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Abstract: In recent years, several reports pointed out the role of protein oxidation in seed longevity,
notably regarding the oxidation of methionine (Met) residues to methionine sulfoxide (MetO) in
proteins. To further consider this question, we present a handy proteomic method based on the
use of two-dimensional diagonal electrophoresis (2Dd) and cyanogen bromide (CNBr) cleavage,
which we refer to as 2Dd-CNBr. CNBr treatment of proteins causes the non-enzymatic hydrolysis
of peptide bonds on the carboxyl side of reduced Met residues. However, Met oxidation causes
a lack of cleavage, thus modifying the electrophoretic mobility of CNBr-induced peptides. This
approach was first validated using bovine serum albumin as a model protein, which confirmed the
possibility of distinguishing between oxidized and non-oxidized forms of Met-containing peptides
in gels. Then, the 2Dd-CNBr method was applied to the Arabidopsis thaliana seed protein extract
in a control (non-oxidized) condition and in an oxidized one (as obtained following hypochlorous
acid treatment). Twenty-four oxidized Met residues in 19 proteins identified by mass spectrometry
were found to be surface exposed in these proteins. In the three-dimensional environment of the
oxidized Met, we detected amino acid residues that could be converted by oxidation (carbonylation)
or by phosphorylation, suggesting a possible interplay between Met oxidation and the other protein
modifications. The identification of the proteins oxidatively modified in Met residues revealed the
finding that MetO-containing proteins are related to seed longevity. Based on these results, we
suggest that the method presently described also has the potential for wider applications.

Keywords: methionine sulfoxide; mass spectrometry; oxidative stress; post-translational modifications;
protein modification; redox proteomics; two-dimensional diagonal electrophoresis; seed viability

1. Introduction

Despite their potentially harmful reactivity toward most biomolecules, reactive oxygen
species (ROS) also play key signaling roles in many biological processes in a wide range
of organisms [1]. Endogenously generated ROS, produced by electron transport chains,
react with different macromolecules in the cell and cause oxidative damage. Such oxidative
damage accumulates over time during the life cycle of many organisms, and has been
suggested to be one possible cause of aging [2]. In the plant kingdom, ROS and redox
signaling are major cellular actors in various events throughout the plant life, from growth
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and development to stress responses [3–6]. Protein oxidation is assumed to be an important
process affecting seed germination and vigor [7,8]. Furthermore, mRNAs and proteins
stored in the dry mature seeds, as well as selective translation from stored mRNAs, are key
features of seed germination [9,10]. Therefore, plant seeds constitute an excellent system
for studying protein oxidation and for developing novel technical approaches in this field
of proteome research. The role of ROS in seed science has emerged in the last decade and it
is now well established that a regulated accumulation of ROS, which is referred to as the
oxidative window for germination [11,12], is a prerequisite for radicle elongation, the first
visible symptom of seed germination [11].

Due to their abundance and their chemical composition, proteins constitute a major
target for ROS, especially concerning the amino acids cysteine (Cys) and methionine (Met),
whose side chains contain a sulfur atom [13–15]. The oxidation of Met first leads to Met
sulfoxide (MetO) formation, a redox type of post-translational modification. This reaction
can be reversed through the specific action of methionine sulfoxide reductases (MSR) A (EC
number 1.8.4.11) and B (EC number 1.8.4.12), acting on S- and R-diastereomers of MetO,
respectively [16]. Then, a more severe oxidative attack of Met results in the irreversible
formation of a sulfone derivative (Met sulfone) [17]. It is surmised that the oxidation
of proteins is not necessarily a deleterious phenomenon, and in vivo, the reversibility of
methionine sulfoxidation suggests a key role of this protein modification in the regulation
of cellular mechanisms [18–21].

The MSR system is indeed found in all organisms, from bacteria to humans, and
the consequences of Met redox changes are well documented in mammals [22–24]. The
enzymatic regeneration of MetO through MSR activity encompasses three types of mecha-
nisms [25]: (i) the regulation of signaling pathways, (ii) the action of Met as an antioxidant
for protecting proteins from higher oxidative events causing damage in protein func-
tion [26], and (iii) the subsequent formation of protein-carbonyl adducts [27]. However,
little information is available on the nature of MSR substrates, notably concerning the
biochemical and structural features involved in Met oxidation in proteins, mainly due to
the difficulty in isolating these oxidized protein targets. The plant MSR system is well de-
scribed and its role has been documented in response to environmental constraints, during
development, and aging, and particularly in the tolerance to oxidative stress [28,29]. Impor-
tantly, the MSR system has been shown to control seed longevity in Medicago truncatula and
Arabidopsis thaliana (herein referred to as Arabidopsis) [30]. MSR isoforms were investigated
in many plant species, and their roles were revealed from studies examining the effects of
external factors as well as mutants (for a review, see Rey and Tarrago [28]). Several redox
proteomic approaches, including affinity chromatography, enabled the identification of
MSR partners among MetO-containing proteins. In this way, 24 protein partners of the
Arabidopsis plastidial MSRB1 were identified in the leaf extracts [31]. Unstressed leaves
from various plant species were shown to contain 2–6% MetO, while this value further
increased to more than 50% under stress-inducing environmental conditions [32–34]. In
contrast, MetO levels in dry mature seeds are about 30% and decrease upon seed imbibition
and the completion of germination [35].

Global analyses of methionine oxidation were performed predominantly in human
proteome, thus revealing that proteins containing MetO exist even at unstressed condi-
tions [36]. They disclosed that specific amino acid sequences, protein types, and cellular
localization favor Met oxidation. More precisely, disordered proteins are highly prone to
oxidation in cell extracts [37], and nuclear as well as mitochondrial proteins are preferen-
tially oxidized inside living cells [38]. Additionally, the oxidation of Met residues within
phosphorylation motifs proved to be a highly selective phenomenon among stress-related
proteins [39]. Among global MetO plant studies, only Arabidopsis catalase 2 knockout
plants were characterized in detail, identifying nearly 400 proteins with mainly an oxi-
doreductase activity, involved in the response to abiotic and biotic stimulus, and located
primarily in the chloroplasts [40].
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Consistent with a role in aging [30,41], several recent studies have pointed out the
role of protein oxidation in seed longevity, notably including oxidation at Met residues in
proteins [42–44]. To further document this question and toward a global characterization
of oxidation of Met residues in proteins to MetO, we have developed a handy proteomic
method called 2Dd-CNBr based on the use of two-dimensional diagonal electrophoresis
(2Dd) and cyanogen bromide (CNBr) cleavage after the first dimension [45], followed
by mass spectrometry for the identification of proteins of interest. The CNBr reagent
hydrolyzes Met residue C-terminal polypeptide bond with a high specificity. However, the
presence of an alcohol residue (Thr and Ser) after Met or the modification of Met, e.g., by
oxidation, hinders cleavage [46–48]. CNBr cleavage has already been successfully used
in gel and it allows for the analysis by mass spectrometry of the C-terminal sequences of
proteins in Shewanella oneidensis [49]. On this basis, this novel method relies on the lack of
cleavage after CNBr treatment when protein Met is oxidized, contrarily to reduced Met
residues that are attacked by CNBr yielding homoserine (HS) or homoserine lactone. In this
work, this method allowed us to successfully identify 24 in vivo oxidized Met sites within
19 different Arabidopsis seed proteins. An examination of these proteins confirmed the
finding that MetO-containing proteins are related to seed longevity. Finally, our successful
validation of the 2Dd-CNBr method in Arabidopsis seeds opens the possibility of analyzing
other protein extracts at a global level and/or for a targeted use.

2. Results
2.1. A Novel Proteomic Approach: 2Dd-CNBr

We have developed a novel method coupling 2Dd using CNBr cleavage after the
first protein electrophoresis and mass spectrometry to allow evidencing the oxidation of
Met residues in proteins, at a high throughput, and on complex mixtures of proteins. The
method is based on the fact that CNBr can hydrolyze peptide bonds at the C-terminus of
only non-oxidized Met residues, whereas oxidized Met does not react with CNBr [46,47]. In
this technique, CNBr cleavage is carried out between two SDS-PAGE separations, allowing
the separation of CNBr cleavage products in the second dimension.

Figure 1 shows a synoptic scheme of the 2Dd-CNBr strategy together with the theoret-
ical results expected that permit differentiating the Met oxidation status of proteins from
comparisons of 2Dd-CNBr profiles. To evaluate the experimental potential of this approach,
the technique was first conducted using BSA as a model protein to highlight the possibility
to discriminate the reduced and oxidized states of Met residues in gel. BSA (607 amino
acids) was used because it contains only few Met residues (at positions 1, 87, 184, 445, and
547) with a homogenous repartition in the amino acid sequence [50]. Theoretically, if all Met
residues contained in BSA were reduced, CNBr attack should yield five digest products
(Figure 2A). Published protocols generally use a large molar excess of CNBr over Met
residues for efficient CNBr cleavage [46,51]. This finding was assessed by using different
CNBr concentrations, ranging from 50 mM to 1 M, during different treatment durations,
from 10 min to 90 min, and with different BSA quantities from 50 ng (0.75 pmole) to 10 µg
(0.15 nmole). The obtained results are consistent with the view that an excess of CNBr over
Met favors CNBr cleavage (Figure 2).
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Figure 1. Schematic representation of the 2Dd strategy using CNBr cleavage after the first elec-
trophoretic dimension and presentation of the expected results. (1) SDS-PAGE of protein mixtures;
(2) the gel strip is cut out and incubated with agitation for 30 min in CNBr cleavage buffer at room
temperature (approx. 22 ◦C). The gel strip is rinsed briefly in deionized water and washed twice for
5 min in water. Then, the gel strip is equilibrated twice for 10 min in an equilibration solution con-
taining dithiothreitol (DTT) and iodoacetamide (IAA); (3), the gel strip is placed on top of acrylamide
gel to perform a second-dimensional separation by SDS-PAGE. (A) Control condition (reduced);
(B) oxidizing condition; red dotted circles and red circles represent reduced and oxidized form of
proteins, respectively.

Figure 2. 2Dd-CNBr analysis of BSA. (A) Theoretical profile of fully non-oxidized BSA after 2Dd-
CNBr; (B) experimental profile obtained with 100 ng BSA in non-oxidizing conditions (control);
(C) experimental profile obtained with 100 ng BSA oxidized by HOCl in gel; (D) experimental profile
obtained with 10 µg BSA in the non-oxidizing condition. Proteins were visualized by silver staining.
Molecular mass markers are indicated for both dimensions.

