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Abstract
Nitro-fatty acids (NO2-FAs) are novel molecules resulting from the interac-
tion of unsaturated fatty acids and nitric oxide (NO) or NO-related mole-
cules. In plants, it has recently been described that NO2-FAs trigger a
powerful antioxidant and defense response against stressful situations, the
induction of the heat-shock response (HSR), and they exert their signaling
function mainly through a reversible post-translational modification called
nitroalkylation. Catalase (CAT) is a key antioxidant enzyme for the control of
the hydrogen peroxide (H2O2) levels generated by environmental oxidative
stress. The data presented in this study provide novel information on the
role of NO2-FAs in modulating the antioxidant activity of catalase 2 (CAT2)
during salinity stress in Arabidopsis thaliana. Initially, in vitro treatment with
nitro-linolenic acid (NO2-Ln) down-regulated Arabidopsis CAT2 activity, as a
consequence of the nitroalkylation of His 156 and His 248, evolutionarily
conserved residues with key functional implications for the quaternary struc-
ture and hence CAT2 activity. Any effect of NO2-Ln on the heme group or
S-nitrosylation of CAT2 was excluded. To further our knowledge of the regu-
latory mechanism of this antioxidant enzyme by nitroalkylation, the func-
tional modulation of CAT by NO2-FAs was analyzed in 5-day-old
Arabidopsis cell suspension cultures subjected to salinity stress. In this situ-
ation, the oxidative stress generated caused the nitroalkylation of these resi-
dues to disappear through the cleavage of NO2-Ln binding to CAT2, thus
restoring CAT2 catalytic activity. Thus, during salinity stress, CAT2 enzy-
matic activity increased without changes in protein levels. These results
highlight the amino acid targets that are susceptible to nitroalkylation and
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the modulatory effect of this post-translational modification on CAT2 enzy-
matic activity in vitro and in vivo. These findings underline the regulatory role
of nitroalkylation in CAT2 functionality, which is strongly influenced by the
redox state thus becoming a new key control mechanism of this antioxidant
enzyme in abiotic stress cell response processes.

KEYWORDS
abiotic stress, Arabidopsis thaliana, catalase, nitric oxide, nitroalkylation, nitro-fatty acids, nitro-
linolenic acid, post-translational modification, salinity stress, signaling

1 | INTRODUCTION

Salinity is an environmental stress factor that harmfully
affects plant crop yields and productivity. To persist in
high soil salinity stress, plants develop many strategies,
including stomatal closure, control of the Na+ efflux
across the plasma membrane, and ROS scavenging
(Siddiqui et al. 2011). In plant species, sodium chloride
(NaCl) reduces leaf fresh weight and produces an
imbalance between reactive oxygen species (ROS)
production and scavenging, which in turn leads to oxi-
dative stress (Begara-Morales et al. 2014; Tanou
et al. 2012; Valderrama et al. 2006). To protect them-
selves, plant cells have developed strategies to main-
tain redox homeostasis. These strategies include
scavenging ROS or activating the non-enzymatic and
enzymatic antioxidants network. In this context, cata-
lase (CAT) is one of the most important antioxidant
enzymes in plants and catalyzes the dismutation of
hydrogen peroxide (H2O2) into water and oxygen mole-
cules to regulate ROS levels (Mhamdi et al. 2010; Wille-
kens et al. 1997). In leaf tissue, CAT is located in
peroxisomes, where it functions to remove the H2O2 pro-
duced by glycolate oxidase in the photorespiratory cycle
C2. The three catalases identified in the Arabidopsis
genome exhibit a high degree of similarity, with identity
levels ranging from 75 to 84%. The available evidence
suggests that Arabidopsis CAT1, CAT2, and CAT3 are
below Class III, Class I, and Class II catalases, respec-
tively. The CAT1 gene expression level was found to be
minimal, with its activity being undetectable. Arabidopsis
CAT2, on the other hand, possesses approximately
80% of the total CAT activity (Chen et al. 2020).

Nitrated lipids, or nitro-fatty acids (NO2-FAs), are
endogenously generated from the non-enzymatic oxi-
dation of unsaturated fatty acids by nitric oxide (NO)-
related species (Freeman et al. 2008). NO2-FAs are
present at low concentrations in yeasts, animals,
humans, and plant systems (Aranda-Caño et al. 2022a;
Aranda-Caño et al. 2022b; Baker et al. 2004; Balazy
and Poff 2004; Begara-Morales et al. 2021; Mata-Pérez
et al. 2016b; Mata-Pérez et al. 2017; Tsikas et al. 2011).
In animal cells, NO2-FAs are molecules that exhibit
pleiotropic effects, which translate into cytoprotective
actions in a wide range of diseases, such as

atherosclerosis, ischemia–reperfusion, kidney damage,
diabetes, dermatitis, obesity, and cancer (Brat et al.
2023; Chartoumpekis et al. 2024; Rom et al. 2020;
S�anchez-Calvo et al. 2016; Wang et al. 2016; Wang
et al. 2021; Zhao et al. 2024; Zhou et al. 2021). In yeast
cells, nitro-oleic acid (NO2-OA) modulates Tsa1 protein
activity during heat stress (Aranda-Caño et al. 2022b).
The presence of nitro-conjugated linoleic acid (NO2-cLA)
has been reported in plant organisms for the first time in
olive and extra virgin olive oil. The anti-inflammatory
properties of olive oil are associated with the presence
of this compound (Fazzari et al. 2014). Subsequently,
NO2-OA, nitro-linoleic acid (NO2-LA), and nitro-linolenic
acid (NO2-Ln) have been detected in Arabidopsis plants
during development (Aranda-Caño et al. 2022a). Fur-
thermore, NO2-Ln has been identified in cell suspension
cultures (Mata-Pérez et al. 2017), and in response to
adverse environmental factors in Arabidopsis (Mata-
Pérez et al. 2016c), in leaves and in roots of rice plants,
peroxisomes, and mitochondria of pea plants (Mata-
Pérez et al. 2017). Subsequent studies have identified
that the presence of NO2-OA was detected in Brassica
napus (Voll�ar et al. 2020).

Furthermore, the ability of NO2-FAs to act as NO
donors has been described in both plants and animals
(Gorczynski et al. 2006; Mata-Pérez et al. 2016a; Voll�ar
et al. 2020). NO released from NO2-FAs is considered to
be a key modulator of several cellular processes. In
human leukemia cells and rats, NO2-LA S-nitrosylates
the CD40 protein, thereby inducing an anti-inflammatory
response (Faine et al. 2010). Likewise, it has been
shown that the NO released from NO2-Ln has the capac-
ity to synthesize S-nitrosoglutathione (GSNO) in the
presence of glutathione (GSH) and to modulate its levels
both in vitro and in vivo, as well as indirectly modulating
S-nitrosothiol levels (Mata-Pérez et al. 2020). NO2-Ln-
dependent S-nitrosylation of the transcription factor
bZIP67, which is a master regulator in seed maturation
programmes, has recently been described to modulate
the lipid accumulation profile during embryonic develop-
ment (S�anchez-Vicente et al. 2024). Therefore, the abil-
ity of NO2-FAs to act as signaling molecules through
released NO cannot be excluded.

