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Abstract

Oxidative burst is one of the earliest plant cellular responses triggered by pathogen infection. Reactive oxygen species can
cause oxidative modifications of redox-sensitive proteins to mediate the defense responses. Identification and characterization of
proteins that undergo oxidative modifications in these processes is an important step toward understanding molecular mechanisms
of plant defense responses. In this study, an in vivo 15N metabolic labeling method combined with a cysteine-containing peptide
enrichment technique was applied to identify and quantify proteins and their redox states in Arabidopsis in response to infection by
Pseudomonas syringae pv tomato DC3000 (Pst). Changes of peptide redox states were compared and corrected with the changes
of protein levels. A total of forty peptides representing thirty-six non-redundant proteins showed significantly redox state changes in
response to the infection by the virulent Pst strain and the avirulent Pst strain (Pst avriRpm1), of which 23 had previously not been
recognized to undergo oxidative PTMs. The differentially expressed redox-sensitive proteins are involved in cell wall organization,
primary metabolism, photosynthesis and stress responses. Interestingly, proteins located at extracellular were more susceptible to
be regulated on the redox PTMs level. These findings provide a foundation for further investigation into the redox signaling during

plant defense responses.
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Introduction

Plants frequently encounter a wide range of pathogenic microbes
such as bacteria, fungi, oomycetes, and viruses. The rapid activation
of plant's innate immune system is necessary for successful pathogen
resistance [1]. The outcome of the plant-pathogen interaction is
dependent on different types of pathogens and the genetic constitution
of the hosts [2]. The initial host response is activated when host cells
recognize pathogen-associated molecular patterns (PAMPs), which is
termed PAMP-trigged immunity (PTI). Pathogens use various effector
proteins encoded by avirulent genes to suppress PTI to facilitate
their infection. In turn, plants have evolved many RESISTANCE (R)
proteins, each of which can recognize one or more specific effectors to
induce effector-triggered immunity (ETI) which is a strong response
often leading to programmed cell death in the infected sites [3].
Pathogen strains that can avoid ETT and successfully colonize hosts
are often called virulent strains, whereas those stains whose effector
protein triggers ETT and fail to establish successful infection are termed
avirulent strains [4]. The bacterial pathogen Pseudomonas syringae is a
widely used pathogen in laboratory experiments to study Arabidopsis’s
defense responses.

The production of reactive oxygen species (ROS) in a so-
called oxidative burst is one of the plant’ early defense reactions to
pathogen attack [5]. An initial weak oxidative burst can be detected
following infection by either a virulent or avirulent strain. During

the incompatible plant-pathogen interaction following attack by an
avirulent strain, ROS production occurs in a biphasic manner with
a weak oxidative burst followed by a second and massive oxidative
burst [6]. The initial oxidative burst is believed to be triggered by PTI.
Indeed, an oxidative burst was recorded in Arabidopsis within a few
minutes of perception of flg22, a 22 amino acid peptide from bacterial
pathogens flagellin that acts as a PAMP [7]. The second strong burst is
induced during ETI. Furthermore, H,O, generation occurs both locally
and systemically in response to pathogen infection [8]. H,O, and other
ROS are well recognized as a second messenger for the activation
of local and systemic expression of defense genes and other defense
mechanisms in plants [9].

Thesignaling role of ROS is largely achieved through chemoselective
oxidative modifications of cellular molecules, thereby altering protein
activities and functions [10]. Proteins containing cysteines are
particularly susceptible to oxidation in different forms due to a low pKa
sulhydryl group of cysteine [11]. Many redox-sensitive proteins have
been identified in plants that might play important roles in sensing
cellular redox status and transducing redox signals into physiological
responses [12-16]. A limited number of defense-related proteins have
been shown to be redox-regulated in plants, such as non-expressor
of PR-1 (NPR1) [17], TGACG sequence-specific binding protein 1
(TGAL) [18], NADPH oxidase [19], salicylic acid-binding protein 3
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(AtSABP3) [20], serine-threonine receptor kinase and 3-ketoacyl-CoA
thilase (KAT2) [21]. In recent years, redox proteomics techniques have
been used to identify redox-sensitive proteins that undergo oxidative
modifications in response to various stimuli [22,23]. However, such an
approach has not been reported in identifying proteins that alter redox
states upon virulent and avirulent pathogen infection in Arabidopsis
plants.