Figure 2B shows the results obtained when 100 ng BSA (1.5 pmoles) was subjected
to 2Dd-CNBr with the use of 0.5 M CNBr for 30 min. In these conditions, the BSA protein
proved to be entirely digested by CNBr, as no protein band could be revealed by silver
staining in the MW range of 55–72 kDa, corresponding to the native molecular weight of
BSA (66 kDa). In contrast, when a 100-fold higher amount of BSA protein (10 µg) was used
under the same 2Dd-CNBr conditions (0.5 M CNBr, 30 min), CNBr attack was not efficient,
as a large part of the protein was found near 66 kDa by SDS-PAGE (Figure 2D). In gel, the
oxidation of BSA in the presence of 0.5 mM HOCl (Figure 2C) prior to CNBr treatment
revealed that oxidized BSA was not cleaved in these conditions. As HOCl directly oxidizes
Met to MetO [52], all Met residues in BSA were converted to MetO, resulting in the absence
of cleavage products in the 2Dd-CNBr profile, as expected. Based on these results, we
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conclude that the 2Dd-CNBr method allows for deciphering the protein Met oxidation
status in the BSA model protein.

2.2. 2Dd -CNBr of Arabidopsis Seed Soluble Proteins

We then used the 2Dd-CNBr approach using complex mixtures of proteins, as extracted
from mature Arabidopsis seeds. As in all proteomic analyses, the preparation of protein
extracts is a critical step. Met is highly susceptible to oxidation, and experimental extraction
procedures can lead to artificial oxidation of proteins. To avoid such artifactual oxidation
of Met, we performed a fast protein extraction in the presence of DTT as the reducing
agent, as described in the experimental procedures section. After grinding the mature
Arabidopsis seeds in liquid nitrogen, proteins were precipitated with 10% (v/v) TCA and
then solubilized in a Laemmli buffer [53], quantified, and loaded in SDS-PAGE to perform
the 2Dd-CNBr. The 1D-SDS-PAGE analysis of the proteins obtained after such a fast protein
extraction is presented in Figure 3A. Figure 3B shows a representative 2Dd-CNBr profile of
soluble proteins extracted from the Arabidopsis seeds. More than 500 spots corresponding
to CNBr attack products were revealed by silver staining at a wide range of molecular
weights, ranging from 130 kDa to less than 10 kDa (Figure 3C).

Figure 3. 1D and 2Dd-CNBr analyses of 40-µg soluble protein extracts from mature Arabidopsis seeds.
(A) 1D separation of Arabidopsis seed proteins; (B) 2Dd-CNBr (control non-oxidized condition).
Proteins sre visualized by silver staining; (C) as in (B), where red crosses indicate detected spots by
using Image Master Platinum software (GE Healthcare, Chicago, IL, USA). Molecular mass markers
are indicated for both dimensions.

In marked contrast, when the proteins were oxidized in gel with 0.5 mM HOCl prior
to the CNBr treatment, as was done for BSA (Figure 2C), much less digestion products
were revealed and many of the proteins migrated at the gel diagonal (Figure 4B).

As with the BSA protein (Figure 2), we conclude that our approach allows for the
discrimination of the protein Met oxidation status at the proteome scale by the comparison
of control and oxidized profiles. To further validate the 2Dd-CNBr approach, 60 spots from
2Dd-CNBr gels were analyzed by mass spectrometry. Spots were collected from proteins
with different abundances (i.e., corresponding to major and minor bands in 1D-SDS PAGE)
and in a wide range of molecular weights (e.g., from 15 to 210 kDa). Mass spectrometry
analysis of spots from control non-oxidized conditions (Figure 4A, spot no 1 to 49) led to
the identification of 986 peptides, with 77 peptides containing at least one Met residue
(Table S1).
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Figure 4. 2Dd-CNBr analysis of 40-µg soluble protein extracts from mature Arabidopsis seeds,
in control (non-oxidized) and oxidized (HOCl) conditions. (A) 2Dd-CNBr (control non-oxidized
condition); (B) 2Dd-CNBr (in gel oxidized proteins). Proteins are visualized by silver staining.
Molecular mass markers are indicated for both dimensions. Red marks represent proteins analyzed
by mass spectrometry.

Among them, 20 peptides contained at least one Met residue exhibiting reduced,
oxidized (increased mass of +15.99491 Da corresponding to MetO), or modified forms
(−29.9928 Da and −48.0034 Da corresponding to homoserine and homoserine lactone,
respectively). The 20 peptides led to the identification of 11 proteins (Table S2) that can
be considered as abundant proteins, as they were identified from major spots (Figure 4A,
spot no. 36–39 and 44–49) resulting from major protein bands obtained after 1D-SDS
PAGE. As observed with BSA (Figure 2D), the efficiency of the CNBr attack was related
to the abundance of the target proteins. Thus, the presence of reduced Met in these spots
suggests that CNBr attack was not fully effective, because in the case of a complete CNBr
cleavage, all reduced Met residues should have been modified in homoserine or homoserine
lactone. These results further confirmed the need to use CNBr in large excess relative to
the protein amounts. Hence, the results concerning major spots could not safely be taken
into account and were not considered in the present analysis. The data showed that among
704 experimental peptides, 29 peptides contained an oxidized Met and 23 a modified
Met (Table S3). For five oxidized peptides, a Thr or a Ser residue was found after a Met
residue. In such cases, the CNBr cleavage was not efficient, as shown previously [46–48],
and therefore, in this case, no firm conclusion could be made regarding the accuracy of
the oxidation state of Met. Then, 24 oxidized Met were evidenced in 25 experimental
peptides, leading to the identification of 19 proteins (Table 1 and Table S4). Moreover, the
analysis of spots from HOCl-inducing oxidizing conditions (Figure 4B, spot no 1 to 11)
led to identifying 378 peptides, of which 110 contained at least one Met with an increased
mass of +15.99491 Da (Table S5). In this case, the identification of exclusively oxidized Met
was consistent with the changes observed in the 2Dd-CNBr profile in oxidized conditions
(Figure 4B).
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Table 1. Proteins from mature Arabidopsis seeds containing oxidized Met with a specified position
of Met (M). The Arabidopsis Information Resource (TAIR) accession (acc.) number, protein name,
identified peptide sequences, and Met position in protein sequences are indicated. For further details
on these protein, see Table S4.

Table Protein Name Peptide Sequence Met Position

AT2G42560.1 Late embryogenesis
abundant domain

GSNMPVSDEGEGETK
DQEMHQGGEEEKQPGFVSGAR

THEHGTTDPDYMR

M65
M487
M628

AT1G07920.1 Elongation factor 1-alpha
3

VETGMIKPGMVVTFAPTGLTTEVK
PGMVVTFAPTGLTTEVK

MTPTKPMVVETFSEYPPLGR

M259, 264
M264
M398

AT4G24620.1 Glucose-6-phosphate
isomerase 1, chloroplastic

VGFTDEFVAEMEPR
YLQQLVMESLGK

M107
M391

AT2G36640.1 Late embryogenesis
abundant protein LTMPSDIVEETR M382

AT1G21750.1 Protein disulfide
isomerase-like 1–1

LSGSEFDSFMAIAEK
FPKLSGSEFDSFMAIAEK

M180
M180

AT3G17240.1
Dihydrolipoyl

dehydrogenase 2,
mitochondrial

VSSVEVDLPAMLAQK M124

AT3G22500.1
Late embryogenesis
abundant protein in

group 5
GGPAAVMQSAATTNIR M58

AT3G48990.1 4-Coumarate-CoA
ligase-like 10

SSNPLPEEGPHKPGSVGKP
VGQEMAILNEK M345

AT3G53040.1 Late embryogenesis
abundant protein-like TTTTEPERPGLIGSVMK M59

AT3G54400.1 Aspartyl protease family
protein ASGTSLPAQGLMGLGR M209

AT4G12290.1 Amine oxidase VGLSGILMVK M491

AT5G20960.1 Indole-3-acetaldehyde
oxidase VPAVYAVNMR M1046

AT5G44120.3 12S seed storage protein
CRA1 DMHQKVEHIR M138

AT5G52300.1
Low-temperature-
induced 65 kDa

protein
MESQLTRPYGHEQAEEPIR M1

AT2G31670.1 Uncharacterized protein DLSEMEAVDAQK M223

AT1G54100.1 Aldehyde dehydrogenase
family 7 member B4 VGSMVQQTVNAR M251

AT1G77510.1 Protein disulfide
isomerase-like 1–2 LSGDEFDSFMALAEK M179

AT2G36530.1
Bifunctional enolase

2/transcriptional
activator

VVIGMDVAASEFYSEDK M249

AT1G47710.1

Cysteine protease
inhibitor/

serine-type
endopeptidase inhibitor

ESISLQNQVSMNLAK M15

A comparison of the Met content in peptides identified by mass spectrometry after 1D-
SDS-PAGE (Figure 5A), 2Dd-CNBr in control (Figure 5B), and oxidized (HOCl) (Figure 5C)
conditions allowed for the validation of the present results. After 1D electrophoresis, spots
collected from proteins distributed in a range of molecular weights from 15 kDa to 210 kDa
were submitted to mass spectrometry analyses. From these analyses, 5968 peptides were
identified (Table S6), among which 22.58% contained at least one Met (Figure 5A). In 2Dd-
CNBr carried out in the control conditions (Figure 5B), all reduced Met from non-abundant
spots were attacked by CNBr and modified into homoserine or homoserine lactone, as
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expected. Hence, it can be concluded that 24 identified oxidized Met reported in the 19
Arabidopsis seed proteins (Table 1 and Table S4) were oxidized in vivo.

Figure 5. Methionine content analysis of identified peptides by mass spectrometry after 1D SDS-
PAGE (A), 2Dd-CNBr carried out in control (non-oxidized) (B) and oxidized (HOCl) (C) conditions.
(A) 5968 peptides were identified by two independent mass spectrometry analyses; 1348 peptides con-
tained at least one methionine including 757 and 1109 oxidized and reduced Met residues, respectively
(see Table S6). (B) 704 peptides were identified and 29 contained at least an oxidized (+15.99491 Da)
and 23 a modified Met residue (−29.9928 Da or −48.0034 Da) (see Table S3). (C) 378 peptides were
identified and 110 contained at least one oxidized Met residue (+15.99491 Da) (see Table S5). HS,
homoserine.

