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Protein Methionine Sulfoxide Dynamics in
Arabidopsis thaliana under Oxidative Stresss

Silke Jacques™”°%°, Bart Ghesquiére®””, Pieter-Jan De Bock™”, Hans Demol®®,
Khadija Wahni? ", Patrick Willems®*<9, Joris Messens®""/, Frank Van Breusegem®*,

and Kris Gevaert®?/

Reactive oxygen species such as hydrogen peroxide can
modify proteins via direct oxidation of their sulfur-con-
taining amino acids, cysteine and methionine. Methionine
oxidation, studied here, is a reversible posttranslational
modification that is emerging as a mechanism by which
proteins perceive oxidative stress and function in redox
signaling. Identification of proteins with oxidized methio-
nines is the first prerequisite toward understanding the
functional effect of methionine oxidation on proteins and
the biological processes in which they are involved. Here,
we describe a proteome-wide study of in vivo protein-
bound methionine oxidation in plants upon oxidative
stress using Arabidopsis thaliana catalase 2 knock-out
plants as a model system. We identified over 500 sites of
oxidation in about 400 proteins and quantified the differ-
ences in oxidation between wild-type and catalase 2
knock-out plants. We show that the activity of two plant-
specific glutathione S-transferases, GSTF9 and GSTT23,
is significantly reduced upon oxidation. And, by sampling
over time, we mapped the dynamics of methionine oxida-
tion and gained new insights into this complex and dy-
namic landscape of a part of the plant proteome that is
sculpted by oxidative stress. Molecular & Cellular Pro-
teomics 14: 10.1074/mcp.M114.043729, 1217-1229, 2015.

Cellular oxidative stress is the result of an imbalance be-
tween oxidizing and reducing cellular agents and enzymes
and is considered to be a major damaging factor (1). The
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identification of those proteins, together with their redox mod-
ifications, which are involved in responses to oxidative stress
is needed for addressing key questions on understanding how
plants perceive and adjust to environmental stress factors.
Such adverse environmental conditions indeed influence
plant growth and quality; hence, knowing the key protein
players might lead to new opportunities to weapon food and
feed crops against forecasted climate changes. The latter are
expected to trigger sustained exposure of plants to abiotic
stress, rendering them vulnerable, thus urging the necessity
for sustainable solutions to improve crops. Plant proteomics
provides an excellent way to deliver the scientific knowledge
that is translatable into useful applications for crop improve-
ment through identification of target proteins affected by the
oxidative burden (2-4).

Importantly, the accumulation of reactive oxygen or nitro-
gen species upon oxidative stress not only leads to damage
of proteins, oligonucleotides, sugars, and lipids but also
evokes cellular signaling events (5, 6). Here, hydrogen perox-
ide is particularly interesting as an oxidative stress signaling
molecule (7) because of its relatively long half-life (1 ms) and
its size, which enable it to oxidize biomolecules in compart-
ments other than the site of hydrogen peroxide generation
and even in neighboring cells (8). However, in plant cells, little
is known on how exactly changes in hydrogen peroxide levels
can lead to a final oxidative stress response. Perception of
and oxidation by hydrogen peroxide (or derived species) have
revealed some redox-regulating proteins (9), but for the ma-
jority of proteins, it remains unclear whether oxidation leads to
signaling events or to damage. To study the in vivo effects of
increased hydrogen peroxide levels, Arabidopsis catalase 2
knock-out plants serve as a good model system because
these plants have increased intracellular oxidation caused by
increased hydrogen peroxide availability, making them a
physiologically more relevant model system (10) as compared
with the exogenous addition of hydrogen peroxide (11). The
catalase 2 enzyme is the major leaf catalase isoform of three
encoded in the Arabidopsis genome and as such the leading
scavenger of hydrogen peroxide, which is produced by gly-
colate oxidase in the peroxisomes upon photorespiration (12).
Scavenging of hydrogen peroxide is indeed severely reduced
in Arabidopsis catalase 2 knock-out plants (cat2-2) as these
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plants show a loss in catalase enzyme activity to only 10% of
that in wild-type plants, illustrating the important contribution
of CAT2" to the total leaf catalase activity (13). Furthermore, it
became clear that cat2-2 plants are photorespiratory mutants
showing a decreased growth relative to wild-type plants in
ambient air. This dwarf phenotype becomes already apparent
at irradiances of 50-100 umol m~2 s~ and is more severe
upon increased irradiance (10, 12). The dwarf phenotype is in
accordance with an induction of hydrogen peroxide-respon-
sive transcripts (13). However, upon growth under high levels
of CO, or at low light intensities, no phenotypic differences
were apparent, and no induction of hydrogen peroxide-re-
sponsive transcripts could be detected (13).

Hydrogen peroxide is capable of directly oxidizing the two
sulfur-containing amino acids, methionine and cysteine. Oxi-
dation of cysteine in particular has been intensively studied,
and it is known that its different oxidation states may impact
diverse proteins (14, 15). Methionine oxidation, in contrast,
has received less attention, and in plants, only a few examples
of functional consequences of this modification have been
described (16-19). Hydrogen peroxide can readily oxidize
methionine to methionine sulfoxide (MetO), which can then be
further oxidized to methionine sulfone although to a much
lesser extent (20, 21). Methionine sulfoxidation can be coun-
tered by methionine sulfoxide reductases (MSRs) (22). Upon
methionine oxidation, two stereoisomers may form (R-MetO
and S-MetO), and accordingly, two families of stereospecific
MSRs evolved: MSRA isoforms reduce S-MetO, whereas
MSRB isoforms reduce R-MetO (23). Arabidopsis thaliana
contains five MSRA genes encoding three cytosolic (MSRA1,
MSRA2, and MSRA3), one chloroplastic (MSRA4), and one
isoform targeted to the secretory pathway (MSRA5) (24). The
nine MSRB proteins present in Arabidopsis are also targeted
to different organelles: MSRB1 and -B2 are localized in the
chloroplast, B3 is designated to the secretory pathway,
whereas the other six MSRB proteins are cytosolic (25, 26).
Also other plants such as poplar with five MSRAs and four
MSRBs and rice with four MSRAs and three MSRBs (27)
express a considerably larger number of MSR enzymes as
compared with mammals, which only contain four MSR genes
in total (28). In plants, most of the methionine oxidation stud-
ies thus far have focused on the different functions of MSRs
rather than on the impact and extent of oxidation of protein-
bound methionines (29). Methionine oxidation causes conver-
sion of the hydrophobic methionine into the more hydrophilic
methionine sulfoxide. This change in physicochemical prop-
erties of methionine helps to explain an increase of protein
surface hydrophobicity upon methionine oxidation that trig-