NO2-FAs have powerful electrophilic reactivity due
to the presence of electrons by drawing nitro group
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substituents in β-carbon. These molecules have the
capacity to adduct mainly with the cysteine (Cys), histi-
dine (His), and lysine (Lys) amino acids of proteins
through a reversible post-translational modification
(PTM) named nitroalkylation, which affects protein
structure, cellular localization, and protein function
(Aranda-Caño et al. 2019; Aranda-Caño et al. 2022b;
Rudolph et al. 2009). In animal cells, NO2-OA and NO2-
LA have the capacity to modulate the protein function
of Nrf2/Keap1, NFκβ, and PPAR-γ by nitroalkylation
modification and to, subsequently, promote anti-
inflammatory reactions (Schopfer et al. 2011; Schopfer
and Khoo 2019). Interestingly, the increased levels of
H2O2 and peroxynitrite (ONOO�) generated under
nitro-oxidative stress conditions in abiotic stress factors
can release NO2-FAs from adducted proteins. In this
way, the protein regains its function, and free NO2-FA
exerts its signaling effect (Aranda-Caño et al. 2022b).

Due to the difficulty of identifying nitroalkylated tar-
get proteins and their modified sites by mass spectrom-
etry, this new PTM has been little studied, although
some candidate proteins have been identified (Aranda-
Caño et al. 2019; Aranda-Caño et al. 2022b; Fang
et al. 2021). This PTM needs to be further character-
ized to define its relevance in plant physiology. CAT is
a heme antioxidant enzyme that could act as a putative
target of nitroalkylation, similar to what has been
described for other antioxidant proteins like cytosolic
ascorbate peroxidase 2 (APX2), which was found to be
nitroalkylated in NO2-Ln-treated Arabidopsis cell cul-
tures (Aranda-Caño et al. 2019), or Tsa1 nitroalkylated
by NO2-OA in Saccharomyces cerevisiae (Aranda-Caño
et al. 2022b). To increase our knowledge of the regulatory

mechanism of this antioxidant enzyme by nitroalkylation,
the functional modulation of CAT by NO2-FAs was ana-
lyzed in 5-day-old Arabidopsis cell suspension cultures
treated with 150 mM NaCl. Nitroalkylated residues,
involved in the modulation of CAT activity, were identified
and their functional involvement was reported.
Nitroalkylation may act as another key PTM to adjust
the structure and function of this heme protein, similar
to what has been described for other PTMs like phos-
phorylation, acetylation, nitration, and S-nitrosylation,
among others (Lin 2018).

2 | RESULTS

2.1 | Down-regulation of catalase
activity by NO2-Ln

Recently, it has been reported that post-translational
modification, specifically nitroalkylation by NO2-FAs,
has the capacity to modulate the catalytic activity of
plant proteins (Aranda-Caño et al. 2019; Aranda-Caño
et al. 2022b). In order to evaluate the potential effect of
NO2-Ln on catalase activity, an in vitro assay was car-
ried out using different catalase sources, including Ara-
bidopsis leaf peroxisomes, Arabidopsis recombinant
CAT2 protein, and CAT protein from bovine liver. These
catalase sources showed similar behavior in the pres-
ence of NO2-FAs.

Thus, as shown in Figure 1, catalase activity was
significantly down-regulated in leaf peroxisomes, Arabi-
dopsis recombinant protein, and bovine liver, with
respective reductions of 26%, 36%, and 60%.

F I GURE 1 NO2-Ln treatment inhibits catalase activity in Arabidopsis leaf peroxisome (a), recombinant CAT2 (b), and CAT from bovine liver
(c). The samples were treated with control vehicle (MeOH), Ln (non-nitrated form of NO2-Ln), and NO2-Ln. The specific catalase activity of leaf
peroxisomes was determined to be 376.6 ± 1.9 mU H2O2 mg⁻1 protein, 369.8 ± 5.1 mU H2O2 mg⁻1 protein, and 273.8 ± 4.9 mU H2O2 mg⁻1

protein, respectively, corresponding to MeOH, Ln, and NO2-Ln. Recombinant CAT2 activity from Arabidopsis was 15235.3 ± 328.3 mU H2O2

mg⁻1 protein 12823.7 ± 363.3 mU H2O2 mg⁻1 protein, and 9723.5 ± 265.6 mU H2O2 mg⁻1 protein, respectively, corresponding to MeOH, Ln, and
NO2-Ln. Finally, the specific catalase activity of bovine liver was 6.18 ± 0.1 mU H2O2 mg⁻1 protein, 5.67 ± 0.05 mU H2O2 mg⁻1 protein, and 2.6
± 0.11 mU H2O2 mg⁻1 protein, respectively, corresponding to MeOH, Ln, and NO2-Ln. The results are means ± SEM of at least three
independent experiments. Statistical significant differences p < 0.05 (*) and p < 0.001 (**) from the control. NO2-Ln: nitro-linolenic acid; Ln:
linolenic acid.
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2.2 | Evaluation of the heme content of
NO2-Ln-treated catalase by the pyridine
hemochrome method

All catalase isoforms contain a heme group, which is
essential for their enzymatic activity (Padovani et al.
2016). To determine whether NO2-Ln-mediated cata-
lase inhibition involves the heme group, the stability of
the heme group of NO2-Ln-treated catalase was
assessed by monitoring the spectrum of pyridine hae-
mochromogen by spectrophotometry in the scanning
mode from 350 to 700 nm (Berry and Trumpower 1987;
Trostchansky et al. 2011).

As shown in Figure S1, Supporting Information, the
NO2-Ln treatment with the Arabidopsis recombinant
CAT2 protein did not change the spectrum of the pyri-
dine hemochromogen compared to the sample treated
with the NO2-FA vehicle (methanol) (Figure S1a). This
established that there was neither a direct reaction of
NO2-FA with heme nor any displacement of this mole-
cule from CAT2. Similar results were obtained using
bovine liver catalase (Figure S1b). As a control, the
reaction of commercial heme (Sigma) with NO2-Ln did
not alter the spectrum of the heme group (Figure S1c).

2.3 | In vitro S-nitrosylation of the
recombinant CAT2 protein by NO2-Ln

NO2-Ln has the capacity to act as a NO donor under
physiological conditions (Mata-Pérez et al. 2016a;
Mata-Pérez et al. 2020) and this NO can exert its func-
tion through protein S-nitrosylation. In order to study
the effect of NO2-Ln on antioxidant protein function,
Arabidopsis recombinant CAT2 protein was subjected
to a biotin switch assay. As shown in Figure 2a, the

treatment of recombinant CAT2 protein with 500 μM
NO2-Ln (lane 4) did not result in a S-nitrosylated band.
As negative controls, recombinant CAT2 protein was
treated with the vehicle (MeOH) (lane 2), and also with
500 μM linolenic acid (Ln) (lane 3), but no signal was
observed. As a positive control, bovine serum albumin
protein (Sigma) was incubated with 500 μM NO2-Ln,
and a reactive band was detected. Regulation of CAT2
protein by the S-nitrosylation process of NO2-Ln was
therefore excluded.