WebLogo 3.3 was used to create sequence logos to graphically represent common
features of the primary sequences surrounding these 24 oxidized Met residues (Figure S1).
These analyses did not allow for evidencing specific amino acid sequences promoting
Met oxidation. However, further analyses on a larger number of proteins are needed
to more precisely explore this question. Importantly, three-dimensional (3D) models
available for 14 identified Arabidopsis proteins (Table S7) showed that the 17 identified
oxidized Met present in these proteins were surface exposed (Figure 6 and Figures S2–S14),
further supporting the finding that surface-exposed Met residues in proteins are particularly
sensitive to oxidation [21,31,54,55]. The 3D environment of identified oxidized Met residues
(within a distance of 7 Å, which corresponds to the radius where amino acids may influence
others [45]) was analyzed to evidence a 3D environment favorable for Met oxidation. The
most striking feature is that the nearest amino acids (<3 Å) to the oxidized Met were mostly
hydrophobic. When increasing the distance from the oxidized Met, the proportion of
hydrophobic amino acids decreased, whereas the proportion of hydrophilic amino acids
increased (Figure S15). The oxidation of Met could lead to the modification of the surface
hydrophobicity in proteins, and could result in a local change of folding [56,57]. In this
context, Met oxidation could interact with other types of amino acid modifications by
increasing or decreasing the accessibility of certain residues.

Figure 6. 3D model of Arabidopsis CRA1 protein (AT5G44120). The model was built using Jmol
software. The white arrow in the green dotted circles show the oxidized Met position; blue areas
show solvent-accessible surface.
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In the neighborhood of all of the identified MetOs, we searched for the presence
of amino acids known to be potentially modified, such as Pro, Arg, and Glu, or Ser,
Thr, and Tyr in the case of carbonylation or phosphorylation, respectively. Among the
identified Arabidopsis proteins, five proteins (AT2G42560.1, AT1G21750.1, AT5G44120.3,
AT5G52300.1, and AT2G36530.1) were previously identified as being carbonylated in Ara-
bidopsis seeds [58]. Two Arabidopsis proteins, AT1G21750.1 and AT5G44120.3, contained
amino acids considered sensitive to carbonylation in the vicinity of the identified oxidized
Met in 3D models (AT1G21750.1: Pro142, Glu184; AT5G44120.3: Glu114, Arg136). Met
sulfoxidation can also interact with the phosphorylation of the target proteins. We observed
that seven of the presently identified proteins that contained MetO (AT1G07920: M264,
AT1G21750: M180, AT4G12290: M491, AT5G44120: M138, AT5G20960: M1046, AT1G54100:
M251, and AT1G47710: M15) also contained a phosphorylation site in the close vicinity
of MetO in the 3D structure (Table 2). All these results document a broad applicability of
the 2Dd-CNBr method to finely analyze the interplay between Met oxidation and other
post-translational modifications of proteins.

Table 2. Identified proteins containing oxidized Met and a phosphorylation site. Amino acids (Ser,
Thr, and Tyr) surrounding MetO of proteins listed in this table have been located in the corresponding
3D structures using Jmol software. Phosphorylation sites were predicted using PhosPhAt 4.0 tool. For
AT5G44120.3 (12S seed storage protein CRA1) the phosphorylation site was confirmed experimentally.
The Arabidopsis Information Resource (TAIR) accession (acc.) number; protein name; and Met, Ser,
Thr, and Tyr position in the protein sequences are indicated.

TAIR acc. Protein Name Met Position Ser, Thr, and Tyr
Position *

AT1G07920.1 Elongation factor 1-alpha 3 M264 S315
AT4G12290.1 Amine oxidase M491 Y243
AT5G20960.1 Indole-3-acetaldehyde oxidase M1046 Y1179
AT5G44120.3 12S seed storage protein CRA1 M138 T115 **

AT1G54100.1 Aldehyde dehydrogenase family 7
member B4 M251 S250

AT1G47710.1
Cysteine protease

inhibitor/serine-type endopeptidase
inhibitor

M15 Y239

* In the 3D structure as revealed by using Jmol software (http://www.jmol.org accessed on 1 September 2015).
** Phosphorylation site predicted by PhosPhat 4.0 was experimentally confirmed in Wan et al. [59].

3. Discussion

Throughout plant life, plants are subjected to several biotic and abiotic stresses. In
response, plants induce complex signaling networks, including ROS signaling. Protein
oxidation thus underpins many cellular processes, and the characterization of the oxidized
protein targets is essential in order to better understand the regulations operating during
redox signaling. Met sulfoxide and MSRs are known to play roles in these pathways.
For example, the role of the MSR system was demonstrated to affect seed longevity in
Medicago truncatula, Arabidopsis [30] and Fagus sylvatica [41]. Recently, it was revealed that
the abundance of MSRB2 was related to seed desiccation tolerance [60]. Yet, despite the
biological importance of this process, there is a lack of a reliable and simple method for the
characterization of oxidized Met in proteins due to the difficulty to isolate and identify this
protein modification.

Except COmbined FRActional DIagonal Chromatography (COFRADIC) proteomics
technology used for comparing wild-type Arabidopsis and catalase 2 mutant [40] plants,
recent papers describe the use of shotgun proteomics with 18O-labeled hydrogen perox-
ide and redox-Met specific probes in humans [36] and bacteria [61], or with methionine
bioconjugation [62,63]. A gel-free CNBr-based method was described to investigate MetO
in peptides containing two Met residues [64]. Our approach presented here, 2Dd-CNBr
(Figure 1), is a novel method enabling studies of in vivo Met oxidation in proteins and

http://www.jmol.org
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peptides with no limits to the number of Met residues. In our opinion, this method will
be very effective for the analysis of complex mixtures of proteins to visualize and further
analyze proteins of interest. We believe that the use of 2Dd-CNBr can deliver new op-
portunities and novel results in different research areas compared to methods only based
on CNBr cleavage [46–49], based on CNBr cleavage and electrophoresis of one purified
protein [65], or based on diagonal electrophoresis without CNBr cleavage [14,45]. This is
because in our approach, CNBr-cleavage is performed in gel on a complex mixtures of
proteins. Diagonal electrophoresis is useful for investigations of the subunit composition of
complex proteins [35], as well as intermolecular and intramolecular disulfide bridges in
redox variations of this procedure [66]. The use of 2Dd may be useful for the comparison of
samples representing multiple conditions to identify proteins, for which the electrophoretic
migration pattern is altered via their redox state to eventually focus the analysis on these
proteins. The 2Dd-CNBr approach is a fast and easy-to-use method with a high repro-
ducibility. Furthermore, one of the economic advantages of 2Dd-CNBr is a low sample
cost in comparison with the current protein mass spectrometry and proteomics service fees.
The interpretation of 2Dd maps includes all spots stained with silver nitrate. Although
this type of staining provides limited sensitivity for a qualitative approach, the 2Dd-CNBr
method appears not to be affected by the presence of major proteins in seed protein extracts
(e.g., CRU), which might have masked the identification of proteins less represented in MS.
Thus, the results clearly reveal protein candidates for more detailed analyses. Although the
selection and identification of certain proteins from 2Dd maps will not reach the efficacy of
high-throughput analyses, the 2Dd-CNBr method enables avoiding puzzling biological
responses in the numerous data collected after an omics approach.

In the present work, this method was first standardized and validated using BSA as
a model protein (Figure 2). The results highlighted the power of this tool to discriminate
between reduced and oxidized Met through the comparison of the electrophoretic profiles.
Applying 2Dd-CNBr to Arabidopsis seed proteins allowed for the identification, through
mass spectrometry, of 24 oxidized Met present in 19 proteins (Table 1 and Table S4). An
analysis of 3D models available for 14 out of the 19 identified Arabidopsis proteins disclosed
that Met exposure at the protein surface predominantly favors its oxidation, in agreement
with previous studies [21,31,54,55,67]. The data also suggest that the local amino acid
sequence surrounding Met residues has no substantial effect on oxidation, in agreement
with previous work based on the identification of oxidized Met in peptides and proteins
by COFRADIC [40,54]. However, additional experiments considering larger numbers
of proteins containing oxidized Met residues are necessary to further confirm this point.
Considering that Met oxidation can lead to a modification of the surface hydrophobicity of
affected proteins and in a local change of folding [56,57], it can be proposed that reversible
Met oxidation is an important modulator of protein function, activity, stability, or structure.
In this respect, we note that the presently identified protein targets are known to play
important roles in seed biology (Table 1 and Table S4).

Several late embryogenesis abundant (LEA) proteins confer desiccation tolerance to
plant seeds [68–71]. Increased sensitivity of LEA proteins to oxidative conditions might
be a result of their lack of tertiary structure, as they exhibit a large degree of intrinsic
disordered 3D structure [72], a feature in agreement with the finding that surface exposition
favors Met oxidation in proteins (Figure 6 and Figures S2–S14) [21,31,54,55,67] and with
the fact that intrinsically disordered proteins are highly prone to oxidation [37]. Similarly,
the identified oxidized Met (M138) was found located in a disordered part of Arabidopsis
CRA1 (Table 1, Figure 6 and Figure S16). These disordered regions participate in the control
of the quaternary structures of cruciferins in a hexameric form found in the protein storage
vacuoles of seeds (PSVs) [73]. Therefore, our results suggest that the oxidation state of the
Met (M138) residue might be involved in the stabilization of the quaternary structure of this
storage protein. For example, in the case of seed storage protein oxidation by carbonylation,
it has been proposed that as this PTM increases the susceptibility of proteins to proteolytic
cleavage [73–76], the observed carbonylation of 12S-cruciferin subunits occurring during
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seed development might facilitate their mobilization during germination [58]. In addition,
it has been shown that the redox state of Met controls phase transitions predominantly
in proteins with low-complexity domains [74]. More precisely, the sulfoxidation of Met
residues in yeast ataxin-2 transformed this protein from liquid-like droplets to labile poly-
mers, whereas the MSRs action restored the liquid-like state [74]. Cruciferin displays
conformational flexibility [75]. The conformational changes of the proteins induced by
aspartic peptidases are required for the dense packaging of seed storage proteins within
PSVs [76]. In this context, MetO might induce structural changes in 12S seed storage
proteins, and could interfere with their packaging during seed maturation and their mobi-
lization during seed germination. Importantly, these changes might be reversible, because
MSRs were recently immunolocalized in PSVs [41]. Among the MetO-containing proteins
identified in our study (Table 1), protein disulfide isomerase conferring redox homeostasis
and Elongation factor 1 playing a role in protein expression, were identified as being altered
in MsrA and MsrB1 mutants of human embryonic kidney cells, respectively, exposed to
oxidative stress [23]. Elongation factor 1 and aspartyl protease (Table 1) are both involved
in translation. Several studies highlighted the importance of the translation machinery in
conditioning seed longevity and vigor, more precisely, in aging of Arabidopsis [7] and pea
seeds [77], and in germination of Arabidopsis [9] and rice seeds [78]. In Arabidopsis, loss of
seed vigor during aging correlates with the carbonylation of disulfide isomerases [7], which
are essential folding catalysts and chaperones of the ER [79]. Serpins (Table 1) are involved
in the regulation of programmed cell death [80], which was initiated from the onset of
aging in pea seeds and eventually led to seed viability loss [77]. Aldehyde dehydrogenases
that remove aldehydes formed by oxidative stress [81], and 4-Coumarate:CoA ligase (EC
6.2.1.12) involved in seeds in the biosynthesis of flavonoids and therefore in regulation
of dormancy or viability [82,83], are other proteins essential for the maintenance of seed
viability [84]. Both above mentioned proteins were identified as targets of Met oxidation
in the present work (Table 1). Last, but not least, mitochondrial dihydrolipoyl dehydro-
genase (DLD; EC 1.8.1.4) administrating alpha-lipoic acid is beneficial to a number of
diseases caused by oxidative stress in animals [85,86], and regulates the lifespan and aging
in yeasts [87] and pea seeds [77]. MetO-containing proteins identified in our study (Table 1)
involved aldehyde oxidase and indole-3-acetaldehyde oxidase, two enzymes catalyzing
the last step in the biosynthesis of two phytohormones, auxin and abscisic acid [88,89],
both of which playing crucial roles in seed development and germination [8,90–92]. In
conclusion, the potential longevity of seeds appears to be the most affected seed trait via
Met oxidation in our study. As seed longevity is a very important aspect in seed science,
the results presently described may contribute to further research in this direction.

