxiredoxins, through the reaction of the sulfenic acid in the oxidized
enzyme with a second molecule of oxidant, resulting in sulfinic acid
formation in CysP and the consequent enzyme inactivation (Equation
(7)) [10,50,99].

P-CysPSO
− + ONOOH→CysPSO2H+ NO2 − (7)

In the case of human peroxiredoxins 1 and 2 (Prdx1 and Prdx2), the
apparent rate constants for these reactions are 2.8 × 105 and 3.5 × 104

M− 1 s− 1 at pH 7.3, respectively [91]. As indicated in Section 6, hyper-
oxidation of some peroxiredoxins can be enzymatically reverted through
reactions catalyzed by sulfiredoxins. In addition, peroxynitrite-derived
radicals can lead to other post-translational modifications in these pro-
teins, such as tyrosine nitration and dimerization [10,50]. Indeed, Prdx3
was one of the nitrated proteins detected in a mouse model of diabetes
disease [100]. Notably, nitration of Prdx2 by peroxynitrite promotes
changes in protein structure that cause an increase in its peroxidase
activity and enhance its resistance to hyperoxidation [101,102].

In addition to peroxiredoxins, other thiol-dependent peroxidases,
such as cysteine-based glutathione peroxidases (GPx), catalyze the
reduction of peroxynitrite. Some glutathione peroxidases contain a
peroxidatic selenocysteine instead of CysP, and are therefore selenol-
instead of thiol-dependent. Glutathione peroxidases share with perox-
iredoxins the thioredoxin fold, and thus, both are members of the thio-
redoxin superfamily. Poplar GPx5, a thiol-dependent glutathione
peroxidase, and mammalian GPx1, which is a selenol-dependent
enzyme, reduce peroxynitrite with rate constants of ~106 M− 1 s− 1 at
physiological pH [54,103]. The oxidized forms of the enzymes are then
usually reduced by thioredoxin or glutathione in thiol- or
selenol-dependent enzymes, respectively [104]. The role of GPx1 in
peroxynitrite detoxification in vivo remains unclear [105,106].

Importantly, the bacterial organic hydroperoxide resistance protein
(Ohr), which is structurally unrelated to the former peroxidases, also

catalyzes the reduction of peroxynitrite and uses dihydrolipoamide as
electron donor. The rate constant of CysP oxidation in Xylella fastidiosa
Ohr by peroxynitrite is 2 × 107 M− 1 s− 1 at pH 7.4 [11].

Considering that the thiol pKa values in peroxidases are usually low
(<6.4), thiolate availability is >90 %, while peroxynitrite, with a pKa of
6.8, is only ~20 % protonated at physiological pH. Thus, pH-
independent rate constants of peroxynitrous acid reactions with CysP
thiolates in peroxidases are ~5-fold higher than those reported at pH 7.4
(Equation (6)), in the 106–108 M− 1 s− 1 range (Table 1), and, differently
from LMW thiolates, they do not correlate with thiolate basicity [26,52].
The aspects underlying the modulation of acidity, reactivity and speci-
ficity in peroxidases are only now starting to be unraveled on a case by
case basis (reviewed in Ref. [107]).

8. The free radicals derived from peroxynitrite can oxidize thiols
to thiyl radical

As described above, peroxynitrous acid reacts directly with thiolates
present in LMW compounds, peptides and proteins. Besides this two-
electron oxidation reaction, an additional reaction pathway has been
described, involving the one-electron oxidation of thiolates by strong
oxidants derived from peroxynitrite. The main one-electron oxidants
that peroxynitrite can give rise to are nitrogen dioxide and carbonate
radical. In addition, peroxynitrite can generate other one-electron oxi-
dants such as metal-center derived oxidants (following the reaction with
particular metalloproteins), and, to a minor extent, hydroxyl radical
(following the proton-catalyzed homolysis, Equation (3)). The reactions
of thiols with nitrogen dioxide and carbonate radical are summarized
herein.