2.4 | Detection of nitroalkylated
peptides and the relative quantification of
the nitroalkylated residues in recombinant
CAT2 protein

Another mechanism of action of NO2-FAs is via
nitroalkylation modification (Aranda-Caño et al. 2019;
Aranda-Caño et al. 2022b; Trostchansky et al. 2011).
Following the exclusion of the functional modulation of
the CAT2 protein by S-nitrosylation, an investigation
was conducted into the nitroalkylation of the CAT2 pro-
tein by NO2-Ln. Recombinant CAT2 protein was treated
with NO2-Ln, digested with trypsin, and analyzed by nano-
LC-MS/MS. Six nitroalkylated peptides were detected, and
the modified residues were identified (Table 1). The relative
quantification of the nitroalkylated residues was performed
by taking into account the number of peptide spectrum
matches (PSMs) detected after a directed search of the
nitroalkylated and non-nitroalkylated peptides in the mass
spectrometer. As shown in Figure 3, the residues that were
highly nitroalkylated were His 108 and His 156, followed by
His 248 and His 165. The residues that were slightly
nitroalkylated were His 46 and His 201.

2.5 | Effect of H2O2 on the
nitroalkylation of recombinant CAT2
protein

Under both oxidative and nitrosative stress conditions,
oxidation of the Michael adduct can occur, resulting in
the release of NO2-FA bound to the protein by nitroalky-
lation (Aranda-Caño et al. 2022b; Baker et al. 2009;
Mata-Pérez et al. 2016c; Padilla et al. 2017; Schopfer
and Khoo 2019). An experimental design similar to the
work of Padilla et al. (2017) is used to demonstrate the
effect of H2O2 (representative molecule for oxidative
stress) on the NO2-Ln-mediated nitroalkylation of the
recombinant CAT2 protein of Arabidopsis. Specifically,
the occurrence of nitroalkylation in recombinant CAT2
protein by NO2-Ln was examined by targeted mass
spectrometry techniques before and after treatment
with 1.5 mM H2O2 for 200 min. For this purpose, tar-
geted mass analysis was performed for the peptide
FSTVIHER, which contains histidine 108. This residue

F I GURE 2 (a) Arabidopsis recombinant CAT 2 protein is not a
target of NO derived from NO2-Ln. As a control of the biotin switch
method, bovine serum albumin (BSA) was S-nitrosylated with 500 μM
NO2-Ln (Line 1). Control treatments were done with the vehicle (MeOH)
(lane 2) and 500 μM Ln (lane 3). Five microgram of each proteins were
separated using a 10% non-reducing SDS-PAGE and blotted onto a
PVDF membrane. Biotinylated proteins were identified by anti-biotin
antibody. NO: nitric oxide; NO2-Ln: nitro-linolenic acid; Ln: linolenic acid;
MeOH: methanol. (b) Ponceau staining ensures equal protein loading.
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is the most susceptible to nitroalkylation by NO2-Ln
among the recombinant CAT2 protein. A targeted
search for nitroalkylated and non-nitroalkylated FSTVI-
HER peptides enabled the relative quantification of
nitroalkylation before and after treatment with H2O2.
Analysis of the data demonstrated that treatment of the
recombinant CAT2 protein with NO2-Ln resulted in a
significant presence of nitroalkylated His 108 in the
FSTVIHER peptide. However, treatment with H2O2 for
200 min showed the complete disappearance of the
nitroalkylated His 108, with the peptide being detected
without the mass increase generated by NO2-Ln bind-
ing (Figure S2).

2.6 | H2O2 levels and CAT2 protein
activity under salinity stress

Salinity stress is a type of abiotic stress that increases
ROS and NO levels, leading to oxidative and nitrosative
stress in many plant species (Munns and Tester 2008;
Valderrama et al. 2007). In addition, a relationship
between salinity tolerance and fatty acid unsaturation

levels has been described after it was shown that over-
expression of ω-3 desaturases (which increase Ln
levels) increases salinity tolerance (Zhang et al. 2005).
Therefore, this type of abiotic stress was chosen to
analyze the relevance of CAT nitroalkylation in vivo.

Accordingly, 5-day-old Arabidopsis cell cultures
were treated with 150 mM NaCl for 5 min, and the
occurrence of oxidative stress was detected by mea-
suring H2O2 levels. As shown in Figure 4a, salinity
stress resulted in a 5.3-fold increase in H2O2 levels.

In the same situation, CAT activity was also
assessed. NaCl treatment resulted in a 27% increase
in CAT activity (Figure 4b), which was not due to a rise
in CAT protein content. Immunoblot analysis using an
anti-catalase antibody to determine CAT protein con-
tent showed no significant changes with saline treat-
ment, and Ponceau staining of the membrane indicated
equal loading (Figure 4b).

2.7 | Modulation of NO2-Ln levels during
salinity stress

The endogenous presence of NO2-Ln was determined
in the 5-day-old Arabidopsis cell cultures, control and
treated with 150 mM NaCl for 5 min. The lipid extraction
samples were measured by LC-MS/MS by monitoring
the 322/46 and 322/275 transitions (m/z). NaCl treat-
ment significantly increased NO2-Ln levels (Figure 5).
Similar data were reported in the 9-day-old Arabidopsis
cell cultures treated with 150 mM NaCl for 5 and 30 min
(Mata-Pérez et al. 2016c).

2.8 | Identification of the CAT2-
nitroalkylated peptides during salinity
stress by nano-LC-MS/MS

To investigate whether protein nitroalkylation has a
functional implication in vivo, the nitroalkylated targets
were explored using both control and 150 mM NaCl-
treated Arabidopsis cell cultures. The nitroalkylated
peptides identified in vitro in recombinant CAT2 protein

TAB LE 1 Nano-LC-MS/MS detection of the nitroalkylated peptides and the identification of the modified residues in the Arabidopsis
recombinant CAT2 protein treated with 350 μM NO2-Ln.

Nitroalkylated peptides Length (amino acids) Nitroalkylated residues

GPILLEDYHLVEK 13 His 46

FSTVIHER 08 His 108

FPDMVHALKPNPK 13 His 156

SHIQENWR 08 His 165

HMDGSGVNTYMLINK 15 His 201

VGGTNHSHATQDLYDSIAAGNYPEWK 26 His 248

Note: The position of the nitroalkylated residues is shown in bold.
Abbreviation: His, histidine.

F I GURE 3 Detection of nitroalkylated residues in Arabidopsis
recombinant CAT2 protein treated with 350 μM NO2-Ln by nano-LC-
MS/MS. Relative percentage of the peptide spectrum matches
(PSMs) of the nitroalkylated and non-nitroalkylated residues.
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were searched in the control and the salinity stress-
treated samples (Table S1). A bioinformatic search of
the spectra of the precursor ions (MS1) from the
nitroalkylated targets was done. Only two nitroalkylated
targets were identified in the control sample, corre-
sponding to His 156 and His 248. However, these tar-
gets disappeared under the salinity stress conditions
(Table 2). These peptides appeared to be more sus-
ceptible to nitroalkylation in vivo and could therefore be
interesting targets in response to salinity stress. These
putative nitroalkylated targets were also identified
in vitro (Table 1).

2.9 | Analysis of the residues involved
in CAT2 nitroalkylation by docking studies

Nitroalkylation is a highly specific PTM that is both
NO2-FA and protein-dependent. Not only the presence
of regions of the protein with affinity for NO2-FA, but
also the chain length and the position of the nitroalkene
group account for the selectivity of the PTM. Interest-
ingly, different proteins show different selectivity for the
distinct isomers of NO2-FA. For example, of the four
isomers of NO2-LA, both carbon 10 (C10) and C12 iso-
mers (i.e., nitro group at C10 or C12) have been
reported to selectively bind to Cys 280 of PPARγ, with
the C10 isomer being more reactive (Li et al. 2008;
Schopfer et al. 2010).