In this study, we applied a biotin-switch method and stable isotope
nitrogen (**N) metabolic labeling to identify redox-sensitive proteins
during plant-pathogen interaction, in which the cysteine-containing
peptides were enriched followed by identification and quantification
using mass spectrometric analysis. In total, 387 cysteine-containing
peptides were identified upon the infection by the virulent strain
Pseudomonas syringae pv tomato DC3000 (Pst) and the isogenic
avirulent strain Pst avrRpml. After being normalized to the total
protein expression level, thirty-six proteins were found to have
significant change in their redox states upon the pathogen infection.

Materials and Methods
Plant material and growth condition

Wild-type Arabidopsis thaliana Col-0 seeds were grown in the solid
medium containing 1/2 Murashige and Skoog basal salt micronutrient
solution (sigma), 1.5 mM CaClz, 0.75 mM MgSO,, 0.625 mM KH,PO,,
9.4 mM KNOS, 10.3 mM NH4N03, 0.5 g/L MES, 1% sucrose, pH 5.7
with 0.6% (w/v) Agar. The 15N-labeled media was prepared using 98%
ammonium nitrate-"*N, and potassium nitrate-*N (sigma) in place of
natural abundance of nitrogen salts (**N) as the only nitrogen source.
Plants were grown in a growth chamber under a 16-hour light/8-hour
dark cycle at 23 °C for 3 weeks.

Pathogen infection

The virulent strain Pseudomonas syringae pv tomato DC3000 (Pst)
and the isogenic strain carrying the avirulence gene avrRpml (Pst
avrRpm1I) [24] were grown on the King’s B medium plates containing
kanamycin and rifamycin antibiotics at 30°C for 48 hours. Bacteria
were then restreaked onto new plates and grown for another 24 hrs.
The new freshly streaked bacteria was scraped off, resuspended, and
diluted to OD600=0.2 (1 x 10® colony-forming units/mL) in sterile 10
mM MgClL solution with 0.02% Silwet L-77. More than twenty three-
week old plants were sprayed with the prepared bacterial suspension.
For the mock treatment, only 10 mM MgCl2 solution with 0.02%
Silwet L-77 was used. The bacterial suspension was sprayed onto leaves
until there was imminent runoff. For the first biological replicate, '*N-
labeled plants were treated with pathogen while "N plants were treated
with the mock. In a reciprocal replicate, "N-labeled plants were treated
with mock while N plants were treated with pathogen. After 1 hr and
3 hrs treatment, leaves were harvested, immediately frozen in liquid
nitrogen, and ground into a fine powder in prechilled mortar and
pestle.

Detection of reactive oxygen species

In situ detection of hydrogen peroxide was performed by staining
with DAB (Sigma-Aldrich) as described previously [25]. Briefly, plants
were sprayed with Pst avrRpm1 or Pst at OD, = 0.2. After 30 min, 1 hr,
2 hrs, 3 hrs, and 4 hrs, the leaves were collected and infiltrated under
gentle vacuum for 5 min with 1 mg/mL DAB containing 0.05% v/v
Tween 20 and 10 mM sodium phosphate buffer (pH 7.0). Three leaves
per plant from 6 independent plants were used for biological replicates.
The experiment was repeated twice. After staining for 5 hrs, the leaves

were fixed in ethanol:glycerol:acetic acid 3:1:1 (bleaching solution) in a
boiling water bath for 15 min. New bleaching solution was added and
leaves were incubated until the chlorophyll was completely bleached.
Pictures were taken and the DAB staining intensity was measured
using Image]J. The staining intensity indicates the amount of H,O,.