Nitrogen dioxide is a reddish-brown free radical that can be formed
from peroxynitrite mainly through the one-electron reduction of per-
oxynitrite or through the reaction of peroxynitrite with carbon dioxide.
In addition, there are other routes for nitrogen dioxide formation, such
as the autooxidation of nitric oxide or the oxidation of nitrite by hem-
eperoxidases/hydrogen peroxide [17]. The one-electron reduction po-
tential of the NO2•/NO2 − couple is 1.04 V/SHE [108], and nitrogen
dioxide is able to react fast with thiolates. For example, the rate constant
for the reaction between nitrogen dioxide and free cysteine is 5 × 107

M− 1 s− 1 at pH 7.4 [109].
Carbonate radical anion is formed from the reaction of peroxynitrite

with carbon dioxide. This reaction leads to the formation of carbonate
radical and nitrogen dioxide in 33 % yield, and is described above in
Section 4 and Fig. 3. Carbon dioxide (not bicarbonate nor carbonate)
and peroxynitrite anion were identified as the reacting species [12], and
the product carbonate radical was confirmed by EPR [19,60,110]. There
are other possible routes for carbonate radical formation, for example,
the peroxidase-like activity of CuZn SOD in the presence of hydrogen
peroxide and carbon dioxide/bicarbonate [111,112]. With a
one-electron reduction potential for the CO3•− , H+/HCO3 − couple of
1.78 V/SHE at pH 7 [113], carbonate radical is a very strong oxidant. In
addition, it is able to react fast with thiolates. For example, the rate
constant with free cysteine is 4.6× 107 M− 1 s− 1 at pH 7, and increases at
alkaline pH [114].

These peroxynitrite-derived oxidants can react with thiols forming
thiyl radicals, and cysteinyl and glutathionyl radical as well as albumin
thiyl radical have been detected by EPR-spin trapping studies [39–41,
113,115]. Kinetic competition determines whether thiols are the targets
of nitrogen dioxide and carbonate radical instead of other reductants or
other protein residues, particularly aromatic ones. In this regard, tyro-
sine residues are other relevant targets for these strong one-electron
oxidants. Tyrosines do not react directly with peroxynitrite. They can
react with one-electron oxidants forming tyrosine phenoxyl radicals,
which can couple with nitrogen dioxide resulting in the formation of
3-nitrotyrosine derivatives (reviewed in Ref. [17]).

The one-electron reduction potential of the thiyl radical/thiol couple
(RS•, H+/RSH) is 0.92 V/SHE at pH 7.4 in the case of glutathione [116].

M. Trujillo et al. Redox Biochemistry and Chemistry 10 (2024) 100039 

6 



This indicates that only strong one-electron oxidants are able to oxidize
thiols to thiyl radicals, and that, once formed, thiyl radicals are them-
selves strong one-electron oxidants, able to oxidize other biomolecules.

9. The main fates of thiyl radical are reactions with oxygen,
thiols and other reductants like ascorbate

Once formed, thiyl radicals can react with different molecules
depending on the kinetic competition between potential targets. Their
fate will depend not only on the rate constants, but on the target con-
centration. The reaction between two thiyl radicals renders the disulfide
(Equation (8)). Although it is diffusion-controlled, this reaction is un-
likely to be significant because it is order two in the free radicals, which
achieve very low steady-state concentrations [117]. Likewise, the re-
action with nitric oxide, which is likely to be present in systems where
peroxynitrite is formed, albeit at very low concentrations, forms nitro-
sothiols, although this reaction is unlikely to constitute a preferential
decay pathway (Equation (9)). In contrast, oxygen, thiols and ascorbate
are among the main targets (Fig. 3) [117].

RS• + RS• → RSSR (8)

RS• + NO• → RSNO (9)

Oxygen (O2) reacts reversibly with thiyl radical (Equation (10), re-
actions g and h in Fig. 3). The forward and reverse rate for glutathionyl
radical are 2 × 109 M− 1 s− 1 and 6 × 105 s− 1, respectively [118].

RS• + O2 ⇌ RSOO• (10)

The product is thioperoxyl radical, RSOO•, which is an oxidizing
radical that can participate in the propagation of chain reactions. Thi-
operoxyl radical can rearrange to sulfonyl radical (RS(O)O•) and un-
dergo oxygen atom transfer with a thiol giving sulfinyl radical (RSO•)
and sulfenic acid [117]. The sulfonyl radical can be reduced to sulfinic
acid (RSO2H) or react with another oxygen to form the species
RS(O2)OO•, ultimately forming sulfonic acid (RSO3H) [119]. Addition-
ally, sulfinic acid can be oxidized by carbonate radical and nitrogen
dioxide to sulfonyl radical [120].