To gain insight into CAT2 protein modulation by
NO2-Ln, docking of the six possible NO2-Ln isomers
was proposed as an approach to better understand the
nitroalkylation of Arabidopsis CAT2. The blind docking
results revealed that neither Lys residues nor Cys resi-
dues yielded feasible poses (i.e., those with no forbid-
den interaction and with the atoms forming the covalent
bond between the protein and NO2-Ln within the 4 Å
radius).

Another residue that does not generate positive poses
to be a nitroalkylation target in the docking result is His
108, despite being the residue most susceptible to
nitroalkylation in the in vitro analysis of the treatment of
recombinant CAT2 protein with NO2-Ln. His 108 is
located in a loop region close to the interface between the
monomers (Figure S3a). This figure also shows the envi-
ronment around His 108, which is characterized by a neg-
ative electrostatic potential (Figure S3c) and a polar
environment (blue), despite being located between two
hydrophobic patches (orange) (Figure S3b). Overall, both
the hydrophilic residues and the negative electrostatic

F I GURE 4 Salinity stress increased
hydrogen peroxide levels and CAT
activity in 5-day-old Arabidopsis cell
cultures. (a) H2O2 content in Arabidopsis
cell cultures control and treated with
150 mM NaCl. (b) CAT activity and
immunoblot analysis using an antibody
against CAT (dilution 1:1000). The
Ponceau was included as a loading
control. Results are means ± SEM of at
least three replicates. Statistical
significant differences p < 0.05 (*) and
p < 0.001 (**) from control values. H2O2:
hydrogen peroxide; NaCl: sodium
chloride; FW: fresh weight.

F I GURE 5 Salinity stress increased the endogenous levels of
NO2-Ln in 5-day-old Arabidopsis cell cultures. NO2-Ln levels were
detected by LC-MS/MS in cell cultures control and treated with
150 mM NaCl. The results are the mean ± SEM of at least three
replicates. Statistical significant differences p < 0.001 (**) from control
values. FW: fresh weight.
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potential surrounding His 108 do not favor interaction with
the NO2-Ln alkyl chain. However, the fact that His 108 is
located in a loop that confers a degree of flexibility and
makes it susceptible to some degree of conformational
change under in vitro assay conditions may provide an
explanation for the high presence of this nitroalkylated
residue in the mass spectrometric analyses performed
after treatment of the recombinant CAT2 protein with
NO2-Ln (Figure 3).

One of the positive poses was His 156 (Figure 6a),
a residue detected as being nitroalkylated under physi-
ological conditions, but not His 284. Local docking cen-
tered on the imidazole ring of His 284 indicated several
poses that fulfilled the selection criteria (Figure 6b).
Neither His 156 nor His 248 was located close to either
the active site or the cofactor binding site to explain the
inhibitory effect on catalysis. As enzyme regulation is a
cornerstone of homeostasis, their evolutionary conser-
vation in the Viridiplanae clade was estimated by deter-
mining the rho parameter (Mihalek et al. 2004). For
both residues, rho is 1, as expected for absolutely con-
served residues, confirming their important role in the

enzyme. A closer analysis of the poses revealed that
His 248 was located at the interface between two mono-
mers and its nitroalkylation disrupted the interface, and
probably the interaction between them (Figure 6c). The
position of His 156 was even more relevant, and its
nitroalkylation was more disruptive to the quaternary
structure as it was located at the region protruding from
the monomers and that involved in the interaction with
the proximal upper and bottom monomers.

3 | DISCUSSION

NO2-FAs are interesting signaling molecules derived
from the interaction of NO-related molecules with
unsaturated fatty acids (Begara-Morales et al. 2021;
Freeman et al. 2008; Khoo and Schopfer 2019). To
date, their endogenous presence and some of their bio-
logical functions have been reported in plants (Aranda-
Caño et al. 2022a; Mata-Pérez et al. 2016c; Voll�ar
et al. 2020). Some biological functions act as a more
stable NO storage potential in membrane lipid

TAB LE 2 Nano-LC-MS/MS identification of the catalase nitroalkylated residues in the Arabidopsis cell cultures control and the salinity-
treated samples.

Nitroalkylated peptides

Standard Control Salinity stress

Nitroalkylated targets in the
recombinant CAT2 protein treated
with NO2-Ln

Nitroalkylated targets in
the control Arabidopsis cell
cultures

Nitroalkylated
targets in the
salinity-treated
Arabidopsis cell
cultures

Nitroalkylated
residues RT m/z RT m/z I RT m/z I

FPDMVHALKPNPK His 156 50.53 917.499 50.40 917.496 3.7 � 105 ND ND ND

VGGTNHSHATQDLYDSIAAGNYPEWK His 248 58.84 1052.505 58.70 1052.505 1.59 � 104 ND ND ND

Note: The RT and m/z parameters of the peptides identified in vitro in the recombinant CAT2 protein treated with NO2-Ln, which were used as a standard. The RT,
m/z, and I parameters of the peptides identified in vivo in the control and salinity stress samples. The position of the nitroalkylated residues is shown in bold.
Abbreviations: His, histidine; I, intensity; ND, not detected; RT, retention time.

F I GURE 6 Pose of the docking of 16-NO2-Ln (a) and 9-NO2-Ln (b). Location of 16-NO2-Ln (orange) and 9-NO2-Ln (magenta) in the model
of the quaternary structure of catalase from A. thaliana (c).
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biomolecules (Aranda-Caño et al. 2022a) given their abil-
ity to donate NO and to participate in the control of S-
nitrosothiol levels (Mata-Pérez et al. 2020; S�anchez-
Vicente et al. 2024), and their potential as a genetic regu-
lator of the stress response (Mata-Pérez et al. 2016c).
However, the effect of NO2-FAs mediated by nitroalkyla-
tion or S-nitrosylation of proteins by modulating their func-
tionality remains poorly understood. In the case of
nitroalkylation, it has only been detected, but the type of
proteins it modifies remains unknown (Aranda-Caño
et al. 2022a). Similarly, NO2-FAs-mediated S-nitrosylation
has been detected, but the transcription factor bZIP67
has also been identified as a target of this modification by
modulating the lipid accumulation profile during embry-
onic development (Mata-Pérez et al. 2020; S�anchez-
Vicente et al. 2024).

All these findings led us to further study the potential
effect of NO2-Ln on antioxidant proteins, in particular
CAT2 protein. This antioxidant enzyme catalyzes the
decomposition of H2O2 into H2O and O2 without using
reducing substrates and is located in peroxisomes, an
organelle where the endogenous presence of NO2-Ln
has been detected (Mata-Pérez et al. 2017). The effect
of NO2-Ln on the enzymatic activity of recombinant
CAT2 protein from Arabidopsis and in the leaf peroxi-
somes of the same plant species was evaluated. In
both cases, NO2-Ln treatment reduced CAT2 activity
by 26% and 36% in leaf peroxisomes and recombinant
protein, respectively (Figure 1a,b). In addition, to ana-
lyze whether this behavior was generalized to other cat-
alases, a bovine liver recombinant CAT protein was
used as a model protein in animal cells. Similarly, CAT
activity was reduced by 60% after NO2-Ln treatment
(Figure 1c). This negative NO2-Ln behavior on CAT2
activity has also been observed in other antioxidant
proteins, such as recombinant APX2 protein from Ara-
bidopsis (Aranda-Caño et al. 2019), and even in antiox-
idant proteins (Tsa1) from Saccharomyces cerevisiae
by the action of another NO2-FA, such as NO2-OA.
These data suggest an inhibitory effect of the antioxi-
dant function mediated by the NO2-FAs present in
plants and yeast.