" The abbreviations used are: CAT, catalase; MetO, methionine
sulfoxide; MSR, methionine sulfoxide reductase; COFRADIC, com-
bined fractional diagonal chromatography; WT, wild-type; TAIR, The
Arabidopsis Information Resource; XIC, extracted ion chromatogram;
CDNB, 1-chloro-2,4-dinitrobenzene; GO, gene ontology.

gers the exposure of otherwise inaccessible buried regions
(80). In plants, a loss of hydrophobic recognition sites upon
methionine oxidation was demonstrated for serine phosphor-
ylation of nitrate reductase (31), and a loss of chaperone-like
activity upon oxidation of methionine was demonstrated for
the small heat shock protein Hsp21 (32).

The lack of antibodies that specifically target oxidized me-
thionine residues has greatly impaired proteome-wide studies
of methionine oxidation events in plants (33). Here, we imple-
mented the recently developed COFRADIC proteomics tech-
nology that relies on diagonal peptide chromatography and
the specificity of MSRs to isolate peptides carrying in vivo
oxidized methionines, which are subsequently analyzed by
tandem mass spectrometry (34, 35), allowing the identification
of the exact sites of methionine oxidation. This enabled us to
chart in vivo protein-bound methionine oxidation in A. thaliana
following oxidative stress. This pioneering map of methionine
oxidation events suggests that under these conditions methi-
onine oxidation is not random but might steer molecular sig-
naling events. Furthermore, we compared differences in me-
thionine oxidation between wild type and catalase 2 mutants
and captured the dynamics of oxidation by time-resolved
proteome analysis. In addition, a validation study was per-
formed on two members of the plant-specific Phi and Tau
glutathione S-transferase (GST) classes, GSTF9 and GSTT23,
both identified as targets of in vivo methionine oxidation. Not
only do we provide kinetic parameters for both enzymes, but
we also show that oxidation negatively affects their activity.

EXPERIMENTAL PROCEDURES

Plant Material, Growth Conditions, and Stress Treatments— Cata-
lase knock-out (cat2-2) (13) and wild-type (WT) A. thaliana plants,
ecotype Columbia-0, were grown under elevated CO, concentrations
(3000 ppm) to impair photorespiration. Individual plants were orga-
nized according to a completely randomized block design in a con-
trolled climate chamber (Votsch Industrietechnik) in a 12:12-h day/
night regime (relative humidity of 50%, temperature of 21 °C, and
irradiance of 100 umol m~2 s~ . For high light treatments, 5-week-old
plants were transferred to a Sanyo Fitotron plant growth chamber in
ambient air conditions (400 ppm CO,, 55% relative humidity, 21 °C)
and continuous high light irradiation of 1200 umol m—2 s~ for 1 and
3 h. Middle aged leaves (as depicted in Fig. 1) of 15 individual plants
per line were sampled, pooled, and frozen in liquid nitrogen.

Methionine Sulfoxide COFRADIC—Proteins were extracted from
0.5 g of ground tissue by adding 0.5 ml of 250 mwm Tris-HCI buffer (pH
8.7) containing 150 mm NaCl, 2 mm EDTA, 1 M guanidinium hydro-
chloride, 1% CHAPS (Sigma-Aldrich), and the appropriate amount of
Complete protease inhibitor mixture (Roche Applied Science). After
centrifugation at 16,100 X g for 10 min (twice), protein concentrations
were measured using the Bradford assay. By adding the appropriate
volumes of extraction buffer, the protein concentration of all samples
was adjusted to 1.2 mg/ml using extraction buffer. Then cysteines
were reduced and alkylated in 10 mm triscarboxyethylphosphine
(Pierce) and 20 mm iodoacetamide (Sigma-Aldrich) upon incubation in
the dark for 30 min at 30 °C. Samples were subsequently desalted on
a NAP™.-5 column (Amersham Biosciences) in 1 ml of 50 mm trieth-
ylammonium bicarbonate buffer (pH 8), heated for 10 min at 95 °C,
and cooled on ice before adding sequencing grade endoproteinase
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Lys-C (Promega) in a ratio of 1:200 (enzyme:substrate, w/w) to digest
the samples overnight at 37 °C.

Next, primary a- and e-amines were labeled using N-hydroxysuc-
cinimide esters of stable isotopic variants of propionate. Peptides
originating from cat2-2 proteomes were ['2C,]propionated, whereas
those from Columbia-0 proteomes were ['C,]propionated by incu-
bation for 1 h at 30 °C to a final concentration of 10 mm N-hydroxy-
succinimide ester. After quenching remaining N-hydroxysuccinimide
esters in 50 mm glycine for 15 min at 25 °C, partial O-propionylation
of serine, threonine, and tyrosine was removed by adding hydroxyl-
amine to a final concentration of 50 mm and incubating for 15 min at
37 °C. The samples were acidified to a pH of 3 with acetic acid, and
equal amounts of peptides were mixed. The COFRADIC technology
relying on diagonal peptide chromatography and the specificity of
MSRA and MSRB3 (Jena Bioscience) to specifically isolate peptides
carrying in vivo oxidized methionines was applied to the equivalent of
500 ng of protein material as described (34) after which peptides were
analyzed by LC-MS/MS.

Shotgun Proteome Analysis—In parallel, shotgun proteomics was
applied on peptides fractionated during the first HPLC runs used for
the COFRADIC setup. These fractions were pooled (four fractions per
pool), and of each fraction, 10% was kept for LC-MS/MS analysis.
These peptide mixtures were vacuum-dried and resolved in 20 ul of
2% acetonitrile of which 2.5 ul was injected for LC-MS/MS analysis
as described below.