Studies of thiol oxidation by peroxynitrite revealed a bell-shaped
profile for oxygen consumption as a function of cysteine concentra-
tion, both for the free amino acid [41] and the cysteinyl residue in
bovine serum albumin [121]. This profile supports the existence of two
competing reaction pathways for peroxynitrite. At low thiol concen-
trations, peroxynitrite-derived radicals are formed through homolysis
and can be increasingly scavenged by thiols, resulting in thiyl radical
formation and oxygen consumption, while at high thiol concentrations,
the direct reaction of the oxidant with the thiolate prevails, and oxygen
consumption decreases [41].

Most mammalian cells are exposed to 4–6 % oxygen. In order to
estimate the molar concentration of oxygen in cells, the partial pressure,
the solubility in the solution, as well as the temperature, must be taken
into account [122–124]. Air-equilibrated solutions (exposed to 21 %
oxygen) have an oxygen concentration of approximately 181–191 μM at
37 ◦C, therefore oxygen concentrations in cells are estimated to be in the
μM range [123,124]. At these physiological concentrations of oxygen,
thiolates and other reductants likely outcompete oxygen for reaction
with thiyl radical.

Thiols, actually thiolates, constitute preferential targets for thiyl
radical. The reaction is reversible and fast, with pH-independent rate
constants 6 × 108 M− 1 s− 1 for the forward reaction and 2 × 105 s− 1 for
the reverse reaction (for glutathione) [117,125,126], and favored by the
high concentrations of thiols in biological systems. The disulfide anion
radical (RSSR•− ) formed is a reducing radical that reacts fast with ox-
ygen (5 × 108 M− 1 s− 1 [127]) forming superoxide radical, which can
then be detoxified with superoxide dismutase (Equations (11)–(13),
reactions i and j in Fig. 3). Supporting this, oxygen consumption during

peroxynitrite reaction with cysteine is inhibited by superoxide dismut-
ase [41]. This pathway is considered a radical sink for thiyl radicals and
other radicals formed intracellularly [128].

RS• + RS− ⇌ RSSR•− (11)

RSSR•− +O2→RSSR+O2•− (12)

2 O2•− + 2 H+→O2 +H2O2 (13)

Given the millimolar intracellular level of glutathione, this tripeptide
is a likely target for thiyl radicals. Its thiol has a pKa of 8.9 [129] and at
physiological pH approximately 2 % will be ionized.

Ascorbate is another possible target for thiyl radical, since it reacts
with a rate constant of 6 × 108 M− 1 s− 1 at pH 7 [130], forming ascorbyl
radical (Asc•) and regenerating the thiolate (Equation (14), reaction k in
Fig. 3). Ascorbate is present at concentrations around 50 μM in blood
and 500 μM in some tissues, thus it is a likely target in vivo [131]. The
thioperoxyl radical can also be reduced by ascorbate (Equation (15))
[131]. The reaction with ascorbate has been proposed as another
possible radical sink for thiyl and other radicals. The somehow redun-
dant ascorbate and superoxide pathways for radical detoxification
probably coexist, and their relative weight is influenced by pH, oxygen,
ascorbate and glutathione concentration in each compartment and
condition [128,131].

RS• + Asc− → RS− + Asc• (14)

RSOO• + Asc− → RSOO− + Asc• (15)

Thiyl radicals can undergo reversible hydrogen atom/electron
transfer with amino acids, peptides and proteins (Equation (16)). This is
particularly relevant with aromatic residues. As an example, the reac-
tion of glutathionyl radical with a Gly-Tyr peptide has a rate constant of
5.8 × 106 M− 1 s− 1 [132]. The reverse reaction (reaction of a tyrosine
phenoxyl radical with glutathione) has a similar rate constant, and
Equation (16) has an equilibrium constant close to unity, so thiols can
also reduce tyrosyl radical back to tyrosine [133]. This repair has proved
particularly significant in the case of the Trypanosoma cruzi cytosolic
iron superoxide dismutase (FeSOD), in which a cysteine residue close to
the active site protects from peroxynitrite-dependent inactivation by
avoiding the nitration of an active-site tyrosine. Intramolecular electron
transfer from the cysteine repairs the intermediate tyrosine phenoxyl
radical to tyrosine, preventing nitration [134].