While a number of studies have demonstrated the role of redox regulation in
seeds [42,59,93,94], the possible implication of reversible Met oxidation of specific proteins
in modulating seed traits has only been partially recognized [30,42]. The biological func-
tions of the presently characterized proteins unravel a major role of this post-translational
modification in seed biology, particularly in relation to seed viability. Future research will
concentrate on the large-scale characterization of the specific oxidized protein targets to-
ward a better understanding of the impact of this protein modification on cellular functions
and its involvement in ROS signaling in the seed aging process. We expect that the 2Dd-
CNBr method will contribute to the discovery of novel protein elements of ROS-induced
signal transduction pathways, notably concerning those proteins containing exposed Met
residues that can be oxidized and reversibly reduced by the MSR system, and that appear
to be potential candidates supporting such regulatory functions. Met oxidation can have
several effects on protein structure through synergistic/antagonist interactions between
different post-translational modifications. In this context, it is worth noting that studies in
human cell lines revealed that the majority of proteins sulfoxidized after exposure to H2O2
were phosphoproteins [39]. Despite the progress in deciphering possible interactions be-
tween Met sulfoxidation and protein carbonylation or protein phosphorylation [27,95–97],
the molecular mechanisms coupling oxidative signals to changes in phosphorylation in
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seeds still remain poorly understood. Interestingly, two of identified proteins containing
oxidized Met and a phosphorylation site corresponded to an elongation factor and an
inhibitor of serine proteases (Table 2), and were previously demonstrated to be substrates
for MSRB1 [23] and periplasmic MSR [98], respectively. Hence, 2Dd-CNBr-based results
might provide initial information toward a better understanding of the interplay between
different types of post-translational protein modifications in targeted proteins. As the
2Dd-CNBr method allows for the characterization of Met oxidation at the proteome level, it
is anticipated that its future application will not be limited only to individual seed proteins,
but might be useful for a wide range of living organisms. Additionally, in combination with
high-throughput gel-free proteomic approaches, this method may allow for further identi-
fying the structural features underpinning this post-translational modification of proteins.
Finally, the method presently described also has the potential for wider applications.

4. Materials and Methods
4.1. Plant Material

Arabidopsis thaliana seeds, accession Columbia, were used in all of the experiments.
Seeds were first sown in a mixture of soil and vermiculite (9:1), and then placed in a
growth chamber at 21 (±1) ◦C under a photoperiod of 16 h light/8 h dark (Fluores-
cent Tube compact Sylvania LYNX-LE 55W 860 6000 K). The light intensity was between
150 and 200 µmolm−2 s−1. After 12–15 d, the germinated seeds were transferred on
soil/perlite/vermiculite (2:1:1) and the plants were grown in the same growth chamber
as for germination. Siliques were harvested at maturity, dried at room temperature (ap-
proximately 22 ◦C) for 10 d, and the seeds were collected. To release dormancy, freshly
harvested seeds were after-ripened at 20 ◦C (approximately 30% relative humidity) in the
dark [99] and then stored at −30 ◦C.

4.2. Preparation of Soluble Proteins Extracts

Mature dry Arabidopsis seeds (200 mg) were ground in liquid nitrogen using a mortar
and pestle. Soluble proteins were extracted from the resulting powder at 4 ◦C in 4 mL of an
extraction buffer containing 250 mM Tris pH 7.5, 0.1% (v/v) antiprotease cocktail (Sigma-
Aldrich, St. Louis, MO, USA), and 20 mM dithiothreitol (DTT) (Sigma-Aldrich). After 2 min
at 4 ◦C, the homogenate was briefly centrifuged (10,000× g, 30 s, 4 ◦C), and the resulting
supernatant was filtered through a syringe equipped with a polytetrafluoroethylene (PTFE)
membrane filter unit (Minisart® Sartorius, Göttingen, Germany; 25 mm, 0.2 µm pore size)
to obtain the soluble protein extract. Proteins were precipitated in 10% (w/v) trichloroacetic
acid (TCA) for 1 h at 4 ◦C. After centrifugation (20,000× g, 10 min, 4 ◦C), the precipitate
was washed two times with 2 mL of 80% (v/v) acetone, 0.07% (v/v) 2-mercaptoethanol
for 1 h at −20 ◦C, and then dried at room temperature for 5 min. The resulting pellet was
solubilized in a twice concentrated Laemmli buffer [53]. The protein concentrations were
measured using a 2-D Quant Kit (GE Healthcare). Bovine serum albumin was used as a
standard.

4.3. In Gel Oxidation of Soluble Proteins and BSA with Hypochlorous Acid

Solutions of HOCl were freshly prepared in 0.1% (w/v) NaOH and standardized by ab-
sorbance measurements using ε292 (OCl−) = 350 M−1.cm−1 and ε235 (HOCl) = 100 M−1.cm−1.
The hypochlorous acid solution was diluted into 250 mM Tris pH 7.5 to obtain a final HOCl
concentration of 0.5 mM.

4.4. D-Diagonal Electrophoresis, Gel Staining, and Image Analysis

One-dimensional SDS-PAGE of 40-µg soluble Arabidopsis protein extracts or 100 ng
BSA (Sigma-Aldrich) was performed using 10% (w/v) polyacrylamide resolving gels [53].
Electrophoresis was performed in a Mini Protean (Bio-Rad, Hercules, CA, USA) using a
Tris-Glycine-SDS running buffer (Bio-Rad), at 200 V and 40 mA. After completion of the
first dimension, the gel lanes (referred later to as gel strips) were cut out, washed 1 min
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in deionized sterile water, and briefly soaked in 250 mM Tris pH 7.5 or in 0.5 mM HOCl
solution for the control and the oxidized conditions, respectively. The gel strips were
washed 1 min in water and then incubated with agitation for 30 min in a cleavage buffer
(500 mM CNBr (Sigma-Aldrich) diluted in 70% (v/v) formic acid) under a fume hood at
22 ± 2 ◦C. The gel strips were briefly rinsed and washed twice for 5 min in deionized
sterile water. Then, the gel strips were equilibrated twice for 10 min in an equilibration
solution containing 6 M urea, 20% (v/v) glycerol, 2% (w/v) SDS, and 0.375 M Tris pH
8.8. DTT (100 mM) was added to the first equilibration solution, and iodoacetamide
(125 mM) was added to the second one. Then, gel strips were placed on top of 4% stacking
gels onto 15% resolving gels. A small amount of 1% agar solution was used to fuse
the gel strip to the 2D gel. The second-dimension separation was performed under the
same conditions as the first-dimension run. A silver staining method compatible with the
analysis by mass spectrometry [100] was used to stain the gels. For each treatment analyzed,
2Dd gel experiments were done three times, corresponding to biological and technical
repeats. Stained gels (second dimension) were imaged using a ViewPix 900 Imaging System
(Biostep® GMBH, Burkhardtsdorf Germany) and analyzed using Image Master Platinum
software (GE Healthcare).

4.5. Protein Identification by Mass Spectrometry

In-gel digestion was performed with the Progest system (Genomic Solution, Bengaluru,
India) according to a standard trypsin protocol. Gel pieces were washed twice by successive
separate baths of 10% (v/v) acetic acid, 40% (v/v) ethanol, and acetonitrile (ACN). They
were then washed twice with successive baths of 25 mM NH4CO3 and ACN. Digestions
were subsequently performed for 6 h at 37 ◦C with 125 ng of modified trypsin (Promega)
dissolved in 20% (v/v) methanol and 20 mM NH4CO3. The peptides were extracted
successively with 2% (w/v) trifluoroacetic acid (TFA) and 50% (v/v) can and then with
ACN. Peptide extracts were dried in a vacuum centrifuge and suspended in 20-µL of
0.05% (v/v) TFA, 0.05% (v/v) HCOOH, and 2% (v/v) ACN. HPLC was performed using
a NanoLC-Ultra system (Eksigent, Dublin, OH, USA). A 4-µL sample was loaded at
7.5 µL/min−1 on a precolumn cartridge (stationary phase: BIOSPHERE C18, 5 µm; column:
100 µm i.d. 2 cm; NanoSeparations) and desalted with 0.1% (v/v) HCOOH. After 3 min,
the precolumn cartridge was connected to a separating PepMap C18 column (stationary
phase: BIOSPHERE C18, 3 µm; column: 75 µm i.d. 150 mm; NanoSeparations). Buffers
were 0.1% (v/v) HCOOH in water (A) and 0.1% HCOOH (v/v) in ACN (B). Peptide
separation was achieved with a linear gradient from 5 to 30% B for 11 min at 300 nl/min−1.
Including the regeneration step at 95% B and the equilibration step at 95% A, each run took
25 min. The eluted peptides were analyzed on-line with a Q-Exactive mass spectrometer
(Thermo Electron, Whaltam, MA, USA) using a nano-electrospray interface (non-coated
capillary probe, 10 µ i.d.; New Objective). The Xcalibur 2.1 interface was used to monitor
data-dependent acquisition of peptide ions. This included full MS scan covering a 300-to-
1400 range of mass-to-charge ratio (m/z) with a resolution of 70,000 and a MS/MS step
(normalized collision energy: 30%; resolution: 17,500). The MS/MS step was reiterated for
the five major ions detected during full MS scan. Dynamic exclusion was set to 45 s. A
database search was performed with XTandem (version 2012.10.01.1) (http://www.thegpm.
org/TANDEM/, accessed on 20 November 2012). Enzymatic cleavage was declared as a
trypsin and CNBr digestion with two possible miscleavages. Cys carboxyamidomethylation
was set to static modifications. The Met were searched for oxidation, homoserine, and
homoserine lactone as possible modifications. Precursor mass and fragment mass tolerance
were 10 ppm and 0.02 Th, respectively. A refinement search was added with similar
parameters, except that semi-trypsic peptide and possible N-ter proteins acetylation were
searched. The Arabidopsis Information Resource (http://www.arabidopsis.org/, accessed
on 20 November 2012) database (32825 entries, version 8) and a contaminant database
(trypsin, keratins) were used. Only peptides with an E value smaller than 0.1 were reported.
The identified proteins were filtered and grouped using XTandem Pipeline (http://pappso.

http://www.thegpm.org/TANDEM/
http://www.thegpm.org/TANDEM/
http://www.arabidopsis.org/
http://pappso.inra.fr/bioinfo/xtandempipeline/
http://pappso.inra.fr/bioinfo/xtandempipeline/
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inra.fr/bioinfo/xtandempipeline/, accessed on 20 November 2012) according to: (i) A
minimum of two different peptides was required with an E value smaller than 0.05, and (ii)
a protein E value (calculated as the product of unique peptide E values) smaller than 10−4.
In the case of identification with only two or three MS/MS spectra, similarity between the
experimental and the theoretical MS/MS spectra was visually checked. To take redundancy
into account, proteins with at least one peptide in common were grouped. This allowed
for grouping proteins of a similar function. Within each group, proteins with at least one
specific peptide relative to the other members of the group were reported as sub-groups.