LC-MS/MS Analysis—The obtained peptide mixtures were intro-
duced into an LC-MS/MS system, the Ultimate 3000 RSLC nano
(Dionex, Amsterdam, The Netherlands), in line-connected to an to an
LTQ Orbitrap XL (Thermo Fisher Scientific, Bremen, Germany) for
analysis. The peptide mixture was first loaded on a trapping column
at a flow rate of 10 wl/min (made in house; 100-um internal diame-
ter X 20 mm, 5-um beads, C,5 Reprosil-HD, Dr. Maisch HPLC
GmbH). After flushing from the trapping column, the sample was
loaded on a reverse-phase column (made in house; 75-um internal
diameter X 150 mm, 5-um beads, C,g Reprosil-HD). Peptides were
loaded with solvent A (0.1% trifluoroacetic acid and 2% acetonitrile)
and separated with a linear gradient applied over 30 min from 2%
solvent A’ (0.05% formic acid) to 55% solvent B’ (0.05% formic acid
and 80% acetonitrile) at a flow rate of 300 nl/min followed by a wash
using solvent B'.

The mass spectrometer was operated in data-dependent mode,
automatically switching between MS and MS/MS acquisition for the
six most abundant peaks in a given MS spectrum. In the LTQ Orbitrap
XL, full-scan MS spectra were acquired in the Orbitrap at a target
value of 1E6 with a resolution of 60,000. The six most intense ions
were then isolated for fragmentation in the linear ion trap with a
dynamic exclusion of 60 s. Peptides were fragmented after filling the
ion trap at a target value of 1E4 ion counts. From the MS/MS data in
each LC run, Mascot generic files were created using the Mascot
Distiller software (version 2.3.2.0, Matrix Science). While generating
these peak lists, grouping of spectra was allowed with a maximum
intermediate retention time of 30 s, and a maximum intermediate scan
count of 5 was used where possible. Grouping was done with
0.005-Da precursor tolerance. A peak list was only generated when
the MS/MS spectrum contained more than 10 peaks. There was no
deisotoping, and the relative signal to noise limit was set at 2. These
peak lists were then searched with the Mascot search engine (Matrix
Science) using the Mascot Daemon interface (version 2.3, Matrix
Science). Spectra were searched against the TAIR database (version
10 containing 27,416 protein-coding genes). Two searches were per-
formed as described (36). In the first search, the quantitation config-
uration in Mascot was used in which propionate labels were set
exclusively to lysines and peptide N termini. The second search left
out the propionate label on peptide N termini but considered protein

N-terminal acetylation and pyroglutamate formation of glutamine as
variable modifications. In both searches, methionine oxidation (to the
sulfoxide form) was set as a fixed modification. If an MS/MS spectrum
was matched to two different peptides following both searches, the
match with the highest score was retained. Mass tolerance on pre-
cursor ions was set to =10 ppm (with Mascot’s C13 option set to 1)
and on fragment ions to =0.5 Da. The peptide charge was set to 1+,
2+, 3+, and the instrument setting was on ESI-TRAP. The enzyme
was set to endoproteinase Lys-C, allowing for one missed cleavage,
and cleavage was also allowed when lysine was followed by proline.
Only peptides that were ranked 1 and scored above the threshold
score, set at 99% confidence, were withheld. Note that all MS/MS
spectra have been uploaded into the PRIDE database (project acces-
sion number PXD001286). We calculated a false discovery rate of 2%
by using a reverse database of the A. thaliana TAIR database.
Searches were performed both against the forward and reverse da-
tabase, and the false discovery rate was calculated based on the
method of Kéll et al. (37) using the following formula: false discovery
rate = (number of false positives)/(number of true identifications) X
100. Identified peptides were quantified using the Mascot Distiller
Toolbox (Matrix Science) in the precursor mode. This software tries to
fit an ideal isotopic distribution on the experimental data based on the
peptide average amino acid composition. This is followed by extrac-
tion of the XIC signal of both peptide components (light and heavy)
from the raw data. Ratios are calculated from the area below the light
and heavy isotopic envelope of the corresponding peptide (integra-
tion method, ‘trapezium”; integration source, “survey”). To calculate
this ratio value, a least square fit to the component intensities from the
different scans in the XIC peak was created. MS scans used for this
ratio calculation are situated in the elution peak of the precursor
determined by the Distiller software (XIC threshold, 0.3; XIC smooth,
1; maximum XIC width, 250). To validate the calculated ratio, the
standard error on the least square fit has to be below 0.16, and the
correlation coefficient of the isotopic envelope should be above 0.97.

Quantitative Data Analysis—Using Huber robust statistics, the me-
dian, standard deviation, and 95% confidence intervals were calcu-
lated in R for both the methionine sulfoxide data sets as well as for the
shotgun data sets. In each setup, the median ratio value was sub-
tracted from the calculated log, ratio values to rescale the distribution
of ratio values around p = 0. All significant spectra (95% confidence
interval, p = 0.05) as well as the peptides denominated “FALSE” by
Mascot were manually validated using XCalibur (Thermo Scientific).
After recalculation of the Huber limits (95% confidence interval set-
tings) and rescaling, the ratio values of methionine-containing pep-
tides were corrected for protein abundance differences (when avail-
able) by subtracting the rescaled log, values, thus correcting for
possible altered protein synthesis/degradation. A final calculation was
then done of the 95% confidence interval, which enables identifica-
tion of the significantly different oxidized proteins after 1 and 3 h of
exposure to high light stress.