Protein extraction

Natural-abundance (**N) and "*N-labeled plants were combined at
a ratio of 1:1 by weight (powder), and suspended in protein extraction
buffer [8 M urea, 20 mM Tris-HCI (pH 7.0), 1 mM EDTA, 1% protease
inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA)] supplemented
with 100 mM N-ethylmaleimide (NEM), and incubated at room
temperature for 30 min. The homogenate was centrifuged for 15 min at
5,000 x g and 4 °C to remove debris. The proteins from the supernatant
were purified using methanol / chloroform precipitation. Precipitated
protein pellet was suspended in protein extraction buffer and quantified
using 2-D Quant kit (GE Healthcare Life Sciences).

Trypsin digestion
purification

and Cysteine-containing peptides

Approximately 1 mg protein was reduced by 10 mM DTT at
37 °C for 30 min. The excess DTT was removed by passing though
Zeba Spin desalting columns (Thermo Scientific, Rockford, IL, USA)
pre-equilibrated with 20 mM Tris-HCI (pH 8.0) and 1 mM EDTA.
The protein was then incubated with N-[6-(Biotinamido) hexyl]-3'-(2'-
pyridyldithio) propionamide (biotin-HPDP) at a final concentration of
0.4 mM at room temperature for 1 hr. It was diluted to less than 1 M urea
using 50 mM ammonium bicarbonate prior to trypsin digestion with
1:40 ratio of trypsin to protein in 37 °C for overnight. TFA was added
to a final concentration of 1% (v/v) to stop the digestion. Purification
of the biotin-tagged peptides was performed as previously described
[15]. For total protein abundance determination, 200 pg protein was
reduced by 10 mM DTT at 37 °C for 30 min and alkylated by 55 mM
iodoacetamide at RT in the dark for 30 min. The samples were diluted
to less than 1 M urea using 50 mM ammonium bicarbonate, followed
by digestion with trypsin at a 1:40 trypsin-to-protein mass-ratio at 37
°C for overnight. After digestion was stopped by 1% TFA, peptides
were desalted by Sep-Pak C18 cartridges, and dried in a Speed Vac.

Mass spectrometry analysis

The samples were analyzed twice with an LTQ-Orbitrap Velos
(Thermo Scientific) coupled with a UPLC (Dionex ultimate 3000,
Thermo Scientific). The samples were injected and concentrated in a
preconditioned Acclaim PepMap100 C18 column (100 pm i.d. fused
silica, packed with 5 pm particle size and 300 A pore size). The peptide
separation was performed in a preconditioned Acclaim PepMap100
C18 column (75 um i.d. x 15 cm, 3 um particle sizes, 100 A pore sizes).
Mobile phase A (0.1% formic acid in H,0) and mobile phase B (0.1%
formic acid in 80% acetonitrile (ACN)) were used to establish a 75-
min LC gradient comprised of 55 min of 5-45% B, 5 min of 45-98% B,
and 5 min of 98% B. The total flow rate of the gradient was set at 300
nL/min constantly. The samples were introduced into LTQ-Orbitrap
through a Nanospray Flex (Thermo Scientific, Germany) with an
electrospray potential of 1.5 kV. The ion transfer tube temperature was
set at 160 °C. The LTQ-Orbitrap was set to perform data acquisition
in the positive ion mode. A full MS scan (350-1600 m/z range) was
acquired in the Orbitrap at a resolution of 60,000 (at 400 m/z) in a
profile mode, a maximum ion accumulation time of 1 sec and a target
value of 1 x e°. Charge state screening for precursor ion was activated.
The ten most intense ions above a 1000-count threshold and carrying
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multiple charges were selected for fragmentation (MS/MS) in the
collision-induced dissociation (CID) in the linear ion trap. Dynamic
exclusion for MS/MS fragmentation was activated with a repeat count
of 2, repeat duration of 30 sec, exclusion duration of 45 sec, and +5
ppm mass tolerance. Other settings for CID included a maximum ion
accumulation time of 200 ms for MS/MS spectrum collection, a target
value of 1 x e, normalized collision energy at 35%, an activation Q at
0.25, isolation width of 3.0 and activation time of 10 ms.