RS• + TyrOH ⇌ RSH + TyrO• (16)

Thiyl radicals in proteins can also react reversibly with amino acid
(AA)C–H bonds forming carbon-centered radicals (AA)C•. The reactions
can proceed between residues of different molecules, with rate constants
of 103–105 M− 1 s− 1, or within the same molecule, with rate constants
around 105 and 106 s− 1 for the forward and reverse reactions, respec-
tively [135,136]. Reversible transfers between thiyl radical and prox-
imal carbons forming α-mercaptoalkyl and β-mercaptoalkyl radicals
have been observed in cysteine, glutathione and ribonucleotide reduc-
tase (Cys175). Mercaptoalkyl radicals can react with oxygen forming
peroxyl radicals ((AA)COO•) [135,136], and oxygen has been shown to
play a role in radical propagation reactions involved in peroxynitrite
oxidation of bovine serum albumin [121].

Since thiyl radicals can participate in intramolecular hydrogen
atom/electron transfers, they can induce damage at sites distant from
the initial point of attack. Competing reactions of the thiyl radical with
glutathione or ascorbate will protect proteins from damage in most
cases. However, if the thiyl radical is formed inside the protein, in a site
that is not accessible to the reducing agents, these intramolecular elec-
tron transfer reactions can result in protein damage [136].
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10. Hydrogen sulfide reacts with peroxynitrite

A few decades ago, it was proposed that hydrogen sulfide (H2S) could
have a role as a physiological modulator in mammals [137]. Among
several effects, protection against ischemia-reperfusion events and
oxidant insults was observed when hydrogen sulfide was administered
in biological models [138,139]. The first hypothesis raised to explain the
observation was that hydrogen sulfide directly scavenged the oxidants,
but this hypothesis was later reevaluated following the study of the
corresponding kinetics [140].

To be precise, hydrogen sulfide is not a thiol but is still a sulfur
nucleophile. When protonated as H2S, it is freely diffusible [141,142]. It
can deprotonate to form hydrosulfide (HS− , a better nucleophile) with a
pKa of 7.0 [143]. At pH 7.4 and 37 ◦C, approximately 19 % of total is
found as H2S and 81 % as HS− , while the levels of S2− are negligible.
Formation of hydrogen sulfide in mammals can be catalyzed by three
enzymes involved in sulfur amino acids metabolism: cystathionine
β-synthase (CBS), cystathionine γ-lyase (CSE), and 3-mercaptopyruvate
sulfurtransferase (MPST). CBS and CSE exhibit substrate and reaction
promiscuity, and form hydrogen sulfide from cysteine and/or homo-
cysteine [144,145]. MPST converts 3-mercaptopyruvate (derived from
cysteine transamination) into pyruvate, and initially produces a protein
persulfide intermediate (MPST-SSH) that can react with thiols, ulti-
mately releasing hydrogen sulfide [146,147]. The gut microbiota con-
stitutes another source of hydrogen sulfide for the host [148,149]. The
primary route of hydrogen sulfide consumption in mammals resides in
the mitochondria and involves the flavoenzyme sulfide quinone oxido-
reductase (SQOR), which transfers the electrons to coenzyme Q10 in the
electron transport chain and the sulfur to LMW acceptors [150], mainly
glutathione, generating glutathione persulfide (GSSH) as the product
[151,152]. This oxidation pathway is completed by other enzymatic
activities (persulfide dioxygenase, thiosulfate sulfurtransferase, and
sulfite oxidase) that transform the outer sulfur of glutathione persulfide
to the end products sulfate (SO42− ) and thiosulfate (S2O32− ), which can
be excreted [150,151].