4.6. Bioinformatic Tools

WebLogo 3.3 (http://weblogo.berkeley.edu/logo.cgi, accessed on 1 September 2015)
was used to generate a sequence logo [101]. PhosPhAt 4.0 (http://phosphat.mpimp-golm.
mpg.de/phosphat.html, accessed on 4 May 2020), a database of phosphorylation sites
in Arabidopsis proteins, was used to predict the phosphorylation sites in the identified
peptides [102]. The search for the presence of amino acids known to be potentially modified,
such as Pro, Arg, and Glu, or Ser, Thr, and Tyr, in the case of carbonylation was performed
according to Rao and Moller [93]. Jmol: an open-source Java viewer for chemical structures
in 3D (http://www.jmol.org/, accessed on 1 September 2015) was used as a viewer of the
molecular structures. RaptorX (http://raptorx.uchicago.edu/StructurePrediction, accessed
on 1 September 2015) was used for the automated protein secondary structure prediction
and template-based tertiary structure modeling [103].

Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com/
article/10.3390/plants11040569/s1. Table S1: List of 986 identified peptides (control 2Dd-CNBr).
Table S2. List of identified proteins considered as abundant. Table S3. List of peptides containing
oxidized or reduced Met (control 2Dd-CNBr). Table S4. List of identified proteins containing ox-
idized Met. Table S5. List of 378 identified peptides (oxidized 2Dd-CNBr). Table S6. List of the
5968 identified peptides from two independent SDS-PAGE separations. Table S7. Data used for the
search of 3D models. Figure S1. WebLogo graphs. Figures S2–S14. 3D models of identified proteins
Figure S2: AT3G48990; Figure S3: AT5G20960; Figure S4: AT1G54100; Figure S5: AT3G54400; Figure
S6: AT1G21750; Figure S7: AT1G77510; Figure S8: AT4G12290; Figure S9: AT1G07920; Figure S10:
AT2G36530; Figure S11: AT3G17240; Figure S12: AT4G24620; Figure S13: AT2G31670; Figure S14:
AT1G47710. Figure S15. 3D environment (3–7 Å) of oxidized Met. Figure S16. Disorder prediction for
AT5G44120.3.

Author Contributions: Conceptualization, P.M.; investigation, E.M.K., B.V., and P.M.; data curation,
E.M.K., B.V., D.J., C.B., and P.M.; writing—original draft preparation, E.M.K., D.J., and P.M.; writing—
review and editing, E.M.K., B.V., D.J., C.B., and P.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Sorbonne Université, Paris, France and by the National
Science Centre (Poland), grant No. 2015/18/E/NZ9/00729.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: E.M.K. was supported by the “Research in Paris” program and Institute of
Dendrology, Polish Academy of Sciences.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Suzuki, Y.J.; Forman, H.J.; Sevanian, A. Oxidants as Stimulators of Signal Transduction. Free Radic. Biol. Med. 1997, 22, 269–285.

[CrossRef]
2. Nyström, T. Role of Oxidative Carbonylation in Protein Quality Control and Senescence. EMBO J. 2005, 24, 1311–1317. [CrossRef]

[PubMed]

http://pappso.inra.fr/bioinfo/xtandempipeline/
http://pappso.inra.fr/bioinfo/xtandempipeline/
http://weblogo.berkeley.edu/logo.cgi
http://phosphat.mpimp-golm.mpg.de/phosphat.html
http://phosphat.mpimp-golm.mpg.de/phosphat.html
http://www.jmol.org/
http://raptorx.uchicago.edu/StructurePrediction
https://www.mdpi.com/article/10.3390/plants11040569/s1
https://www.mdpi.com/article/10.3390/plants11040569/s1
http://doi.org/10.1016/S0891-5849(96)00275-4
http://doi.org/10.1038/sj.emboj.7600599
http://www.ncbi.nlm.nih.gov/pubmed/15775985


Plants 2022, 11, 569 15 of 18

3. Suzuki, N.; Koussevitzky, S.; Mittler, R.; Miller, G. ROS and Redox Signalling in the Response of Plants to Abiotic Stress. Plant Cell
Environ. 2012, 35, 259–270. [CrossRef]

4. Foyer, C.H.; Noctor, G. Oxidant and Antioxidant Signalling in Plants: A Re-Evaluation of the Concept of Oxidative Stress in a
Physiological Context. Plant Cell Environ. 2005, 28, 1056–1071. [CrossRef]

5. Apel, K.; Hirt, H. Reactive Oxygen Species: Metabolism, Oxidative Stress, and Signal Transduction. Annu. Rev. Plant Biol. 2004,
55, 373–399. [CrossRef]

6. Mittler, R.; Vanderauwera, S.; Gollery, M.; Van Breusegem, F. Reactive Oxygen Gene Network of Plants. Trends Plant Sci. 2004, 9,
490–498. [CrossRef] [PubMed]

7. Rajjou, L.; Lovigny, Y.; Groot, S.P.C.; Belghazi, M.; Job, C.; Job, D. Proteome-Wide Characterization of Seed Aging in Arabidopsis:
A Comparison between Artificial and Natural Aging Protocols. Plant Physiol. 2008, 148, 620–641. [CrossRef]

8. Rajjou, L.; Duval, M.; Gallardo, K.; Catusse, J.; Bally, J.; Job, C.; Job, D. Seed Germination and Vigor. Annu. Rev. Plant Biol. 2012,
63, 507–533. [CrossRef] [PubMed]

9. Rajjou, L.; Gallardo, K.; Debeaujon, I.; Vandekerckhove, J.; Job, C.; Job, D. The Effect of Alpha-Amanitin on the Arabidopsis Seed
Proteome Highlights the Distinct Roles of Stored and Neosynthesized mRNAs during Germination. Plant Physiol. 2004, 134,
1598–1613. [CrossRef]

10. Galland, M.; Huguet, R.; Arc, E.; Cueff, G.; Job, D.; Rajjou, L. Dynamic Proteomics Emphasizes the Importance of Selective mRNA
Translation and Protein Turnover during Arabidopsis Seed Germination. Mol. Cell. Proteom. 2014, 13, 252–268. [CrossRef]

11. Bailly, C.; El-Maarouf-Bouteau, H.; Corbineau, F. From Intracellular Signaling Networks to Cell Death: The Dual Role of Reactive
Oxygen Species in Seed Physiology. Comptes Rendus. Biol. 2008, 331, 806–814. [CrossRef] [PubMed]

12. Bailly, C. The Signalling Role of ROS in the Regulation of Seed Germination and Dormancy. Biochem. J. 2019, 476, 3019–3032.
[CrossRef]

13. Davies, M. The Oxidative Environment and Protein Damage. Biochim. Biophys. Acta 2005, 1703, 93–109. [CrossRef]
14. Rinalducci, S.; Murgiano, L.; Zolla, L. Redox Proteomics: Basic Principles and Future Perspectives for the Detection of Protein

Oxidation in Plants. J. Exp. Bot. 2008, 59, 3781–3801. [CrossRef] [PubMed]
15. Kim, G.; Weiss, S.J.; Levine, R.L. Methionine Oxidation and Reduction in Proteins. Biochim. Biophys. Acta BBA Gen. Subj. 2014,

1840, 901–905. [CrossRef]
16. Moskovitz, J. Methionine Sulfoxide Reductases: Ubiquitous Enzymes Involved in Antioxidant Defense, Protein Regulation, and

Prevention of Aging-Associated Diseases. Biochim. Biophys. Acta 2005, 1703, 213–219. [CrossRef] [PubMed]
17. Toennies, G.; Kolb, J.J. Methionine studies VI. dl-methionine sulfone. J. Biol. Chem. 1941, 140, 131–134. [CrossRef]
18. Stadtman, E.R.; Levine, R.L. Free Radical-Mediated Oxidation of Free Amino Acids and Amino Acid Residues in Proteins. Amino

Acids 2003, 25, 207–218. [CrossRef]
19. Drazic, A.; Winter, J. The Physiological Role of Reversible Methionine Oxidation. Biochim. Biophys. Acta 2014, 1844, 1367–1382.

[CrossRef] [PubMed]
20. Holmström, K.M.; Finkel, T. Cellular Mechanisms and Physiological Consequences of Redox-Dependent Signalling. Nat. Rev.

Mol. Cell Biol. 2014, 15, 411–421. [CrossRef]
21. Levine, R.L.; Moskovitz, J.; Stadtman, E.R. Oxidation of Methionine in Proteins: Roles in Antioxidant Defense and Cellular

Regulation. IUBMB Life 2000, 50, 301–307. [CrossRef] [PubMed]
22. Stadtman, E.R.; Van Remmen, H.; Richardson, A.; Wehr, N.B.; Levine, R.L. Methionine Oxidation and Aging. Biochim. Biophys.

Acta 2005, 1703, 135–140. [CrossRef] [PubMed]
23. Ugarte, N.; Petropoulos, I.; Friguet, B. Oxidized Mitochondrial Protein Degradation and Repair in Aging and Oxidative Stress.

Antioxid. Redox Signal. 2010, 13, 539–549. [CrossRef] [PubMed]
24. Radak, Z.; Zhao, Z.; Goto, S.; Koltai, E. Age-Associated Neurodegeneration and Oxidative Damage to Lipids, Proteins and DNA.