Database search and data analysis

The raw LC-MS/MS data (*.raw) was converted to mzXML format
which was then converted to Mascot Generic Format (MGF,*.mgf)
file by Trans-Proteomic Pipeline (TPP, v4.7.1). The MGF file was
searched twice with Mascot search engine (v 2.3, Matrix Science)
against a concatenated target-decoy Arabidopsis protein database
TAIR10 [26], one search with the normal N masses and another
with N masses, respectively. The parameters were set as follows: 10
ppm mass tolerance for peptide masses and 0.5 Da for fragmented
ions, a maximum of one missed cleavage for trypsin digestion, fixed
modification of carbamidomethylation (57.02) at cysteine, and variable
modifications including N-ethylmaleimide (125.05) at cysteine and
oxidation (15.99) at methionine. The search result (*.dat) was converted
in TPP to pepXML (*.pep.xml) file format. The peptide identification
was validated using PeptideProphet and “N/"N peptide ratios were
calculated with XPRESS using metabolic labeling 14/15 N approach
based on the N-"N extracted ion chromatograms area. Peptide and
protein probability higher than 0.99 and peptides with an Ion score
higher than the Identity score were used for further analysis. Therefore,
there was a more than 95% chance that a spectrum peptide sequence
match (PSM) was not random [27]. The XPRESS quantified results
were exported and the validated N and "N peptide identifications
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were then merged to calculate peptide ratios as the mean of the
individual XPRESS ratios from identified spectra. The fold change of
cysteine containing peptides were corrected with the fold change of
the corresponding protein expression. For the mock-treated ’N- and
“N- samples, 95% confidence intervals of the data were calculated
by mean + 1.96 standard deviations, which indicate the deviation
caused by randomness, and they were used for cutoffs of significant
alternation for both biological replicates. Only peptide/proteins
identified as significant alteration from both biological replicates
were reported as redox regulated peptide/proteins. The subcellular
localization and biological process of the identified putative redox-
sensitive proteins were predicted using SUBA (http://suba.plantenergy.
uwa.edu.au/) and Gene Ontology (https://www.ebi.ac.uk/QuickGO/).
Intra-molecular disulfide bonds were analyzed with the sequences of
identified redox-sensitive proteins using DIANNA software (http://
clavius.bc.edu/~clotelab/DIANNA/), and a (Module B) score > 0.9 was
considered as significant prediction [28].

Results and Discussion

Induction of hydrogen peroxide in response to infection by Pst

To determine the oxidative burst following the pathogen infection,
in situ hydrogen peroxide accumulation was detected in the leaves
infected by the virulent Pseudomonas syringae pv. tomato DC3000 (Pst)
strain and the avirulent strain expressing the avirulence gene avrRpm1
(Pst avrRpm1) by 3,3'-diaminobenzidine (DAB) staining. The staining
intensity indicates the amount of H,O, accumulation. As shown in
Figure 1, heavy brown precipitates were observed in the leaves after 30
min pathogen infection, and increased with extended time of infection.
For Pst avrRpm]I infection, H,0, accumulation reached the highest
level at 1-hr and 3-hr (p<0.01, t-test), whereas for Pst infection, the

Figure 1: H,0, accumulation in Arabidopsis leaves after Pst avrRpm1 or Pst treatment. A, Representative of H,0, accumulation
in Arabidopsis leaves detected by DAB staining. a, control; b-f, Pst avrRpm1 treatment for 0.5 hr, 1 hr, 2 hrs, 3 hrs and 4 hrs,
respectively; g-k, Pst treatment for 0.5 hr, 1 hr, 2 hrs, 3 hrs and 4 hrs respectively. B, Comparison of DAB staining intensity after
Pst avrRpm1 treatment. C, Comparison of DAB staining intensity after Pst treatment. Error bars indicate + standard deviation (n
= 6). Asterisks (*) indicate statistically significant changes compared to control (p<0.01, t-test).
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highest H,O, accumulation was at 3-hr. We collected leaves at 3 hrs
post-infection by Pst and at 1- and 3-hr post-infection by Pst avrRpm1
for redox-sensitive protein identification.