A key component of CAT enzymatic activity is the
heme group, as it allows CAT to react with H2O2 (Sharma
and Ahmad 2014). In addition, the heme group of another
protein, such as prostaglandin endoperoxide H synthase,
has been targeted by nitro-arachidonic acid (NO2-AA).
The treatment of this protein with NO2-AA inhibits its activ-
ity by irreversibly disrupting heme binding to the protein
(Trostchansky et al. 2011). The present study therefore
investigated the hypothesis that the negative effect of
NO2-Ln on CAT2 activity was related to its heme group.
However, treatment of the Arabidopsis recombinant
CAT2 protein with NO2-Ln did not change the heme
group spectra compared to the control treatment
(Figure S1a). This behavior was also observed for the
treatment of NO2-Ln with bovine liver CAT protein

(Figure S1b) and with the commercial heme group
(Figure S1c). Therefore, the involvement of the heme
group in the enzymatic inhibition of CAT2 exerted by
NO2-Ln was excluded.

However, this study cannot rule out the ability of
NO2-FAs to release NO and to act as signaling mole-
cules for released NO (Gorczynski et al. 2007; Mata-
Pérez et al. 2016a), such as the modulation of GSNO
biosynthesis by NO2-Ln (Mata-Pérez et al. 2020). For
example, released NO can exert its function mainly
through protein S-nitrosylation. It has been observed
that CAT can be S-nitrosylated by the blind docking of
GSNO to Arabidopsis CAT, and Cys 420 has been
identified as a putative target (Palma et al. 2020). In
cadmium-treated pea plants, peroxisomal CAT is inhib-
ited by S-nitrosylation (Ortega-Galisteo et al. 2012). In
Ganoderma lucidum, recombinant CAT is S-
nitrosylated at Cys 401, Cys 642, and Cys 653. The
Cys 401 residue appears to play a key role in CAT
activity (Liu et al. 2022). Thus, our second hypothesis
was to investigate whether NO2-Ln could regulate CAT
activity through the S-nitrosylation process. In the pre-
sent study, it was observed that the NO2-Ln treatment
did not S-nitrosylate the recombinant CAT2 protein.
This observation serves to eliminate the possibility of
NO2-Ln-dependent protein S-nitrosylation being a fac-
tor in the inactivation of protein activity (Figure 2). Simi-
lar behavior was observed with the Saccharomyces
cerevisiae Tsa1 recombinant protein treated with NO2-
OA, where S-nitrosylation was not responsible for the
inhibition of protein activity (Aranda-Caño et al. 2022b).

NO2-FAs can also modulate protein function
through nitroalkylation (Aranda-Caño et al. 2019;
Aranda-Caño et al. 2022b; Schopfer et al. 2010). Given
the experimental difficulties in identifying putative nitroalky-
lated targets and their modified residues, this new PTM
has scarcely been explored. To date, only a few works
have studied NO2-FAs-mediated protein nitralkylation mod-
ification (Aranda-Caño et al. 2019; Aranda-Caño
et al. 2022b; Fang et al. 2021; Gonz�alez-Perilli et al. 2017).
Given that, under the present conditions, NO2-Ln did not
affect the heme group or S-nitrosylates CAT, it was
assessed whether the inhibition of CAT activity was due to
NO2-Ln-mediated nitroalkylation. The nano-LC-MS/MS
analysis of the in vitro treatment of the recombinant CAT2
protein with NO2-Ln revealed the presence of nitroalkylated
peptides, with an increase of 323.43 Da corresponding to
the molecular mass of NO2-Ln compared to the unmodified
peptides. In addition, the nitroalkylated histidine targets
(46, 108, 156, 165, 201, and 248) that could potentially be
responsible for the inhibition of CAT2 protein activity were
identified, with His 108 and His 156 being the most highly
nitroalkylated residues (Figure 3).

These results were confirmed by the docking analy-
sis between CAT2 and NO2-Ln, where only histidine
residues generated feasible poses. However, the dock-
ing study ruled out His 108 as a nitroalkylation target,
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as it is surrounded by an environment of hydrophilic
residues and a negative electrostatic potential that do
not favor interaction with the NO2-Ln alkyl chain
(Figure S3). The fact that His 108 is located in a loop
that confers a certain degree of flexibility and renders it
susceptible to some degree of conformational change
under in vitro analysis may provide a rationale for the
high presence of this nitroalkylated residue in the mass
spectrometry analyses performed after treatment of the
recombinant CAT2 protein with NO2-Ln. On the other
hand, positive poses were detected for His 156 and His
248. However, neither His 156 nor His 248 was close
to the active site or the cofactor binding site to explain
the inhibitory effect on catalysis. These residues turned
out to be evolutionarily conserved residues, confirming
the relevance of their role in CAT. His 156 is located in
the region protruding from the monomers and is
involved in the interaction with upper and lower proxi-
mal monomers. His 248 is located at the interface
between two monomers (Figure 6). Therefore, the bind-
ing of NO2-Ln to these histidine residues affects the
quaternary structure of CAT2, resulting in the inhibition
of its enzymatic activity. Our results are in agreement
with recent works showing that nitroalkylation reduces
the activity of Arabidopsis APX2 protein, and His
43 and His 163 were detected as modified sites. These
authors suggest that the modification of these residues
is responsible for the inhibition of protein activity
(Aranda-Caño et al. 2019). Likewise, in Saccharomy-
ces cerevisiae, the nitroalkylation of Cys 47 and Cys
171 modulates the catalytic function of Tsa1 (Aranda-
Caño et al. 2022b).

The potential role of NO2-FAs in plant defense
against abiotic stresses has recently been investigated.
As a result, NO2-Ln was found to be involved in the
plant response to several environmental stresses,
mainly through the induction of antioxidant and heat
shock network proteins (Begara-Morales et al. 2021;
Mata-Pérez et al. 2016c). To investigate the functional
role of NO2-FAs in the modulation of CAT function
under abiotic stress conditions, salt stress was chosen
because it is one of the conditions that most affects the
growth and yield of crops and therefore increases
the levels of ROS and reactive nitrogen species (RNS),
leading to nitro-oxidative stress (Begara-Morales
et al. 2014; Chaves et al. 2009; Tanou et al. 2012; Valder-
rama et al. 2006). CAT activity was measured in 5-day-
old Arabidopsis cell cultures in response to salinity stress,
which was induced by 150 mM NaCl for 5 min. The
results obtained showed a significant increase in its activ-
ity under stress conditions (Figure 4b) to scavenge the
higher levels of H2O2 induced under such circumstances
(Figure 4a). Similarly, CAT activity increased in Gano-
derma lucidum after heat stress (Liu et al. 2022), and also
in the Fragaria vulgaris plants exposed to microcystins,
which was accompanied by a rise in malondialdehyde
levels (Haida et al. 2022). CAT activity can be regulated

by changes in transcript abundance and consequently
by changes in protein levels or by PTMs. Hence, CAT
protein content was assessed and remained unchanged
after salinity stress (Figure 4b), indicating that the regula-
tion of CAT function does not appear to be due to rising
protein levels. Similar behavior was observed in yeast
cells, where both Tsa1 activity and H2O2 increased after
heat stress, but there was no change in protein levels
(Aranda-Caño et al. 2022b).