Mol. Aspects Med. 2011, 32, 305–315. [CrossRef]
25. Oien, D.B.; Moskovitz, J. Substrates of the Methionine Sulfoxide Reductase System and Their Physiological Relevance. Curr. Top.

Dev. Biol. 2008, 80, 93–133. [CrossRef]
26. Levine, R.L.; Mosoni, L.; Berlett, B.S.; Stadtman, E.R. Methionine Residues as Endogenous Antioxidants in Proteins. Proc. Natl.

Acad. Sci. USA 1996, 93, 15036–15040. [CrossRef]
27. Moskovitz, J.; Oien, D.B. Protein Carbonyl and the Methionine Sulfoxide Reductase System. Antioxid. Redox Signal. 2010, 12,

405–415. [CrossRef]
28. Rey, P.; Tarrago, L. Physiological Roles of Plant Methionine Sulfoxide Reductases in Redox Homeostasis and Signaling. Antioxi-

dants 2018, 7, 114. [CrossRef]
29. Li, C.-W.; Lee, S.-H.; Chieh, P.-S.; Lin, C.-S.; Wang, Y.-C.; Chan, M.-T. Arabidopsis Root-Abundant Cytosolic Methionine Sulfoxide

Reductase B Genes MsrB7 and MsrB8 Are Involved in Tolerance to Oxidative Stress. Plant Cell Physiol. 2012, 53, 1707–1719.
[CrossRef]

30. Châtelain, E.; Satour, P.; Laugier, E.; Ly Vu, B.; Payet, N.; Rey, P.; Montrichard, F. Evidence for Participation of the Methionine
Sulfoxide Reductase Repair System in Plant Seed Longevity. Proc. Natl. Acad. Sci. USA 2013, 110, 3633–3638. [CrossRef]

31. Tarrago, L.; Kieffer-Jaquinod, S.; Lamant, T.; Marcellin, M.N.; Garin, J.R.M.; Rouhier, N.; Rey, P. Affinity Chromatography: A
Valuable Strategy to Isolate Substrates of Methionine Sulfoxide Reductases? Antioxid. Redox Signal. 2012, 16, 79–84. [CrossRef]
[PubMed]

http://doi.org/10.1111/j.1365-3040.2011.02336.x
http://doi.org/10.1111/j.1365-3040.2005.01327.x
http://doi.org/10.1146/annurev.arplant.55.031903.141701
http://doi.org/10.1016/j.tplants.2004.08.009
http://www.ncbi.nlm.nih.gov/pubmed/15465684
http://doi.org/10.1104/pp.108.123141
http://doi.org/10.1146/annurev-arplant-042811-105550
http://www.ncbi.nlm.nih.gov/pubmed/22136565
http://doi.org/10.1104/pp.103.036293
http://doi.org/10.1074/mcp.M113.032227
http://doi.org/10.1016/j.crvi.2008.07.022
http://www.ncbi.nlm.nih.gov/pubmed/18926495
http://doi.org/10.1042/BCJ20190159
http://doi.org/10.1016/j.bbapap.2004.08.007
http://doi.org/10.1093/jxb/ern252
http://www.ncbi.nlm.nih.gov/pubmed/18977746
http://doi.org/10.1016/j.bbagen.2013.04.038
http://doi.org/10.1016/j.bbapap.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/15680229
http://doi.org/10.1016/S0021-9258(18)72897-4
http://doi.org/10.1007/s00726-003-0011-2
http://doi.org/10.1016/j.bbapap.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24418392
http://doi.org/10.1038/nrm3801
http://doi.org/10.1080/15216540051081056
http://www.ncbi.nlm.nih.gov/pubmed/11327324
http://doi.org/10.1016/j.bbapap.2004.08.010
http://www.ncbi.nlm.nih.gov/pubmed/15680221
http://doi.org/10.1089/ars.2009.2998
http://www.ncbi.nlm.nih.gov/pubmed/19958171
http://doi.org/10.1016/j.mam.2011.10.010
http://doi.org/10.1016/S0070-2153(07)80003-2
http://doi.org/10.1073/pnas.93.26.15036
http://doi.org/10.1089/ars.2009.2809
http://doi.org/10.3390/antiox7090114
http://doi.org/10.1093/pcp/pcs114
http://doi.org/10.1073/pnas.1220589110
http://doi.org/10.1089/ars.2011.4153
http://www.ncbi.nlm.nih.gov/pubmed/21882992


Plants 2022, 11, 569 16 of 18

32. Ferguson, D.L.; Burke, J. Methionyl Sulfoxide Content and Protein-Methionine-S-Oxide Reductase Activity in Response to Water
Deficits or High Temperature. Physiol. Plant. 1994, 90, 253–258. [CrossRef]

33. Romero, H.M.; Berlett, B.S.; Jensen, P.J.; Pell, E.J.; Tien, M. Investigations into the Role of the Plastidial Peptide Methionine
Sulfoxide Reductase in Response to Oxidative Stress in Arabidopsis. Plant Physiol. 2004, 136, 3784–3794. [CrossRef]

34. Laugier, E.; Tarrago, L.; Vieira Dos Santos, C.; Eymery, F.; Havaux, M.; Rey, P. Arabidopsis thaliana Plastidial Methionine
Sulfoxide Reductases B, MSRBs, Account for Most Leaf Peptide MSR Activity and Are Essential for Growth under Environmental
Constraints through a Role in the Preservation of Photosystem Antennae. Plant J. Cell Mol. Biol. 2010, 61, 271–282. [CrossRef]

35. Wojciechowska, N.; Alipour, S.; Stolarska, E.; Bilska, K.; Rey, P.; Kalemba, E.M. Involvement of the MetO/Msr System in Two Acer
Species That Display Contrasting Characteristics during Germination. Int. J. Mol. Sci. 2020, 21, 9197. [CrossRef]

36. Bettinger, J.Q.; Welle, K.A.; Hryhorenko, J.R.; Ghaemmaghami, S. Quantitative Analysis of in Vivo Methionine Oxidation of the
Human Proteome. J. Proteome Res. 2020, 19, 624–633. [CrossRef] [PubMed]

37. Walker, E.J.; Bettinger, J.Q.; Welle, K.A.; Hryhorenko, J.R.; Ghaemmaghami, S. Global Analysis of Methionine Oxidation Provides
a Census of Folding Stabilities for the Human Proteome. Proc. Natl. Acad. Sci. USA 2019, 116, 6081–6090. [CrossRef] [PubMed]

38. Aledo, J.C.; Aledo, P. Susceptibility of Protein Methionine Oxidation in Response to Hydrogen Peroxide Treatment-Ex Vivo
Versus In Vitro: A Computational Insight. Antioxidants 2020, 9, 987. [CrossRef]

39. Veredas, F.J.; Cantón, F.R.; Aledo, J.C. Methionine Residues around Phosphorylation Sites Are Preferentially Oxidized in Vivo
under Stress Conditions. Sci. Rep. 2017, 7, 40403. [CrossRef]

40. Jacques, S.; Ghesquière, B.; De Bock, P.-J.; Demol, H.; Wahni, K.; Willems, P.; Messens, J.; Van Breusegem, F.; Gevaert, K.
Protein Methionine Sulfoxide Dynamics in Arabidopsis thaliana under Oxidative Stress. Mol. Cell. Proteomics 2015, 14, 1217–1229.
[CrossRef]

41. Wojciechowska, N.; Bagniewska-Zadworna, A.; Minicka, J.; Michalak, K.M.; Kalemba, E.M. Localization and Dynamics of the
Methionine Sulfoxide Reductases MsrB1 and MsrB2 in Beech Seeds. Int. J. Mol. Sci. 2021, 22, 402. [CrossRef] [PubMed]

42. El-Maarouf-Bouteau, H.; Meimoun, P.; Job, C.; Job, D.; Bailly, C. Role of Protein and mRNA Oxidation in Seed Dormancy and
Germination. Front. Plant Sci. 2013, 4, 77. [CrossRef] [PubMed]

43. Sano, N.; Rajjou, L.; North, H.M.; Debeaujon, I.; Marion-Poll, A.; Seo, M. Staying Alive: Molecular Aspects of Seed Longevity.
Plant Cell Physiol. 2016, 57, 660–674. [CrossRef]

44. Dirk, L.M.A.; Downie, A.B. An Examination of Job’s Rule: Protection and Repair of the Proteins of the Translational Apparatus in
Seeds. Seed Sci. Res. 2018, 28, 168–181. [CrossRef]

45. Lonsdale-Eccles, J.D.; Lynley, A.M.; Dale, B.A. Cyanogen Bromide Cleavage of Proteins in Sodium Dodecyl Sulphate/Polyacrylamide
Gels. Diagonal Peptide Mapping of Proteins from Epidermis. Biochem. J. 1981, 197, 591–597. [CrossRef] [PubMed]

46. Gross, E.; Witkop, B. Nonenzymatic Cleavage of Peptide Bonds: The Methionine Residues in Bovine Pancreatic Ribonuclease. J.
Biol. Chem. 1962, 237, 1856–1860. [CrossRef]

47. Gross, E. The Cyanogen Bromide Reaction. In Methods in Enzymology; Academic Press: Cambridge, MA, USA, 1967; Volume 11,
pp. 238–255.