In vivo 15N metabolic labeling and plant pathogen infection

Previously, we developed a gel-based method as well as a gel-free
proteomic approach termed OxiTRAQ [15] to identify redox-sensitive
proteins in Arabidopsis suspension cells. With these approaches,
more than one hundred proteins have been found to be oxidatively
modified upon treatments with hydrogen peroxide, salicylate, or flg22
(a 22 amino acid peptide from bacterial pathogens flagellin) [14-16].
With chemical isotopic labeling, such as iTRAQ, different samples
were combined at peptide level. The process to prepare peptides before
labeling normally carries high variation among different sample, and
could cause inaccurate quantitation. This motivated us to look into
an in vivo metabolic labelling strategy in which equal amount of raw
plant samples were combined after sample harvest. Subsequent protein
extraction, digestion and enrichment of cysteine-containing peptides
were processed with the combined sample instead of individual sample.
In addition, a reciprocal-labeling strategy was applied to eliminate any
isotope effects [29], also allowing us to alleviate systematic bias between
different samples. The overall experimental schematic is shown in
Figure 2. In the first replicate, control (mock-treated) plants grown
in natural-abundance medium (**N) was combined with pathogen-
treated plants grown in medium that was enriched with '*N heavy
isotope. The second replicate was performed by combining mock-
treated *N-labeled plant with pathogen-treated natural-abundance
(**N) plant. Therefore, any changes in redox states or protein expression
level under pathogen infection would show a reciprocal ratio in the
reciprocal labeling replicates. In particular, a mixture of mock-treated
natural-abundance (*N) plants with mock-treated '*N-labeled plants
at a 1:1 ratio was set to define the inherent variations of labeled and
unlabeled samples in the pair wise comparison. The quantitation of
redox-regulated post-translational modifications (PTMs) is based
on the difference in abundance of peptides in different samples that
contain reversibly oxidized thiol(s). However, such observed changes
reflect not only the changes in redox status, but also the expression
of corresponding proteins, thereby leading to a false interpretation in
redox change. Thus, a parallel proteomic experiment was conducted in
this study to determine protein expression levels for the same sample,
and used for correction of the fold change of redox-sensitive peptides.
It should be noted that we were interested in the proteins with altered
oxidative state under pathogens infection. The discussion will be
focused on the redox-sensitive proteins identified in this study.

Identification of proteins with altered redox states upon
pathogen infection

In total, 2409 proteins and 387 cysteine-containing peptides were
quantified in both reciprocal replicates of pathogen infection. The lists
of all quantified proteins and cysteine-containing peptides/proteins
in each biological replicate were presented in Supplementary Tables 1
and 2, respectively. In the 1:1 mixtures consisting of equal amounts of
mock-treated *N-labeled and unlabeled samples, the results showed
a normal distribution in both cysteine-containing peptides and total
protein with an average ratio of 1 (Figure 3). Based on 95% confidence
intervals of these data which were calculated by mean + 1.96 standard
deviations, 1.9 and 1.8 fold change were used as cut-off ratios for
significantly differential expression of redox-sensitive peptides and
total protein level, respectively. In addition, significantly changed
proteins or peptides identified in the treatment to control samples