In vitro analyses indicate that NO2-Ln modulates
CAT2 function through nitroalkylation. The present
study therefore investigated the hypothesis that NO2-
FAs modulate CAT activity by nitroalkylation in vivo
using salinity-stressed arabidopsis cell cultures. Ini-
tially, the NO2-Ln levels were determined in the 5-day-
old Arabidopsis suspension cell cultures in both the
control and salinity-treated samples. The results
showed that NO2-Ln levels were significantly higher in
response to salinity stress (Figure 5). The same results
were observed in the 9-day-old Arabidopsis cell cul-
tures treated with 150 mM NaCl for 5 min. However,
30 min of salinity treatment allowed higher NO2-Ln
levels to persist compared to the control sample, but
they were lower than those detected after 5 min of
salinity stress. The authors suggest a rapid response
of this NO2-FA to face salinity stress (Mata-Pérez
et al. 2016c).

A targeted nano-LC-MS/MS search of the previ-
ously identified nitroalkylated peptides in recombinant
CAT2 protein was then performed to determine which
target(s) were susceptible to nitroalkylation in vivo in
both the control and salinity stress situations. In the
control situation, only two nitroalkylated residues, His
156 and His 248 (Table 2), were identified as inhibitory
to CAT2 activity because of their impact on the quater-
nary structure of the protein (Figure 6). In contrast, high
oxidative levels generated by salinity stress may affect
the nitroalkylation stability because ROS can oxidize
the bond between the nucleophilic residues of the pro-
tein and NO2-Ln, which would lead to the cleavage of
the Michael adduct. As a result, NO2-Ln is released,
leading to an increase in NO2-Ln levels (Figure 5),
which in turn can induce the genes associated with the
stress response (Mata-Pérez et al. 2016c). Further-
more, the activity of the CAT protein, whose functional-
ity was previously compromised by nitroalkylation, was
restored to regulate the overproduction of H2O2 during
salinity stress. This mechanism represents a more
rapid response than that involving gene induction and
the synthesis of new proteins, and could be a key ele-
ment in the fine-tuning regulation of defense mecha-
nisms against salinity stress. The aforementioned
behavior was also observed in the in vitro release of
NO2-FA from the Cys-NO2-FA adducts under the nitro-
oxidative conditions (Padilla et al. 2017). Furthermore,
in yeast, the NO2-OA-mediated nitroalkylation of Tsa1
blocked antioxidant activity by binding NO2-OA to the
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peroxidatic cysteine of the catalytic center. This inhibi-
tion was impaired in response to heat stress (Aranda-
Caño et al. 2022b).

Our data confirmed that the down-regulation of CAT2
activity by NO2-Ln was due to the in vitro and in vivo
nitroalkylations of evolutionarily conserved histidines
involved in the quaternary structure of CAT2. In contrast,
under salinity stress, the high oxidative state could com-
promise the stability of the NO2-Ln binding to histidine
residues, leading to the oxidation of these nitroalkylated
adducts, which inhibit CAT2 activity (Figure 7). This
decrease in nitroalkylated CAT2 levels led to the restora-
tion of its antioxidant functionality by suppressing the
negative modulation exerted by this PTM.

All this highlights the regulatory role of nitroalkyla-
tion in protein antioxidant functionality, which is strongly
influenced by the redox state and its implication in
stress response processes. In summary, these findings
provide a new, previously unknown perspective on the
mechanisms involved in the modulation of CAT2 anti-
oxidant activity and deepen our knowledge of nitrated
fatty acids and nitric oxide signaling in plants.

4 | MATERIALS AND METHODS

4.1 | Plant materials, growth conditions,
and salinity treatment

Suspension cultures of Arabidopsis (ecotype Columbia)
cells were grown in a 200 mL of liquid growth medium
based on an adaptation of the JPL solution for this plant
species (Axelos et al. 1992; Jouanneau and Péaud-
Lenoël 1967). The main growth conditions were continu-
ous shaking at 120 rpm, a constant temperature of

24�C, and continuous illumination with photosyntheti-
cally active radiation (PAR) of 50 μE�2 m�2 s�1 inten-
sity. Cell cultures were subcultured every 7 days. The
5-day-old cell cultures were treated with 150 mM NaCl
for 5 min (Fares et al. 2011; Mata-Pérez et al. 2016c).

4.2 | Isolation of Arabidopsis leaf
peroxisomes

Arabidopsis seeds were grown in a mixture containing
soil and vermiculite (2:1) in a culture chamber for
15 days (16 h light/8 h dark) and at 22/18�C. The plants
were then transferred to hydroponic cultures with a suit-
able nutrient solution for 15 days. The nutrient solution
was prepared from the macronutrient stock solution
(1M KNO3, 1M Ca(NO3)2, 1M MgSO4, 1M KH2PO4,
and 20 mM Fe-EDTA) and the micronutrient stock solu-
tion (0.5M H3BO3, 0.1M MnSO4, 0.5M ZnSO4, 0.1M
CuSO4, 0.1M Na2MoO4, and 0.1M Cl2Co). Stock solu-
tions were used at the 1� concentration.

Peroxisomes were purified from the leaves of the
30-day-old plants grown under optimal conditions by
differential centrifugation of percoll/sucrose gradients
(Reumann et al. 2007). All the procedures for the isola-
tion of Arabidopsis leaf peroxisomes were performed
between 0 and 4�C.

4.3 | Arabidopsis cell cultures crude
extract preparation

The 5-day-old cell cultures, both control and 150 mM
NaCl-treated, were washed with water and filtered
through a 150-μm pore size membrane to remove

F I GURE 7 Signaling mechanism by NO2‐Ln‐mediated nitroalkylation of CAT2. Under physiological conditions some molecules of the
catalase pool may undergo inactivation by nitroalkylation with the nitrated fatty acid with key histidine residues for the CAT2 quaternary structure
which negatively interferes with its enzymatic activity. The increase in ROS and RNS levels generated by salinity stress causes oxidation and
disruption of the NO2‐Ln binding to CAT2, resulting in the release of NO2‐Ln for signaling purposes and restoration of CAT2 enzymatic activity to
hydrogen peroxide detoxification. CAT2 in red and green indicate non‐active and active protein, respectively.
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excess NaCl. Cells were then ground to a powder in a
mortar with liquid nitrogen and suspended in 1:2 (p:v)
extraction buffer containing 100 mM Tris–HCl, pH 7.6,
5% sucrose, 0.1 mM EDTA, 7% polyvinylpolypyrroli-
done, 0.05% Triton X-100, 15 mM DTT, 1 mM phenyl-
methylsulfonyl fluoride, and 2X cocktail of protease
inhibitors (Sigma-Aldrich). The homogenates were cen-
trifuged twice at 10,000g for 10 min at 4�C. The super-
natant was subjected to different assays.