48. Andreev, Y.A.; Kozlov, S.A.; Vassilevski, A.A.; Grishin, E.V. Cyanogen Bromide Cleavage of Proteins in Salt and Buffer Solutions.
Anal. Biochem. 2010, 407, 144–146. [CrossRef] [PubMed]

49. Samyn, B.; Sergeant, K.; Castanheira, P.; Faro, C.; Van Beeumen, J. A New Method for C-Terminal Sequence Analysis in the
Proteomic Era. Nat. Methods 2005, 2, 193–200. [CrossRef]

50. Morla, A.; Poirier, F.; Pons, S.; Beaulieu, C.; Charrier, J.-P.; Ataman-Onal, Y.; Gléhen, O.; Jolivet, M.; Choquet-Kastylevsky, G.
Analysis of High Molecular Mass Proteins Larger than 150 kDa Using Cyanogen Bromide Cleavage and Conventional 2-DE.
Electrophoresis 2008, 29, 4158–4168. [CrossRef]

51. Steers, E.; Craven, G.R.; Anfinsen, C.B.; Bethune, J.L. Evidence for Nonidentical Chains in the Beta-Galactosidase of Escherichia
coli K12. J. Biol. Chem. 1965, 240, 2478–2484. [CrossRef]

52. Pattison, D.I.; Davies, M.J. Absolute Rate Constants for the Reaction of Hypochlorous Acid with Protein Side Chains and Peptide
Bonds. Chem. Res. Toxicol. 2001, 14, 1453–1464. [CrossRef] [PubMed]

53. Laemmli, U.K. Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4. Nature 1970, 227, 680–685.
[CrossRef]

54. Ghesquière, B.; Jonckheere, V.; Colaert, N.; Van Durme, J.; Timmerman, E.; Goethals, M.; Schymkowitz, J.; Rousseau, F.;
Vandekerckhove, J.; Gevaert, K. Redox Proteomics of Protein-Bound Methionine Oxidation. Mol. Cell. Proteom. MCP 2011, 10,
M110.006866. [CrossRef]

55. Ghesquière, B.; Gevaert, K. Proteomics Methods to Study Methionine Oxidation. Mass Spectrom. Rev. 2014, 33, 147–156. [CrossRef]
[PubMed]

56. Stadtman, E.R.; Moskovitz, J.; Levine, R.L. Oxidation of Methionine Residues of Proteins: Biological Consequences. Antioxid.
Redox Signal. 2003, 5, 577–582. [CrossRef] [PubMed]

57. Vogt, W. Oxidation of Methionyl Residues in Proteins: Tools, Targets, and Reversal. Free Radic. Biol. Med. 1995, 18, 93–105.
[CrossRef]

58. Job, C.; Rajjou, L.; Lovigny, Y.; Belghazi, M.; Job, D. Patterns of Protein Oxidation in Arabidopsis Seeds and during Germination.
Plant Physiol. 2005, 138, 790–802. [CrossRef]

http://doi.org/10.1111/j.1399-3054.1994.tb00385.x
http://doi.org/10.1104/pp.104.046656
http://doi.org/10.1111/j.1365-313X.2009.04053.x
http://doi.org/10.3390/ijms21239197
http://doi.org/10.1021/acs.jproteome.9b00505
http://www.ncbi.nlm.nih.gov/pubmed/31801345
http://doi.org/10.1073/pnas.1819851116
http://www.ncbi.nlm.nih.gov/pubmed/30846556
http://doi.org/10.3390/antiox9100987
http://doi.org/10.1038/srep40403
http://doi.org/10.1074/mcp.M114.043729
http://doi.org/10.3390/ijms22010402
http://www.ncbi.nlm.nih.gov/pubmed/33401671
http://doi.org/10.3389/fpls.2013.00077
http://www.ncbi.nlm.nih.gov/pubmed/23579315
http://doi.org/10.1093/pcp/pcv186
http://doi.org/10.1017/S0960258518000284
http://doi.org/10.1042/bj1970591
http://www.ncbi.nlm.nih.gov/pubmed/6173036
http://doi.org/10.1016/S0021-9258(19)73948-9
http://doi.org/10.1016/j.ab.2010.07.023
http://www.ncbi.nlm.nih.gov/pubmed/20670609
http://doi.org/10.1038/nmeth738
http://doi.org/10.1002/elps.200800007
http://doi.org/10.1016/S0021-9258(18)97349-7
http://doi.org/10.1021/tx0155451
http://www.ncbi.nlm.nih.gov/pubmed/11599938
http://doi.org/10.1038/227680a0
http://doi.org/10.1074/mcp.M110.006866
http://doi.org/10.1002/mas.21386
http://www.ncbi.nlm.nih.gov/pubmed/24178673
http://doi.org/10.1089/152308603770310239
http://www.ncbi.nlm.nih.gov/pubmed/14580313
http://doi.org/10.1016/0891-5849(94)00158-G
http://doi.org/10.1104/pp.105.062778


Plants 2022, 11, 569 17 of 18

59. Wan, L.; Ross, A.R.S.; Yang, J.; Hegedus, D.D.; Kermode, A.R. Phosphorylation of the 12 S Globulin Cruciferin in Wild-Type and
Abi1-1 Mutant Arabidopsis thaliana (Thale Cress) Seeds. Biochem. J. 2007, 404, 247–256. [CrossRef] [PubMed]

60. Wojciechowska, N.; Alipour, S.; Stolarska, E.; Bilska, K.; Rey, P.; Kalemba, E.M. Peptide-Bound Methionine Sulfoxide (MetO)
Levels and MsrB2 Abundance Are Differentially Regulated during the Desiccation Phase in Contrasted Acer Seeds. Antioxidants
2020, 9, 391. [CrossRef] [PubMed]

61. Tarrago, L.; Grosse, S.; Siponen, M.I.; Lemaire, D.; Alonso, B.; Miotello, G.; Armengaud, J.; Arnoux, P.; Pignol, D.; Sabaty, M.
Rhodobacter sphaeroides Methionine Sulfoxide Reductase P Reduces R- and S-Diastereomers of Methionine Sulfoxide from a
Broad-Spectrum of Protein Substrates. Biochem. J. 2018, 475, 3779–3795. [CrossRef]

62. Lin, S.; Yang, X.; Jia, S.; Weeks, A.M.; Hornsby, M.; Lee, P.S.; Nichiporuk, R.V.; Iavarone, A.T.; Wells, J.A.; Toste, F.D.; et al.
Redox-Based Reagents for Chemoselective Methionine Bioconjugation. Science 2017, 355, 597–602. [CrossRef] [PubMed]

63. Elledge, S.K.; Tran, H.L.; Christian, A.H.; Steri, V.; Hann, B.; Toste, F.D.; Chang, C.J.; Wells, J.A. Systematic Identification of
Engineered Methionines and Oxaziridines for Efficient, Stable, and Site-Specific Antibody Bioconjugation. Proc. Natl. Acad. Sci.
USA 2020, 117, 5733–5740. [CrossRef] [PubMed]

64. Hollemeyer, K.; Heinzle, E.; Tholey, A. Identification of Oxidized Methionine Residues in Peptides Containing Two Methionine
Residues by Derivatization and Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry. Proteomics 2002, 2, 1524–1531.
[CrossRef]

65. Gustavsson, N.; Härndahl, U.; Sundby, C.; Emanuelsson, A.; Roepstorff, P. Methionine Sulfoxidation of the Chloroplast Small
Heat Shock Protein and Conformational Changes in the Oligomer. Protein Sci. 1999, 8, 2506–2512. [CrossRef]

66. Schwarz, C.; Nickelsen, J. 2D Diagonal Redox SDS-PAGE of Proteins. Bio-Protoc. 2013, 3, e781. [CrossRef]
67. Shechter, Y.; Burstein, Y.; Patchornik, A. Selective Oxidation of Methionine Residues in Proteins. Biochemistry 1975, 14, 4497–4503.

[CrossRef]
68. Dure, L.; Crouch, M.; Harada, J.; Ho, T.H.; Mundy, J.; Quatrano, R.; Thomas, T.; Sung, Z.R. Common Amino Acid Sequence

Domains among the LEA Proteins of Higher Plants. Plant Mol. Biol. 1989, 12, 475–486. [CrossRef]
69. Tunnacliffe, A.; Wise, M.J. The Continuing Conundrum of the LEA Proteins. Naturwissenschaften 2007, 94, 791–812. [CrossRef]
70. Battaglia, M.; Olvera-Carrillo, Y.; Garciarrubio, A.; Campos, F.; Covarrubias, A.A. The Enigmatic LEA Proteins and Other

Hydrophilins. Plant Physiol. 2008, 148, 6–24. [CrossRef]
71. Candat, A.; Paszkiewicz, G.; Neveu, M.; Gautier, R.; Logan, D.C.; Avelange-Macherel, M.-H.; Macherel, D. The Ubiquitous

Distribution of Late Embryogenesis Abundant Proteins across Cell Compartments in Arabidopsis Offers Tailored Protection
against Abiotic Stress. Plant Cell 2014, 26, 3148–3166. [CrossRef]

72. Chakrabortee, S.; Tripathi, R.; Watson, M.; Kaminski Schierle, G.S.; Kurniawan, D.P.; Kaminski, C.F.; Wise, M.J.; Tunnacliffe, A.
Intrinsically Disordered Proteins as Molecular Shields. Mol. Biosyst. 2012, 8, 210–219. [CrossRef] [PubMed]

73. Adachi, M.; Kanamori, J.; Masuda, T.; Yagasaki, K.; Kitamura, K.; Mikami, B.; Utsumi, S. Crystal Structure of Soybean 11S
Globulin: Glycinin A3B4 Homohexamer. Proc. Natl. Acad. Sci. USA 2003, 100, 7395–7400. [CrossRef]

74. Kato, M.; Yang, Y.-S.; Sutter, B.M.; Wang, Y.; McKnight, S.L.; Tu, B.P. Redox State Controls Phase Separation of the Yeast Ataxin-2
Protein via Reversible Oxidation of Its Methionine-Rich Low-Complexity Domain. Cell 2019, 177, 711–721. [CrossRef] [PubMed]

75. Perera, S.P.; McIntosh, T.C.; Wanasundara, J.P.D. Structural Properties of Cruciferin and Napin of Brassica napus (Canola) Show
Distinct Responses to Changes in PH and Temperature. Plants 2016, 5, 36. [CrossRef] [PubMed]

76. Mutlu, A.; Chen, X.; Reddy, S.M.; Gal, S. The Aspartic Proteinase Is Expressed in Arabidopsis Thaliana Seeds and Localized in the
Protein Bodies. Seed Sci. Res. 1999, 9, 75–84. [CrossRef]

77. Chen, H.; Osuna, D.; Colville, L.; Lorenzo, O.; Graeber, K.; Küster, H.; Leubner-Metzger, G.; Kranner, I. Transcriptome-Wide
Mapping of Pea Seed Ageing Reveals a Pivotal Role for Genes Related to Oxidative Stress and Programmed Cell Death. PLoS
ONE 2013, 8, e78471. [CrossRef]

78. Sano, N.; Permana, H.; Kumada, R.; Shinozaki, Y.; Tanabata, T.; Yamada, T.; Hirasawa, T.; Kanekatsu, M. Proteomic Analysis
of Embryonic Proteins Synthesized from Long-Lived mRNAs during Germination of Rice Seeds. Plant Cell Physiol. 2012, 53,
687–698. [CrossRef] [PubMed]

79. Wilkinson, B.; Gilbert, H.F. Protein Disulfide Isomerase. Biochim. Biophys. Acta 2004, 1699, 35–44. [CrossRef]
80. Fluhr, R.; Lampl, N.; Roberts, T.H. Serpin Protease Inhibitors in Plant Biology. Physiol. Plant. 2012, 145, 95–102. [CrossRef]

[PubMed]
81. Perozich, J.; Nicholas, H.; Wang, B.C.; Lindahl, R.; Hempel, J. Relationships within the Aldehyde Dehydrogenase Extended