Recombinant GST Protein Expression and Purification—Gateway ™
custom pENTR223 vectors containing coding sequences of full-
length GSTF9 (AT2G30860) and GSTT23 (AT1G78320) proteins were
recombined into pDEST14 Gateway destination vectors. BL21 Star™
One Shot chemically competent Escherichia coli cells (Invitrogen)
were transformed, and GSTF9 and GSTT23 protein production was
induced with 0.2 mm isopropyl B-bD-1-thiogalactopyranoside in grow-
ing cultures of successfully transformed E. coli cells reaching an Aggo
of 0.8. After incubation overnight at 16 °C, cells were centrifuged for
10 min at 2700 X g and resuspended in 20 ml of cold PBS with 1 mm
DTT, 1% Triton X-100, and the appropriate amount of Complete
protease inhibitor mixture. Sonication for 5 min with 10-s pulses was
followed by centrifugation for 10 min at 10,000 X g to remove cellular
debris after which the recombinant GST proteins were purified from
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the supernatant by affinity chromatography using immobilized gluta-
thione columns (GSTrap HP, GE Healthcare). Elution of the affinity-
trapped GST proteins was done using a 50 mm Tris-HCI (pH 8) buffer
solution containing 10 mm reduced glutathione.

Oxidation of Recombinant GSTF9 and MS Analysis—The reduced
glutathione present in the elution buffer was removed by desalting
over a 0.7-ml polyacrylamide spin desalting column (Thermo Scien-
tific Pierce) following the manufacturer’s instructions. During this
step, the GSTF9 protein buffer was exchanged with 10 mm ammo-
nium acetate, pH 7. Then, multiple conditions of hydrogen peroxide-
induced protein oxidation were tested (varying concentration of hy-
drogen peroxide, incubation time, and temperature) to obtain the
highest amount of a single oxidized form of GSTF9.

The oxidized GSTF9 protein was first analyzed by LC-MS on a
nanoACQUITY UPLC in line-connected to a Q-TOF Premier (Waters).
The samples (6 ul) were first loaded on a trapping column (made in
house; 100-um internal diameter X 20 mm, 5-um beads, Reprosil-
pure 300 C,, Dr. Maisch HPLC GmbH) at a flow rate of 10 ul/min in
0.1% TFA and 2% acetonitrile. After 4 min, the trapping column was
placed in line with the analytical reverse-phase column (made in-
house; 75-mm internal diameter X 150 mm, 3-um beads, Reprosil-
pure 300 C,). The proteins were eluted using a standard linear water-
acetonitrile gradient with 0.1% formic acid as ion pairing agent.
Optimal conditions of selective oxidation of the GSTF9 proteins were
found when 0.03% hydrogen peroxide was used for 135 min at 10 °C,
and similar conditions were then used to oxidize GSTT23. To collect
oxidized GST9 for further analysis, the Q-TOF Premier mass spec-
trometer was uncoupled and replaced by a UV detector (214 nm) to
trace the single oxidized GSTF9 proteins. This protein fraction was
then digested overnight at 37 °C by sequencing grade endoprotein-
ase Lys-C (Wako; 1:50, enzyme:substrate, w/w) and analyzed by
LC-MS/MS (Orbitrap Velos, Thermo Fisher Scientific).

GST Enzyme Activity Assays—Reduced glutathione was removed
from the recombinant GSTF9 and GSTT23 proteins by dialysis in 100
mwm potassium phosphate buffer (pH 6.5) with 0.1% Triton X-100. GST
activity was measured in a Spectramax340PC (Molecular Devices)
plate reader by following the increase in absorbance at 340 nm due to
the conjugation of reduced glutathione with 1-chloro-2,4-dinitroben-
zene (CDNB) (38). The reaction took place in a 96-well plate (Poly-
Sorb, Nunc, Sanbio) in a total volume of 200 ul containing 2 mm
reduced glutathione and 1 mm CDNB as final concentrations. Every
20 s for 8 min the absorbance was measured. From the obtained
progress curves, the initial velocities (V) in milli-absorbance units/min
were calculated. The concentration of CDNB was varied and plotted
against the initial velocities divided by the enzyme concentrations
according to the formula: V/E, = V/(ecpne'Path length per well-Ey) =
Kear([SV(K,,, + [S])) where E, is the initial molar GST concentration, &
is the molar extinction coefficient of CDNB, and V; is the initial veloc-
ity. The kinetic parameters (K,,, and k., were calculated after fitting
with the Michaelis-Menten equation. The activity of the oxidized GST
proteins was determined as described above.

RESULTS

Proteome Analysis of in Vivo Protein-bound Methionine Ox-
idation—Mapping of oxidation-sensitive methionines in A.
thaliana proteins was done by applying the COFRADIC tech-
nology (34), which basically consists of three consecutive
steps: 1) peptide fractionation based on hydrophobicity (re-
verse-phase HPLC), 2) treatment of fractionated peptides with
recombinant methionine sulfoxide reductases A and B3, and
3) refractionation of the treated fractions by reverse-phase
HPLC. The Arabidopsis catalase 2 knock-out line cat2-2 was

used as a model system to study the effects on the proteome
upon oxidative stress. Because photorespiration is a primary
source of hydrogen peroxide in photosynthetic tissue (39), the
catalase knock-out plants as well as wild-type plants were
grown under elevated CO, levels (3000 ppm) to block oxy-
genation of ribulose 1,5-biphosphate and as such hinder pho-
torespiration. By transferring plants after 5 weeks to a con-
tinuous high light irradiation regime under ambient air
conditions (400 ppm CO,), photorespiratory-dependent gen-
eration of hydrogen peroxide was endogenously modulated.
Indeed, as these growth conditions boost photorespiration,
glycolate is produced that is subsequently converted in the
peroxisomes to glyoxylate by glycolate oxidase concomitantly
with the release of hydrogen peroxide (12). Thus, here, we
assessed primarily the oxidation of protein-bound methio-
nines caused by increased concentrations of hydrogen per-
oxide originating from the peroxisomes. Middle aged leaves
of 5-week-old wild-type and catalase knock-out plants were
harvested at 1 and 3 h following the onset of photorespiratory
stress. Following protein extraction and proteolytic cleavage
(endoproteinase Lys-C), postmetabolic labeling of peptides
using either light ('2C,) or heavy ('3C,) propionate was per-
formed to compare WT versus CAT?2 proteomes. These
“mass tags” on the identified MetO peptides will point to the
exact origin of the peptides, whereas the ion signals them-
selves allow for a quantitative comparison between the gen-
otypes (Fig. 1). To exclude that the observed differences in the
degree of methionine oxidation were caused by differences in
protein levels, we performed in parallel a quantitative pro-
teomics screen.