Hydrogen sulfide reacts with peroxynitrite; precisely, HS− reacts
with ONOOH [140]. This reaction has been proposed to occur through a
SN2 mechanism similar to that of thiolates in which the nucleophilic
sulfur can attack the peroxide group to form sulfenic acid (HSOH) and
nitrite [55]. The experimentally-determined rate constants show that
the reaction is slightly slower than those of LMW thiolates [55,140,153].
At pH 7.4 and 37 ◦C, a rate constant of 6.65 × 103 M− 1 s− 1 was deter-
mined (Table 1) [55]. Considering this value and the low nanomolar
concentrations that hydrogen sulfide levels can reach in the tissues of
mammals [154], the direct scavenging of peroxynitrite by hydrogen
sulfide seems unlikely [140], highlighting that other mechanisms
probably underlie the beneficial effects of hydrogen sulfide.

An interesting aspect of this reaction is that mixtures of peroxynitrite
and hydrogen sulfide produce an intriguing variety of products mark-
edly different from those obtained with thiols [55,153]. While the re-
action of peroxynitrite with cysteine produces no colored compounds,
hydrogen sulfide generates yellow products with an absorbance
maximum at 408 nm. Possible intermediates involved in the reaction are
HSOH and HSSH, which are also nucleophiles. It has been hypothesized
that a reaction with a second peroxynitrite molecule could generate the
colored compounds, which probably contain sulfur and nitrogen [55].
Among the possible products are the isomers HSNO2 and HSONO.
Several physiological functions that are still under study have been
assigned to small inorganic sulfur-nitrogen compounds [155–157].

In addition to the direct reaction between peroxynitrite and
hydrogen sulfide, the free radicals derived from peroxynitrite can also
oxidize hydrogen sulfide [140,158]. The initial product formed is sul-
fanyl radical (HS•/S•− ), which can lead to oxygen consumption. As in
the case of thiols, plots of oxygen consumption as a function of hydrogen
sulfide are bell-shaped. Nevertheless, the one-electron oxidation of
hydrogen sulfide can lead to a wider range of reactive intermediates and

stable products than in the case of thiols [140].

11. Persulfides react with peroxynitrite and are excellent one-
electron reductants

When an extra sulfur is added to a thiol, a persulfide (RSSH/RSS− ) is
obtained. Persulfides retain or enhance some features of the original
thiol (e.g., nucleophilicity and reducing character) while showing new
properties (electrophilicity, increased acidity, ability to transfer sulfur)
[159,160]. Persulfides can be generated through several pathways.
Briefly, the cysteines in the active sites of desulfurases or sulfur-
transferases can obtain one extra sulfur from substrates like cysteine,
3-mercaptopyruvate or thiosulfate [161–163]. Polysulfides can be do-
nors of sulfurs to exposed cysteines in proteins [164]. CBS and CSE can
produce LMW persulfides by cleaving the disulfides of cysteine or ho-
mocysteine [165]. The formation of sulfenic acids and disulfides in
proteins and LMW compounds allows the generation of persulfides
through their direct reaction with hydrogen sulfide [55,58]. Also,
radical pathways have been proposed, involving the reaction of the
radical HS•/S•− with a thiol in the presence of oxygen [137].

Peroxynitrite is able to react with persulfides, specifically, with
ionized persulfides (RSS− ). Similar to the reactions of peroxynitrous acid
with thiolates, the products are likely perthiosulfenic acids (RSSOH) and
nitrite. The reactions of peroxynitrite with typical LMW persulfides are
faster than those with the analogous thiols (Table 1). For example, the
persulfide of glutathione reacts with an apparent rate constant of 1.25 ×

105 M− 1 s− 1 (pH 7.23, 37 ◦C) with peroxynitrite, which is 97 times
higher than the rate constant of the thiol under the same conditions
[56]. The increased reactivity of persulfides toward peroxynitrite with
respect to thiols has also been observed for some protein persulfides. For
instance, persulfidation of the cysteine thiol of human serum albumin
increases the rate constant of the reaction with peroxynitrite 4.4-fold at
pH 7.4 [57]. However, this behavior could vary in the particular cases of
enzymes that use peroxynitrite as substrate. Indeed, persulfidation of the
critical cysteine in the peroxiredoxin AhpE lowers its reactivity in
comparison with the unmodified reduced protein as a result of alter-
ations in the structure of the selective active site [58].