14N Medium 15N Medium
Treatment Mock Mock Treatment
Replicate-1 1:1 mixture Replicate-2
1:1 1
Total trypsin digestion, LC/MS/MS
Proteome
OR
Redox Biotin-HPDP tagging, trypsin digestion, biotinylation
Proteome peptides enrichment, LC/MS/MS

inte nsit
2
-
N

Figure 2: Experimental workflow of reciprocal nitrogen isotope labeling.
Arabidopsis (Col-0) plants were grown in the presence of either "“N-containing
or >98% "*N-enriched KNO, and NH,NO, as sole nitrogen sources medium.
In replicate 1, plants grown in "N medium were pathogen infected, whereas
plants labeled with >N were treated as mock; in replicate 2, labeling was
reversed. Following sample collection and mixed in equal ratios, proteins
were extracted, biotin-HPDP tagged, trypsin digested, biotinylated peptides
enriched and analyzed by LC-MS/MS. Mascot and XPRESS were used for
protein identification and quantification. A parallel total proteome experiment
was conducted to determine protein expression level for the same sample.
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Figure 3: Ratio distribution of cysteine-containing peptides and total
proteins. The log2-transformed ratios of 1:1 mixture of untreated "*N-labeled
and natural-abundance (“N) sample showed a normal distribution, and
(0.56, 1.9) and (0.57, 1.8) are the 95% confidence intervals of cysteine-
containing peptides and total proteins respectively.
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were compared to those identified in the 1:1 mixture of mock-treated
"*N-labeled and "N samples. No significant proteins were overlapped
between them, which indicates that the significant proteins or peptides
were not caused by technical noise. Based on these criteria, a total of
101 proteins showed significant changes at their expression levels after
Pst avrRpml1 and Pst treatments (Supplementary Table 3). Among
them, 54 and 14 proteins were from the 1-hr and 3-hr Pst avrRpm1
treatment, respectively, and 45 proteins from the 3-hr Pst treatment.
Nine proteins were common in both virulent and avirulent pathogen
infection, including four proteins that are known to be defense
responsive: hydrogen peroxide scavenger ascorbate peroxidase APX3
[30], ILITHYIA (ILA) involved in plant immunity [31], RNA binding
protein Tudor-SN 2 [32], and ACC oxidase-like protein [33]. Sixteen
of the 101 proteins were annotated with stress responses, 14 of which
showed up-regulated during the pathogens infection. Although there
were general poor correlation in the expression between protein and
RNA [34], 14 identified proteins were reported to have similarly
differential changes in their transcript levels of upon Pst treatment in
Arabidopsis [35].

To determine proteins/peptides with altered redox states, the same
strategy as OxiTRAQ [15] was used that labeling cysteines before
and after reduction with different cysteine-reactive reagents. After
the cysteine-containing peptides’ fold change was corrected to their
protein expression levels, 40 peptides were identified with significantly

Functional

altered abundance in protein redox state. Since some peptides
are conserved among a protein family, these significant peptides
represent 48 proteins in 36 non-redundant protein families (Table 1).
Among them, 7 and 13 were found after 1-hr and 3-hr infection by
Pst avrRpm1, respectively, and 39 after 3-hr infection with Pst. Four
of them were found to altered redox states under the 3 hr infection
by both Pst avrRpml and Pst, including beta galactosidase 9, early
nodulin-like protein 15 and a ribosomal L5P family protein. Among
the redox-sensitive proteins, 4 of them also showed expression level
changes. These included a chromosome condensation family protein
(UVRS), two aspartyl protease family proteins and translation initiation
factor 2 subunit 1. The rest 90% of the redox-regulated proteins were
modified only at the PTMs level instead of protein expression levels.
Thirteen of the redox-sensitive proteins identified from this study have
been reported to be redox-regulated, including tryptophan synthase
beta type 2 [36], a cysteine proteinase superfamily protein [37], a
glutathione S-transferase family protein [38] and chaperonin 60 beta
[39] (Supplementary Table 4).