We identified 513 oxidation sites in 403 proteins. Following
1 h of high light exposure, 365 MetO peptides in 296 proteins
were found, whereas after 3 h, 354 MetO peptides in 294
proteins were identified (supplemental Fig. 1 and Table 1).
There appears to be an overlap of 186 proteins with MetO
sites identified at both time points (Table I). Of note is that
proteins belonging to the same family show a highly similar
sequential context surrounding the MetO sites (supplemental
Table 2). Of the 403 proteins carrying an oxidized methionine,
362 proteins were identified with a single MetO peptide, ac-
counting for 90% of the identified proteins. Upon comparison
with the overall methionine frequency of 2.46% (Fig. 2A) de-
fined by plotting all annotated A. thaliana proteins (35,386
sequences in TAIR10), about half of the identified oxidized
proteins have a lower than average occurrence of protein-
bound methionine (Fig. 2B). Furthermore, this number grows
when correcting for the fact that the initiator methionine is
frequently removed in nascent polypeptides (40), thereby
dropping the overall methionine content of Arabidopsis pro-
teins further to 2.21%.

An overview of all MetO-containing proteins identified in our
study is available upon request. This overview allows easy
tracking of a protein of interest using a query interface, shows
the identified peptide(s) mapped onto the amino acid se-
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Fic. 1. Schematic overview of the experimental workflow. Catalase knock-out (CAT??) and WT plants were grown under high CO,
concentrations (3000 ppm) and organized according to a completely randomized block design in a 12:12-h light/dark (L/D) regime.

Five-week-old plants were exposed to continuous high light irradiation (1200 wmol m

~2 57 ") under ambient air (400 ppm). Middle aged leaves

(indicated with red dots) of 15 plants per line were sampled 1 and 3 h after the onset of the high light stress and pooled for further analysis.
After digestion with endoproteinase Lys-C and postmetabolic peptide labeling, equal amounts of samples were mixed and applied to
COFRADIC-based isolation of MetO peptides. Parallel shotgun proteomics of the same samples allowed correcting for possible differences in

overall protein abundance.

quence of the protein, and displays differences in methionine
oxidation between catalase knock-out and wild-type plants.

Quantification of Methionine Oxidation between Geno-
types—Postmetabolic peptide labeling enabled us to assess
the influence of the plant genotypic background (cat2-2 ver-
sus wild type) on methionine oxidation. 51 proteins were

significantly more oxidized in catalase knock-out plants when
considering both time points (p = 0.05; 24 proteins after 1 h
and 29 proteins after 3 h of high light stress (Table I)). For most
of these proteins (18 of 24 after 1 h and all after 3 h of high
light stress) only one MetO peptide was identified, although
multiple methionines, e.g. up to 69 for the NADH-dependent
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TABLE |
Overview of the oxidation events identified 1 h and 3 h after the onset of high light stress

Methionine oxidation in numbers 1h 3h Total unique IDs

MetO peptides 365 354 507
Oxidized proteins 296 294 403
Proteins significantly more oxidized in CAT?72 vs WT (= 2 fold*) 24 (7%) 29 (18%) 51
Proteins significantly more oxidized in WT vs CAT??2 (= 2 fold*) 40 (14%) 18 (8%) 57
Protein overlap in time (with identical MetO site*) 187 (175%)

MetO peptide overlap in time 206

Proteins significant more oxidized over time 17

Proteins significant less oxidized over time 3

Proteins with single oxidation event 236 247 362

A 10,

9.12
9.50

6.37

6.37

6.42
6.67
6.77

Frequency percentage
w (<)}
1.83
2.46
2.82
3.54
424
438
4.83
5.08
5.29
5.41
5.42

N
1.24

Trp Cys His Met Tyr GIn Phe Asn Pro Thr lle Arg Asp Ala Lys Gly Val Glu Ser Leu
AA

82
80 - 75
70 -

60 59
60 -

50 -
40 - 33

30
30

Number of proteins

17
20 - 14 14

066 1.09 152 195 238 281 324 367 411 454 497 540 798
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Fic. 2. Methionine frequency plots across all A. thaliana proteins (A) and within oxidized proteins (B). A, amino acid abundance plot
of all annotated A. thaliana proteins. Across all annotated TAIR10 proteins, methionine makes up 2.46% of all amino acids (AA) (yellow bar),
and this drops to 2.21% when excluding the initiator methionine. B, methionine (Meth) frequency plot of the identified in vivo oxidized proteins.
By plotting the percentage of methionines in all the identified oxidized proteins, a large majority of these proteins were found to contain less
than the expected methionine content of 2.46%, the latter falling into the bin highlighted in yellow.

glutamate synthase 1 (AT5G53460), are present in their se- cyclase/dehydrase and lipid transport superfamily. It is in-
quences (supplemental Table 1). Of note is one protein, volved in defense and stress responses as well as in cysteine
At4G23670, that was identified at both time points and found  biosynthesis (41-43). Moreover, the levels of this protein
to be oxidized on two sites, methionines 134 and 140. This dropped to about 65% in the catalase mutant compared with
protein of 151 amino acids is a member of the polyketide wild-type plants, which might hint to increased degradation of
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Fic. 3. The dynamics of methionine oxidation. The 186 proteins identified at both time points of high light (HL) stress share 175 MetO
peptides. Comparing their signals shows the dynamics of methionine oxidation over time; 17 proteins (yellow bars) were significantly (o = 0.05)
more oxidized after 3 h of high light stress, whereas only three proteins (orange bars) showed a significant decrease in methionine oxidation.

this protein upon oxidation. Several proteins were more oxi-
dized in high light-stressed wild-type plants as compared with
cat2-2 plants. For instance, upon 3 h of high light stress, all
but one of these 18 proteins are oxidized on a single methi-
onine, and all are equally or less abundant in wild-type plants,
which could again suggest increased protein degradation
caused by methionine oxidation. 14 and eight proteins with at
least 2-fold higher oxidation in wild-type plants were identified
after 1 and 3 h of high light stress, respectively. In catalase
knock-out plants, oxidation events rise from seven to 18
proteins over time (Table I). This increase of more strongly
oxidized proteins in the catalase knock-out plant might be
explained by elevated hydrogen peroxide production over
time, which cannot be eliminated in these plants and as such
enhances the overall oxidative stress condition. In contrast, in
wild-type plants, the vast majority of proteins with a 2-fold
higher degree of oxidation are localized to plastids.