In addition, LMW ionized persulfides (RSS− ) have higher reactivity
with electrophiles than putative thiolates (RS− ) with similar basicity,
which is indicative of an alpha effect in persulfides (increased reactivity
of a nucleophile when the atom adjacent to the nucleophilic atom has
high electron density) [56,166–169]. Particularly, the alpha effect in the
reaction of glutathione persulfide with peroxynitrite has a magnitude of
50 [56].

Notably, the oxidation products of persulfides are restored more
easily than those of thiols. The reactions of peroxynitrite (or other two-
electron oxidants) with thiols produce sulfenic (RSOH), sulfinic (RSO2H)
and sulfonic (RSO3H) acids, while those with persulfides likely generate
perthiosulfenic (RSSOH), perthiosulfinic (RSSO2H) and perthiosulfonic
(RSSO3H) acids [170–172]. The products of hyperoxidation of thiols are,
in general, irreversible, whereas those of persulfides can be reduced
back to thiols, constituting a plausible cellular protection mechanism to
prevent irreversible damage under oxidative stress (Fig. 5) [171–175].

Remarkably, persulfides are excellent one-electron reductants. The
reactions of persulfides with one-electron oxidants, such as
peroxynitrite-derived nitrogen dioxide and carbonate radical, form
perthiyl radicals (RSS•). These radicals are particularly stable, do not
react with oxygen and decay mainly by dimerization to the tetrasulfide
(RSSSSR) [176–179], hindering radical propagation reactions. In fact,
persulfides have been proposed to inhibit ferroptosis, a type of cell death
caused by excessive lipid peroxidation [180,181].

12. Thiol peroxidases are relevant targets for peroxynitrite in
cellula and in vivo

Combined evidence arising from measurements of 3-nitrotyrosine

M. Trujillo et al. Redox Biochemistry and Chemistry 10 (2024) 100039 

8 



levels and utilization of novel peroxynitrite probes, together with the
modulation of the precursor free radicals, superoxide and nitric oxide,
have enabled the association of peroxynitrite with diverse physiological
and pathological processes, including the control of microbial in-
fections, aging, neurodegenerative diseases, vascular dysfunction,
atherosclerosis, cancer, and inflammation (reviewed in Refs. [35,182]).
Thiol peroxidases are among the main targets of peroxynitrite, and the
relevance of these reactions has been unambiguously demonstrated by
experiments involving these enzymes in both cellular and animal
models. Some selected examples are provided below.

a) Trypanosoma cruzi transformed to overexpress cytosolic or mito-
chondrial peroxiredoxins had increased ability to detoxify perox-
ynitrite generated either in vitro or by activated macrophages [99];
this favored infection in an animal model [183].

b) Mice with endothelial deletion of the gene that encodes the mito-
chondrial thioredoxin reductase, and therefore lack the main
reducing system for mitochondrial peroxiredoxins, showed increased
peroxynitrite steady-state levels, which resulted in disruption of
vascular integrity [184].

c) Inhibition of peroxiredoxins using conoidin A or specific deletion of
Prdx1 sensitized pancreatic β cells and rat islets to DNA damage and
death caused by peroxynitrite [185].

d) In Pseudomona aeruginosa treated with a catalase inhibitor, the lack
of thiol peroxidase Ohr expression caused increased peroxynitrite-
dependent cytotoxicity [11].

e) Saccharomyces cerevisiae lacking thiol-dependent peroxidases
showed increased cellular levels of peroxynitrite detected by the
coumarin boronic acid probe [186].

13. Concluding remarks

Three decades of research on the biochemistry of peroxynitrite have
not only established the formation of this stealthy oxidant in biological
systems but have also revealed the role of thiols as the main targets of
peroxynitrite, as well as of its derived radicals. Among the different
biological thiols, thiol peroxidases stand out as main peroxynitrite re-
ductases due to the very high rate constants of reaction with peroxyni-
trite together with the relatively high concentrations of the enzymes.
Rooted in strong thermodynamic and kinetic concepts, solid evidence is
emerging for the role of thiol peroxidases in peroxynitrite detoxification,
with potential implications in diseases in which peroxynitrite is

involved.
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