Family. Protein Sci. Publ. Protein Soc. 1999, 8, 137–146. [CrossRef] [PubMed]
82. Debeaujon, I.; Léon-Kloosterziel, K.M.; Koornneef, M. Influence of the Testa on Seed Dormancy, Germination, and Longevity in

Arabidopsis. Plant Physiol. 2000, 122, 403–414. [CrossRef] [PubMed]
83. Lepiniec, L.; Debeaujon, I.; Routaboul, J.-M.; Baudry, A.; Pourcel, L.; Nesi, N.; Caboche, M. Genetics and Biochemistry of Seed

Flavonoids. Annu. Rev. Plant Biol. 2006, 57, 405–430. [CrossRef] [PubMed]
84. Shin, J.-H.; Kim, S.-R.; An, G. Rice Aldehyde Dehydrogenase7 Is Needed for Seed Maturation and Viability. Plant Physiol. 2009,

149, 905–915. [CrossRef]
85. Liu, J.; Atamna, H.; Kuratsune, H.; Ames, B.N. Delaying Brain Mitochondrial Decay and Aging with Mitochondrial Antioxidants

and Metabolites. Ann. N. Y. Acad. Sci. 2002, 959, 133–166. [CrossRef] [PubMed]

http://doi.org/10.1042/BJ20061569
http://www.ncbi.nlm.nih.gov/pubmed/17313365
http://doi.org/10.3390/antiox9050391
http://www.ncbi.nlm.nih.gov/pubmed/32392756
http://doi.org/10.1042/BCJ20180706
http://doi.org/10.1126/science.aal3316
http://www.ncbi.nlm.nih.gov/pubmed/28183972
http://doi.org/10.1073/pnas.1920561117
http://www.ncbi.nlm.nih.gov/pubmed/32123103
http://doi.org/10.1002/1615-9861(200211)2:11&lt;1524::AID-PROT1524&gt;3.0.CO;2-7
http://doi.org/10.1110/ps.8.11.2506
http://doi.org/10.21769/BioProtoc.781
http://doi.org/10.1021/bi00691a025
http://doi.org/10.1007/BF00036962
http://doi.org/10.1007/s00114-007-0254-y
http://doi.org/10.1104/pp.108.120725
http://doi.org/10.1105/tpc.114.127316
http://doi.org/10.1039/C1MB05263B
http://www.ncbi.nlm.nih.gov/pubmed/21909508
http://doi.org/10.1073/pnas.0832158100
http://doi.org/10.1016/j.cell.2019.02.044
http://www.ncbi.nlm.nih.gov/pubmed/30982603
http://doi.org/10.3390/plants5030036
http://www.ncbi.nlm.nih.gov/pubmed/27618118
http://doi.org/10.1017/S0960258599000082
http://doi.org/10.1371/journal.pone.0078471
http://doi.org/10.1093/pcp/pcs024
http://www.ncbi.nlm.nih.gov/pubmed/22383627
http://doi.org/10.1016/S1570-9639(04)00063-9
http://doi.org/10.1111/j.1399-3054.2011.01540.x
http://www.ncbi.nlm.nih.gov/pubmed/22085334
http://doi.org/10.1110/ps.8.1.137
http://www.ncbi.nlm.nih.gov/pubmed/10210192
http://doi.org/10.1104/pp.122.2.403
http://www.ncbi.nlm.nih.gov/pubmed/10677433
http://doi.org/10.1146/annurev.arplant.57.032905.105252
http://www.ncbi.nlm.nih.gov/pubmed/16669768
http://doi.org/10.1104/pp.108.130716
http://doi.org/10.1111/j.1749-6632.2002.tb02090.x
http://www.ncbi.nlm.nih.gov/pubmed/11976193


Plants 2022, 11, 569 18 of 18

86. Sadowska-Bartosz, I.; Bartosz, G. Effect of Antioxidants Supplementation on Aging and Longevity. BioMed Res. Int. 2014, 2014,
404680. [CrossRef]

87. Tahara, E.B.; Barros, M.H.; Oliveira, G.A.; Netto, L.E.S.; Kowaltowski, A.J. Dihydrolipoyl Dehydrogenase as a Source of Reactive
Oxygen Species Inhibited by Caloric Restriction and Involved in Saccharomyces Cerevisiae Aging. FASEB J. 2007, 21, 274–283.
[CrossRef] [PubMed]

88. Omarov, R.T.; Akaba, S.; Koshiba, T.; Lips, S.H. Aldehyde Oxidase in Roots, Leaves and Seeds of Barley (Hordeum vulgare L.). J.
Exp. Bot. 1999, 50, 63–69. [CrossRef]

89. Seo, M.; Peeters, A.J.; Koiwai, H.; Oritani, T.; Marion-Poll, A.; Zeevaart, J.A.; Koornneef, M.; Kamiya, Y.; Koshiba, T. The
Arabidopsis Aldehyde Oxidase 3 (AAO3) Gene Product Catalyzes the Final Step in Abscisic Acid Biosynthesis in Leaves. Proc.
Natl. Acad. Sci. USA 2000, 97, 12908–12913. [CrossRef]

90. Miransari, M.; Smith, D.L. Plant Hormones and Seed Germination. Environ. Exp. Bot. 2014, 99, 110–121. [CrossRef]
91. Souter, M.; Lindsey, K. Polarity and Signalling in Plant Embryogenesis. J. Exp. Bot. 2000, 51, 971–983. [CrossRef] [PubMed]
92. Leung, J.; Giraudat, J. Abscisic Acid Signal Transduction. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1998, 49, 199–222. [CrossRef]

[PubMed]
93. Rao, R.S.P.; Møller, I.M. Pattern of Occurrence and Occupancy of Carbonylation Sites in Proteins. Proteomics 2011, 11, 4166–4173.

[CrossRef] [PubMed]
94. Buchanan, B.B.; Balmer, Y. Redox Regulation: A Broadening Horizon. Annu. Rev. Plant Biol. 2005, 56, 187–220. [CrossRef]

[PubMed]
95. Oien, D.B.; Carrasco, G.A.; Moskovitz, J. Decreased Phosphorylation and Increased Methionine Oxidation of α-Synuclein in the

Methionine Sulfoxide Reductase A Knockout Mouse. J. Amino Acids 2011, 2011, 721094. [CrossRef] [PubMed]
96. Hardin, S.C.; Larue, C.T.; Oh, M.-H.; Jain, V.; Huber, S.C. Coupling Oxidative Signals to Protein Phosphorylation via Methionine

Oxidation in Arabidopsis. Biochem. J. 2009, 422, 305–312. [CrossRef]
97. Rao, R.; Xu, D.; Thelen, J.J.; Miernyk, J.A. Circles within Circles: Crosstalk between Protein Ser/Thr/Tyr-Phosphorylation and

Met Oxidation. BMC Bioinform. 2013, 14, S14. [CrossRef] [PubMed]
98. Aussel, L.; Ezraty, B. Methionine Redox Homeostasis in Protein Quality Control. Front. Mol. Biosci. 2021, 8, 665492. [CrossRef]
99. Chibani, K.; Ali-Rachedi, S.; Job, C.; Job, D.; Jullien, M.; Grappin, P. Proteomic Analysis of Seed Dormancy in Arabidopsis. Plant

Physiol. 2006, 142, 1493–1510. [CrossRef] [PubMed]
100. Sinha, P.; Poland, J.; Schnölzer, M.; Rabilloud, T. A New Silver Staining Apparatus and Procedure for Matrix-Assisted Laser

Desorption/Ionization-Time of Flight Analysis of Proteins after Two-Dimensional Electrophoresis. Proteomics 2001, 1, 835–840.
[CrossRef]

101. Crooks, G.E.; Hon, G.; Chandonia, J.-M.; Brenner, S.E. WebLogo: A Sequence Logo Generator. Genome Res. 2004, 14, 1188–1190.
[CrossRef] [PubMed]

102. Durek, P.; Schmidt, R.; Heazlewood, J.L.; Jones, A.; MacLean, D.; Nagel, A.; Kersten, B.; Schulze, W.X. PhosPhAt: The Arabidopsis
thaliana Phosphorylation Site Database. An Update. Nucleic Acids Res. 2010, 38, D828–D834. [CrossRef] [PubMed]

103. Källberg, M.; Margaryan, G.; Wang, S.; Ma, J.; Xu, J. RaptorX Server: A Resource for Template-Based Protein Structure Modeling.
Methods Mol. Biol. 2014, 1137, 17–27. [CrossRef] [PubMed]

http://doi.org/10.1155/2014/404680
http://doi.org/10.1096/fj.06-6686com
http://www.ncbi.nlm.nih.gov/pubmed/17110466
http://doi.org/10.1093/jxb/50.330.63
http://doi.org/10.1073/pnas.220426197
http://doi.org/10.1016/j.envexpbot.2013.11.005
http://doi.org/10.1093/jexbot/51.347.971
http://www.ncbi.nlm.nih.gov/pubmed/10948225
http://doi.org/10.1146/annurev.arplant.49.1.199
http://www.ncbi.nlm.nih.gov/pubmed/15012233
http://doi.org/10.1002/pmic.201100223
http://www.ncbi.nlm.nih.gov/pubmed/21919202
http://doi.org/10.1146/annurev.arplant.56.032604.144246
http://www.ncbi.nlm.nih.gov/pubmed/15862094
http://doi.org/10.4061/2011/721094
http://www.ncbi.nlm.nih.gov/pubmed/22332004
http://doi.org/10.1042/BJ20090764
http://doi.org/10.1186/1471-2105-14-S14-S14
http://www.ncbi.nlm.nih.gov/pubmed/24267725
http://doi.org/10.3389/fmolb.2021.665492
http://doi.org/10.1104/pp.106.087452
http://www.ncbi.nlm.nih.gov/pubmed/17028149
http://doi.org/10.1002/1615-9861(200107)1:7&lt;835::AID-PROT835&gt;3.0.CO;2-2
http://doi.org/10.1101/gr.849004
http://www.ncbi.nlm.nih.gov/pubmed/15173120
http://doi.org/10.1093/nar/gkp810
http://www.ncbi.nlm.nih.gov/pubmed/19880383
http://doi.org/10.1007/978-1-4939-0366-5_2
http://www.ncbi.nlm.nih.gov/pubmed/24573471

	Introduction 
	Results 
	A Novel Proteomic Approach: 2Dd-CNBr 
	2Dd -CNBr of Arabidopsis Seed Soluble Proteins 

	Discussion 
	Materials and Methods 
	Plant Material 
	Preparation of Soluble Proteins Extracts 
	In Gel Oxidation of Soluble Proteins and BSA with Hypochlorous Acid 
	D-Diagonal Electrophoresis, Gel Staining, and Image Analysis 
	Protein Identification by Mass Spectrometry 
	Bioinformatic Tools 

	References