4.4 | H2O2 content measurement

In the cell culture extracts, the H2O2 content was mea-
sured by a spectrophotometric assay as described by
Jiang et al. (1990) with some modifications. Cell
extracts were incubated in the dark at 25�C for 45 min
with an assay reagent containing 500 μM ammonium
ferrous sulfate, 50 mM sulfuric acid, 200 μM xylenol
orange, and 200 mM sorbitol before centrifugation at
2400g for 10 min. The H2O2-mediated oxidation of
Fe2+ to Fe3+ was measured at 560 nm. The H2O2 con-
centration was calculated using a standard curve gen-
erated with commercial H2O2 (Panreac).

4.5 | Synthesis and structural analysis
of the NO2-Ln standard and the carbon
13-labeled nitro-oleic acid (13C18-NO2-OA)
internal standard

Synthesis of NO2-Ln was done by nitroselenation, oxida-
tion, and hydroselenoxide elimination, as described by
Baker et al. (2005) and Aranda-Caño et al. (2022a) with
some modifications, in a tetrahydrofuran–acetonitrile mix-
ture (1:1, v:v) dissolved in the following order: Ln (Sigma)
(0.5 g, 1.79 mmol), mercury chloride (0.575 g, 1.22 mmol),
phenylselenyl bromide (0.465 g, 1.97 mmol), and sodium
nitrite (0.245 g, 3.55 mmol). The reaction was carried out
in an argon atmosphere, and the mixture was incubated in
an ice bath for 4 h. Afterwards, the other reagents were
removed by filtration, and the sample was evaporated and
resuspended in 12 mL of tetrahydrofuran. Later, H2O2

33% (v/v) was added with shaking for 1 h in an ice bath,
followed by extraction with hexane solvent. Next, the sol-
vent was washed, dried, filtered, evaporated, and dis-
solved in a hexane/diethyl ether/acetic acid mixture
(80:20:0.5, v:v:v). Then, the obtained solvent was cleaned
by flash column chromatography (silica gel 60) using the
previous mixture. TLC plates (Fluka Alu sheets) were used
to select the fractions enriched in NO2-Ln and free of Ln.

For the synthesis of the 13C18-NO2-OA internal
standard, the above protocol was also followed. Only
the incubation period of the nitroselenation process
was changed, which was left for 12 h in an argon atmo-
sphere instead of 4 h.

Finally, the synthesized compound structure was
analyzed by NMR using a Bruker Avance 400 spec-
trometer (Billerica, MA) that operated at 400.13 MHz for
1H and 100.61 MHz for 13C.

4.6 | Arabidopsis cell cultures lipid
extraction

Lipids were extracted from the Arabidopsis cell suspen-
sion cultures, both control and treated with 150 mM
NaCl, using the Bligh and Dyer method (Bligh and
Dyer 1959). Afterwards, the chromatographic assay
was carried out (Aranda-Caño et al. 2022a; Aranda-
Caño et al. 2022b; Fazzari et al. 2017). To quantify loss
during the acidic hydrolysis process, the obtained frac-
tions were evaporated, dissolved in methanol, and
mixed with the 10 nM internal standard 13C18-NO2-OA.
The artificial acid-catalyzed nitration reactions were lim-
ited by adding 250 μL of methanolic sulphanilamide
(1 g/10 mL) to the samples. Next, the samples were
evaporated and incubated for 1 h at 90�C with 2.5 mL
of acetonitrile/hydrochloric acid (9:1). The nitrated lipids
were extracted with hexane/H2O (2:1). Finally, the hex-
ane fraction was selected, evaporated, dissolved in
methanol, and analyzed by LC-MS/MS.

4.7 | Detection, identification, and
quantification of endogenous NO2-Ln from
Arabidopsis cell cultures

The control and salinity-stressed Arabidopsis cell sus-
pension cultures were used for the detection, identifica-
tion, and quantification of the amount of NO2-Ln
following the protocol established by Aranda-Caño et al.
(2022a). The presence of NO2-Ln was confirmed by mul-
tiple reaction monitoring (MRM) by scanning with spe-
cific transitions for NO2-Ln 322/46 m/z and 322/275 m/z.
The quantification of NO2-Ln levels was carried out
using the NO2-Ln standard calibration curve with 10 nM
13C18-NO2-OA as an internal standard.

4.8 | Treatment with NO2-Ln: Catalase
activity assay

Arabidopsis recombinant CAT2 protein (LSBio, Life
Span BioSciences), bovine liver CAT (Sigma), and leaf
peroxisomes were incubated with different concentra-
tions of NO2-Ln and Ln (non-nitrated fatty acid as a
control) and methanol (as a vehicle for fatty acids) for
30 min at 25�C and 250 rpm. The determination of CAT
enzyme activity was then carried out by a method
based on the measurement of H2O2 disappearance at
240 nm (Aebi 1984). CAT activity was also determined
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in both control and 150 mM NaCl-treated Arabidopsis
suspension cell cultures.

4.9 | Determination of CAT heme
content by the pyridine hemochrome
method

Arabidopsis recombinant CAT2 protein, bovine liver
CAT, and the commercial hemin (Sigma) were incu-
bated with 10 μM NO2-Ln at 22�C for 60 min in the
dark. For the control treatment, hemin and the recombi-
nant proteins were incubated with methanol under the
same conditions. The samples were filtered through
spin desalting columns (Thermo Scientific) to remove
the nitrated lipid and heme group. The protein concen-
tration was determined by the Bradford assay. The
spectrum of pyridine hemochromogen was analyzed
using a spectrophotometer in the scan mode from
350 to 700 nm (Berry and Trumpower 1987; Trostch-
ansky et al. 2011).

4.10 | Electrophoretic methods and
immunoblot analyses

Polypeptides were separated by SDS-PAGE. Proteins
were then transferred to PVDF membranes using a
semi-dry transfer system (Bio-Rad, Hercules, CA). Pro-
tein loading was assessed by Ponceau staining of the
PVDF membrane. For immunodetection, a membrane
was incubated with a CAT antibody (Agrisera) diluted
to 1:1000. After washing, the membrane was incubated
with anti-rabbit diluted to 1:8000. Immunoreactive
bands were detected on photographic film using an
enhanced ECL-PLUS kit.

4.11 | Biotin switch method

The recombinant CAT2 protein was incubated with
500 μM NO2-Ln for 30 min at 25�C. As a positive con-
trol for the biotin switch assay, 10 μg of bovine serum
albumin (BSA) was S-nitrosylated with the same
concentration of NO2-Ln. The control treatment was
performed with 500 μM Ln and methanol. The
S-nitrosylated samples were subjected to a biotin
switch assay (Chaki et al. 2015). The non-nitrosylated
free cysteines were blocked with 30 mM methyl meth-
ane thiosulfonate (MMTS) and 2.5% SDS for 20 min at
50�C. Residual MMTS was removed by precipitation
with cold acetone at �20�C. Afterwards, samples were
incubated with 1 mM biotin-HPDP and 0.1 mM ascor-
bate for 1 h at room temperature, and proteins were
precipitated with cold acetone. Five microgram of each
biotin-labeled protein were separated by non-reducing
10% SDS-PAGE and transferred to a PVDF membrane

(Immobilon P, Millipore, Bedford, MA). The membrane was
then blocked with TBS buffer containing 1% BSA for 1.5 h.
After washing, the PVDF membrane was incubated with a
1:20.000 dilution of anti-biotin antibody for 1 h. Finally, the
immunoreactive bands were detected on photographic film
using an enhanced ECL-PLUS kit (Amersham Pharmacia
Biotech).