In conclusion, quantification of methionine oxidation re-
vealed 55 MetO peptides in 51 proteins that are significantly
more oxidized in the catalase knock-out. Noteworthy is that
enhanced oxidation was not restricted to the catalase loss-
of-function genotype but was also seen in wild-type plants.

Dynamics of Methionine Oxidation— Applying time-resolved
analysis by sampling at 1 and 3 h during oxidative stress
allowed capturing the dynamics of protein-bound methionine
oxidation. The overlap of 186 proteins identified at both time
points served as a base for exploring this. More specifically,

the dynamics of oxidation of 175 proteins on identical methi-
onine sites could be compared (Fig. 3). 17 proteins displayed
significantly higher oxidation (p = 0.05) after 3 h compared
with 1 h, whereas only three proteins showed a decrease in
methionine oxidation over time. Remarkably, the three pro-
teins whose oxidation is lowered over time show increased
protein levels after 3 h of stress treatment. The proteins with
a time-dependent increase in oxidation are metabolic en-
zymes, a chaperone, a transporter, a protease, and a tran-
scription factor among others, and their increased oxidation
can be explained by increased concentrations of hydrogen
peroxide as the high light stress continues in time in combi-
nation with a possible decreased reduction of these MetO
sites by methionine sulfoxide reductases.

To investigate a possible role for the primary structure in the
oxidation sensitivity of methionines, an iceLogo sequence
alignment (44) of neighboring amino acids was generated for
the proteins identified at both time points. As a positive input,
the 17 proteins with significantly increased oxidation over
time at identical methionines were selected. The remaining
158 proteins with MetO peptides identified at both time points
were selected as the reference set. Methionine was fixed at
position 6 (P6) and the five surrounding amino acids both N-
and C-terminal to this site were retrieved (P1-P11). MetO
peptides with significantly higher oxidation levels (p = 0.05)
after 3 h compared with 1 h revealed a motif of hydrophobic
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Overview of the kinetic parameters from GSTF9 and GSTT23. The
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obtained from the Michaelis-Menten equation
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Fic. 4. An iceLogo of the amino acid context of the oxidized
methionine. The sequence context of proteins with significantly (p =<
0.05) increased oxidation over time (n = 17) reveals a preference (p =
0.01) for hydrophobic amino acids surrounding the site of methionine
oxidation. As a negative reference set, the remaining 158 proteins
with identical MetO peptides identified in both time points were
chosen. Methionine was fixed at P6 and the five surrounding amino
acids; both N-terminal (P1-P5) and C-terminal amino acids (P7-P11)
are shown.

amino acids such as valine, leucine, isoleucine, and methio-
nine in proximity of the oxidation site (Fig. 4).

Oxidation Reduces the Activity of Two Plant-specific Glu-
tathione S-Transferases—The A. thaliana genome encodes for
55 GSTs. GSTs are known as stress-responsive proteins and
accumulate in biotic and abiotic stress conditions (45, 46).
Here, we identified three members of the plant-specific Phi
and Tau GST classes as targets of methionine oxidation
(GSTs Phi9 at Met-35, Tau21 at Met-48, and Tau23 at Met-47;
supplemental Table 1) and decided to evaluate the impact of
oxidation on the activity of GSTF9 and GSTT23.

We first determined whether the recombinant GST proteins
were enzymatically active by measuring the conjugation of
reduced glutathione to CDNB. The increase in absorbance at
340 nm was measured in function of time, and the initial
velocities (V) were calculated. Recombinant GSTF9 and
GSTT23 were found to be active, and at a fixed CDNB con-
centration of 1 mm, we observed a linear correlation between
the V; and GST in the concentration range of 0.2-4.2 uM and
0.1-2 um for GSTF9 and GSTT23, respectively (supplemental
Fig. 2a). Next, we determined the kinetic parameters of
GSTF9 and GSTT23 using 0.4 um enzyme. CDNB assays
were performed with varying concentrations of CDNB, and
the data were fitted with a Michaelis-Menten equation (sup-
plemental Fig. 2b). We obtained a k../K,,, specificity constant
of 341.32 and 216.45 m ' s~ for GSTF9 and GSTT23, re-
spectively (Table II).

To examine a possible influence of protein oxidation on the
enzymatic activity, we first optimized conditions of in vitro
hydrogen peroxide oxidation of GSTF9 to resemble as closely
as possible methionine oxidation found in our in planta study.

LC-MS measurements were performed on GSTF9 oxidized
with varying concentrations of hydrogen peroxide (0.03-
0.1%), different incubation times (10 min-10 h), and at differ-
ent temperatures (10-22 °C). After 135 min of incubation at
10 °C with 0.03% H,0,, a single oxidized species of GSTF9
was most prominently present (supplemental Fig. 3). This
oxidized GSTF9 was then enriched by reverse-phase HPLC
and digested with endoproteinase Lys-C, and the resulting
peptides were analyzed by LC-MS/MS. Oxidation was found
on the peptide previously identified to contain a methionine
sulfoxide, namely 2*GVAFETIPVDLMK®®, here again detected
with a Met-35 sulfoxide. In fact, two forms of this peptide were
found: one with and one without Met-35 oxidized, and both
were identified by their MS/MS spectrum (supplemental Fig.
4). A closer look at these MS/MS spectra shows that the mass
values of the detected y ions of the oxidized and non-oxidized
peptides differ by 16 Da from the y, ion onward, indicative for
sulfoxide formation on Met-35 (supplemental Fig. 4). Taken
together, these data show that the in vitro oxidized GSTF9
protein mimics the in vivo oxidized GSTF9 protein and can
thus be used to determine possible effects of oxidation on
enzyme activity. Both the GSTF9 and GSTT23 were oxidized
under the optimized conditions for GSTF9, and their activity
was measured in the CDNB assay (Fig. 5). The activity of the
in vitro oxidized recombinant GSTF9 and GSTT23 enzymes
was significantly (p = 0.01) reduced upon oxidation, and this
observation was even more pronounced for higher enzyme
concentrations. We observe a loss of about 45% of the total
GSTF9 enzyme activity and of about 38% of the activity of the
GSTT23 enzyme, which is in agreement with the mixed pop-
ulation of oxidized and non-oxidized enzyme upon our mild
conditions of oxidation (and the corresponding degree of
oxidation; see supplemental Fig. 3) and thus hints to the fact
that oxidation might completely block GST activity.