4.12 | Nitroalkylation of Arabidopsis
recombinant CAT2 protein

For the in vitro nitroalkylation treatment, Arabidopsis
recombinant CAT2 protein was treated for 30 min at
25�C with slight shaking and with 350 μM NO2-Ln
at the 1:100 concentration ratio (CAT2:NO2-Ln).

4.13 | Treatment of the nitroalkylated
recombinant CAT2 protein with H2O2

The in vitro oxidation reaction of the nitroalkylated
recombinant CAT2 protein was performed according to
the conditions outlined in Padilla et al. (2017). Specifi-
cally, the treatment was carried out with 1.5 mM H2O2

in phosphate buffer (50 mM, pH 7.4) at room tempera-
ture for a duration of 200 min.

4.14 | Extraction of the in vivo-
nitroalkylated peptides and nitroalkylation
detection by nano-LC-MS/MS

The extraction of the nitroalkylated peptides was carried
out as described elsewhere (Aranda-Caño et al. 2022b).
Briefly, the control and salinity stress samples were pre-
cipitated with 70% cold acetone for 12 h at �20�C and
centrifuged at 16,000g for 15 min at 4�C. The pellets of
the precipitated proteins were digested with trypsin over-
night at 37�C. Subsequently, samples were enriched in
nitroalkylated peptides by diethyl ether extraction (1:1,
v/v). The phases enriched in nitroalkylated peptides were
isolated, evaporated, and resuspended in 0.1% (v/v) for-
mic acid to give a concentration of 0.1 μg peptides/μL.
After filtration through 0.2 μm filters, the samples were
analyzed by nano-LC-MS/MS for nitroalkylation detection
as described in Aranda-Caño et al. (2022b).

4.15 | Mass spectrometry data
processing and identification of
nitroalkylated proteins

The Proteome Discoverer 1.4 software (Thermo Scien-
tific), with the SEQUEST HT search engine and the
UniProt Arabidopsis thaliana database, was used to
identify protein sequences from the mass spectrometry
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data. The search identified cysteine carbamidomethyla-
tion (+57,021 Da) as a fixed modification, and methio-
nine oxidation (+15,995 Da), and NO2-Ln-mediated
nitroalkylation (+323.43 Da) as dynamic modifications.
The selected enzyme was a trypsin. It allowed up to
four missing cleavage sites. The mass tolerances for
the parent and fragment ions were set to 10 ppm and
0.02 Da. The Percolator tool with a 1% false discovery
rate (FDR) was used to statistically confirm the results
obtained. The proteins with at least three unique identi-
fied peptides were selected.

4.16 | Relative quantification of the
CAT2-nitroalkylated peptides by nano-LC-
MS/MS

The in vitro CAT2 nitroalkylated peptides were rela-
tively quantified by a directed search of the peptides of
interest. A strategy similar to that described in Aranda-
Caño et al. (2022b) was used. Thus, the nitroalkylated
recombinant CAT2 protein with NO2-Ln was used to
define the m/z search windows of precursor ions and
retention times (RTs) (Table S1).

The targeted search consisted of selecting the peptides
containing nitroalkylation-sensitive targets in both modified
and unmodified forms to quantify the number of PSMs in
each case. This analysis allowed relative quantification to
identify the residues most susceptible to nitroalkylation in
the recombinant Arabidopsis CAT2 protein.

The nitroalkylated residues were detected and rela-
tively quantified in vivo using the Xcalibur program
(Thermo Fisher Scientific). The m/z and RT spectromet-
ric parameters of the peptides/precursor ions selected
from the NO2-Ln-nitroalkylated recombinant CAT2 were
used as nitroalkylation standards (Table S1). The MS1
bioinformatics search of both control and salinity-
stressed Arabidopsis samples was then performed, tak-
ing into account the m/z of the precursor ion with a mass
tolerance of 5 ppm and 0.2 min at RT.

4.17 | In silico studies of nitroalkylated
CAT2: Coordinates preparation, docking,
and molecular evolution studies

Ghemical 2.95 (Hassinen and Peräkylä 2001) was
used to generate the 3D coordinates of NO2-Ln and
the six isomers of the nitrated form, with calculated
energy values (tripos 5.2) of 11.7 kJ/mol for NO2-Ln,
10.9 kJ/mol for both 9-nitro-linolenic acid (9-NO2-Ln)
and 10-nitro-linolenic acid (10-NO2-Ln), 11.4 kJ/mol
for 12-nitro-linolenic acid (12-NO2-Ln), 16.0 kJ/mol
for 13-nitro-linolenic acid (13-NO2-Ln), 15.2 kJ/mol for
15-nitro-linolenic acid (15-NO2-Ln), and 10.6 kJ/mol
for 16-nitro-linolenic acid (16-NO2-Ln).

The quaternary structure of A. thaliana CAT2 was
modeled as previously reported (Palma et al. 2020).

The molecule is very large. For the docking studies, it
was truncated to obtain four sets of coordinates corre-
sponding to one monomer (tcatA), the two interfaces
between monomers (tcatAB and tcatAD) and those res-
idues within 40 Å of the nitrogen of the imidazole ring of
His 248 (tcatH248) (Figure S4). Coordinates were pre-
pared for docking using Dock Prep, a tool implemented
in Chimera (Pettersen et al. 2004), which deletes water
molecules and ions, repairs truncated sidechains, adds
hydrogens, and assigns partial charges.

The docking of the six isomers of NO2-Ln was per-
formed on the SwissDock server (Grosdidier et al. 2011)
in the accurate mode to allow: flexibility for the side chains
within 5 Å of any atom of the ligand in its reference bind-
ing mode; the possibility of not defining the region of inter-
est (blind docking) for tcatA, tcatAB, and tcatAD; local
docking, which was centered on the imidazole ring of His
240 (box size 10 � 10 � 10) for tcatH248. The results
were sorted by their full-Fitness score, a parameter that
takes into account the total free energy of the system,
including the solvation free energy (Zoete et al. 2010). An
analysis of the results was performed using UCSF Chi-
mera (Pettersen et al. 2004) and only those with (i) no for-
bidden interactions and (ii) within the 4 Å radius from the
beta carbon of NO2-Ln to the amino group of Lys, the thiol
group of Cys, and one nitrogen of the imidazole ring of
His were considered positive results. Kd values were esti-
mated from the ΔG calculated during docking by applying
the expression ΔG = RT ln Kd, where R is the ideal gas
constant (0.0019872 kcal/(mol K)) and T is the tempera-
ture (298 K).

Molecular evolution studies were conducted on
the Evolutionary Trace server (Mihalek et al. 2004)
using as input the model of the quaternary structure
of CAT2 from A. Thaliana, as previously reported
(Palma et al. 2020), and a BLASTP (Altschul
et al. 1997) search was done on UniProtKB (The uni-
versal protein resource (UniProt) 2008) Viridiplantae,
consisting of 581 sequences. Evolutionary conserva-
tion was ranked according to the rho parameter,
which increases from 1 as variability (i.e., less evolu-
tionary importance) increases (Mihalek et al. 2004).

4.18 | Bradford

The protein concentration was analyzed by the Brad-
ford assay using BSA as a standard curve.

4.19 | Statistical analyses

To assess the statistical significance between
means, data were analyzed using Student’s t test.
Experiments were performed at least three times with
three replications per experiment. Statistically signifi-
cant differences (p ≤ 0.05 and p ≤ 0.001) are indi-
cated by asterisks.
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