DISCUSSION

In this study, we identified 403 proteins prone to methionine
oxidation under oxidative stress. A gene ontology (GO) en-
richment analysis (p = 0.01) performed on these proteins
using the complete theoretical proteome of A. thaliana as
background revealed some noteworthy trends. The analysis
showed that peroxisomal and chloroplast proteins were sig-
nificantly more abundant in our data set (Fig. 6). Because light
irradiation is captured by chloroplasts, excess light could
directly affect photosynthetic proteins present in chloroplasts,
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Fic. 6. Gene ontology enrichment analysis of oxidized proteins. The 403 proteins identified to contain sites of methionine oxidation upon
high light stress were submitted to a GO enrichment analysis using AmiGO. The complete proteome of A. thaliana was chosen as a reference
set. Significantly enriched GO categories (p < 0.01) discussed in the main text are listed, and the enriched frequencies of methionine-oxidized
proteins (dark red) are shown. The frequency of all A. thaliana proteins in these enriched categories is also shown (light red) as part of the total
enriched MetO protein frequency bars. SA, salicylic acid; SAR, systemic acquired resistance.

explaining the prevalence of such proteins when considering
the GO terms linked to biological processes. Also, proteins
involved in chloroplast relocation (47) were enriched, which
might point to the fact that cells try to minimize the captured
light by relocating chloroplasts. Higher levels of oxidative
stress through the activation of the photorespiratory pathway
are illustrated by the enhanced GO classes of proteins in-
volved in photorespiration and hydrogen peroxide metabo-
lism. Nucleolar and ribosomal proteins were also significantly
enriched in our data set of oxidized proteins as demonstrated
by the enrichment of proteins involved in ribosome biogenesis

and translation. Furthermore, proteins known to be localized
to plasmodesma and apoplasts were significantly enriched as
well as proteins involved in water transport. This suggests two
modes of hydrogen peroxide channeling: plasmodesma pro-
vide a gate to neighboring cells, whereas hydrogen peroxide
could also pass into the apoplast, until now known as a free
passage for water and solutes, next to aquaporins, which also
transport hydrogen peroxide across membranes (48). Oxi-
dized membrane proteins also appeared to be an enriched
GO class. Other significantly enriched GO terms coupled to
biological processes include “response to stress” and more

Molecular & Cellular Proteomics 14.5

1225



Protein MetO Dynamics in A. thaliana under Oxidative Stress

specifically response to reactive oxygen species and in par-
ticular hydrogen peroxide as well as response to light stimu-
lus. In addition, proteins involved in salt and osmotic stress as
well as proteins from the innate immune response and pro-
teins responding to temperature, bacteria, or inorganic sub-
stances (chemicals, acids, and metals) were found to be
enriched. All together, the enriched GO classes of responses
toward abiotic and biotic stimuli point to a general stress
response cluster upon oxidation. Noteworthy is that not only
executors but also regulators of the cellular response to stress
are enriched among the oxidized proteins. Additionally, links
to hormone signaling appear as salicylic acid biosynthesis
and systemic acquired resistance mediated by salicylic acid
signaling are found to be enriched as well as proteins in-
volved in auxin biosynthesis. Proteins linked to the GO term
“oxidoreductase activity” include thioredoxin, two MSRs
(MSRA2/A3), and the mitochondrial LPD1 and -2 proteins that
are part of the glycine decarboxylase complex that releases
CO, during photorespiration. Finally, proteins involved in sig-
nal transduction by phosphorylation, more specifically mem-
bers involved in mitogen-activated protein kinase signaling,
were also enriched.

Our compendium of A. thaliana proteins of which methio-
nines get oxidized upon oxidative stress (available upon re-
quest) constitutes currently the largest data set of its kind in
plants and forms the base for future studies on the functional
impact of methionine oxidation. Below we discuss some of
these proteins that are particularly interesting given previous
findings reported in the literature.

One such protein is the small zinc finger protein methylene
blue-sensitive 1 (AT3G02790) that acts as a mediator of sin-
glet oxygen responses in the unicellular green alga Chlamy-
domonas reinhardtii (49). Upon exposure to high light, this
protein translocates to distinct granules in the cytosol, but the
mechanism remains unclear. However, in view of the example
of the recently reported hypochlorite-responsive transcription
factor in E. coli that is activated by methionine oxidation upon
oxidative stress (50), oxidation of methionine 62 in methylene
blue-sensitive 1 might well be a plausible mechanism to in-
duce this positional shift. Of further note is the nearly 4 times
higher degree of oxidation of this protein in light-stressed
catalase 2 knock-out plants.

An interesting class of proteins that was oxidized both after
1 and 3 h of high light treatment includes three members of
the rotamase family: cyclophilin 38 (AT3G01480), CYP3
(AT2G16600), and CYP4 (AT3G62030). CYP4 was identified
to interact with 12-oxo-phytodienoic acid and links 12-oxo-
phytodienoic acid signaling to amino acid biosynthesis and
cellular redox homeostasis in response to stress (51). Upon
interaction, the formation of a complex with O-acetylserine
(thiol) lyase B and cysteine synthase is triggered, leading to an
increase of thiol metabolites and the buildup of the cellular
reduction potential (52). Interestingly, all members of this
complex were identified to be oxidized upon high light stress;

thus possibly methionine oxidation might regulate a cluster of
interacting proteins via a redox modification. We also found
that several photorespiratory enzymes were methionine-oxi-
dized, which could be a direct way of sensing elevated hy-
drogen peroxide levels, in turn directly regulating the pathway
involved in methionine oxidation.

So far, studies related to methionine oxidation in plants
have focused on the different functions of MSRs. Tarrago et
al. (53) explored the possibilities of fishing for MSRB1 sub-
strates via affinity chromatography and identified 24 possible
candidate interactors. Of note is that 23 of these were also
identified in our data set among which are catalases 2 and 3,
confirming oxidation of methionine and demonstrating affinity
chromatography as a valuable strategy to look for specific
MSR substrates. Recently, glutathione S-transferases F2 and
F3 were identified as substrates for MSRB7 where reduction
of methionine sulfoxides confers tolerance of A. thaliana to
oxidative stress (19). We identified three members of the GST
family, GSTF9, -T21, and -T23, of which the Tau family mem-
bers (GSTT21 and -T23) carried identical sites of methionine
oxidation at both time points. Here, we showed that oxidation
of GSTF9 and GSTT23 significantly impairs their catalytic
activity, and we thus extended the list of GST proteins of
which the activity is negatively influenced by methionine
oxidation.

To assess the potential specificity of methionine oxidation
linked to molecular signaling, different parameters were ana-
lyzed such as methionine frequency, the correlation of protein
abundance, and the number of methionines with the oxidation
degree. Tarrago et al. (53) postulated a positive correlation of
methionine oxidation with protein abundance and methionine
content as one of the A. thaliana methionine sulfoxide reduc-
tases, MSRB1, was found to preferentially interact with pro-
teins with high methionine content. However, we have shown
that about half of the oxidized proteins identified in our setup
have a lower than average methionine frequency (Fig. 2),
meaning that the presence of more methionines in a protein is
not a prerequisite for its oxidation. Furthermore, when spec-
tral counts from the shotgun analysis are taken into account
as a proxy for protein abundance, an average of 4.8 and 4.9
spectra were linked to proteins identified in the 1- and 3-h
high light-stressed samples, respectively. A comparison of
these average numbers with the spectral counts of proteins
with significantly higher oxidation levels in cat2-2 plants
showed that at both time points 76% of these proteins had
spectral counts below this average abundance. Thus high
protein levels also appear not be prerequisites for protein
oxidation. As such, our data argue against random methionine
oxidation as an alternative reactive oxygen species scaveng-
ing mechanism, leading to indiscriminate protein damage (18).

Further indications for a possible specific regulatory role of
methionine oxidation events besides the here illustrated neg-
ative effect of methionine oxidation on GST function appeared
when comparing the protein sequence surrounding the MetO
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sites identified in oxidized proteins belonging to the same
family (supplemental Table 2). One such example is the rubre-
doxin protein family (AT3G15640 and AT1G80230), which
consists of three proteins with cytochrome ¢ activity and in
which the sequence patch surrounding the oxidized methio-
nine is conserved among 43 homologous proteins across the
plant kingdom (19 species) (supplemental Fig. 5). The third
Arabidopsis gene (AT1G52710) lost this patch and was not
picked up in our analysis. Interestingly, both oxidized rubre-
doxin-like proteins were found to be 4 times more oxidized in
the catalase mutant compared with the wild type already 1 h
after high light irradiance.

The dynamics of protein-bound methionine oxidation could
be captured via considering the overlap of proteins identified
at both time points. 17 of the 175 oxidized proteins with
identical methionine sites at both time points showed a sig-
nificantly higher oxidation (p = 0.05) after 3 h. Several of these
proteins have previously been linked to stress response such
as the RNA-binding protein Tudor-SN (AT5G61780), which
stabilizes stress-responsive mMRNA molecules encoding for
secreted proteins and proved essential for salt stress resis-
tance (54). The basic transcription factor 3 (AT1G17880)
homolog in higher plants impairs tolerance of wheat against
drought and freezing stresses when silenced and was also
found to be differentially regulated by diverse abiotic stresses
and hormone treatments (55). Also, the photorespiratory en-
zyme NADH-dependent glutamate synthase 1 was identified
to be more oxidized after 3 h, which might be a consequence
of the proximity to the site of hydrogen peroxide production.

The amino acid sequence surroundings of these MetO sites
whose oxidation increased over time revealed the oxidized
methionine to be embedded in a hydrophobic pocket (Fig. 4).
This enriched motif can be explained by either an increased
susceptibility of oxidation due to the hydrophobic environ-
ment or by decreased reduction by MSRs due to the less
preferred substrate recognition of these MetO sites or im-
paired accessibility. Conversely, proteins of which the levels
of methionine oxidation significantly drop over time (three in
this case) might have been repaired by the methionine sulf-
oxide reductases, which are numerously present in plant cells
(29). Concerning the latter, a closer look at the expression
profiles of the different Arabidopsis MSRs shows a clear up-
regulation of MSRB7 and -B9 under elevated reactive oxygen
species levels (56, 57). Furthermore, both MSRs cluster to-
gether upon transcriptional response toward various pertur-
bations (supplemental Fig. 6A). Also, these two MSR B genes
are only weakly expressed in different anatomical parts as
well as during stages of development (supplemental Fig. 6, B
and C). The vast majority of MSRs present in Arabidopsis
together with a sequence preference surrounding the oxida-
tion site thus hint toward specificity of either oxidation or
enzymatic reduction. However, which of these two is actually
responsible remains to be explored.

Finally, it should be noted that enhanced oxidation was not
only detected in cat2-2 plants but also in wild-type plants.
This might be the consequence of further oxidation of methi-
onine sulfoxide to sulfone in the cat2-2 plants due to the
enhanced hydrogen peroxide production, which we cannot
capture with our COFRADIC methodology because the MSR
enzymes specifically reduce methionine sulfoxides.

In summary, we have provided the largest data set of me-
thionine oxidation in plants during oxidative stress treatment
in which we compare differences in oxidation between Arabi-
dopsis wild-type and catalase 2 knock-out plants, capture the
dynamics of oxidation by time-resolved proteome analysis,
and pinpoint the exact sites of oxidation. Furthermore, the
functional impact of methionine oxidation was proven for two
members of the plant-specific GST family.

This article contains supplemental Figs. 1-6 and Tables 1 and 2.
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