Furthermore, 18 of the 40 redox-sensitive peptides were predicted to
form intra-molecular disulfide bonds (Table 1). It should be noted that
besides disulfide bonds, other reversible modifications (S-nitrosylation,
glutathionylation and sulfenic acid) are also chemically reversible. The
reversible thiol modifications identified in this study could be due to
any of those types of modifications.

Peptide

Protein ID? Protein description Y Localization Normalized ratio DiANNA®
categorization sequence
Pst avrRpm1-1 hr
AT1G78060.1 Glycosy! hydrolase family | Cell wall organization and | o ar K. TLLGNYAGPPCK.T 9.22 v
protein biogenesis
AT5G38530.1 TSBtypezEggt&’:;ag synthase | .. iular metabolic process plastid R.AVEPSACPSLTK.G 1.98
ATCG00470.1 ATPEIATP synihase epsion transport plastid M.TLNLCVLTPNR.L 3.63
AT1G68010.1,AT1G68010.2 ATHPR1thdnygg‘Syepyr”"ate others peroxisome R.WINLLVDQGCR.V 2.44
AT1G73060.1 LPA3|Low PSII Accumulation 3 Chioroplast organization or plastid K.QTDGSFACVAESPTR.F 0.48
photosynthesis
ERDA4|Early-responsive to lasma
AT1G30360.1 dehydration stress protein stress response P K.TGFCGLVGK.Q 2.89 v
membrane
(ERDA4)
Pst avrRpm1-3 hr
AT2G32810.1,AT2G32810.2 = BGALO|beta galactosidase 9 = O Wa':);g:ﬂ”;?;‘°” and vacuole R.GSCDGFSIGK.C 0.12
AT4G31840.1 ENODUSE?JK :gd“"”"'ke other extracellular | K.LDQAGPVYFVSGTEGHCQK.G | 2.25
UVRS8|Regulator of
AT5G63860.1 chromosome condensation stress response cytosol,nucleus K.VVQVSCGWR.H 0.47
(RCC1) family protein
AT3G18490.1 ASPG1|Eukaryotic aspartyl proteolysis extracellular | K.SLTCSAPQCSLLETSACR.S | 0.55 v
protease family protein
AT1G02305.1 Cysteine proteinases proteolysis vacuole R.TAWSQCTSIGR.L 2.32
superfamily protein
ATCG00470.1 ATPEIATP 2%2}:336 epsilon transport plastid M.TLNLCVLTPNR.L 1.91
AT4G01310.1 Ribosomal L5P family protein translation plastid K.IVVNCGIGDAAQNDK.G 2.03
AT1G54500.1 Rubredoxm-llke‘superfamlly Chloroplast organlzghon or plastid K FAVLNTGIYECR.S 0.48
protein photosynthesis
AT4G19880.1,AT4G19880.2,AT Glutathione S-trar!sferase family stress response plastid R.YICGNTLTETDIR.L 108
4G19880.3 protein
AT1G21670.1 DPP6 amino-terminal domain | Cell wall organization and | o\ oyyjar R.FGPSCSIQDFK.T 2.21
protein biogenesis
Pst -3 hr
AT5G27540.1,AT5G27540.2 | MIROTMIRO-related GTP- others mitochondrion R.YAAGAVDCPGSPK.S 2.96

ase 1
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AT5G19620.1

AT3G10380.1
AT3G52960.1
AT2G27680.1

AT5G08280.1
AT5G51970.1,AT5G51970.2
AT4G32520.1,AT4G32520.2

AT3G13750.1

AT3G13750.1

AT2G32810.1,AT2G32810.2

AT5G63800.1

AT3G06510.1,AT3G06510.2

AT1G78060.1

AT1G78060.1

AT1G78060.1
AT5G04360.1
AT1G05850.1

AT2G42910.1

AT4G31840.1

AT4G24220.1,AT4G24220.2

ATOEP80|outer envelope
protein of 80 kDa

SEC8|subunit of exocyst
complex 8
Thioredoxin superfamily protein
NAD(P)-linked oxidoreductase
superfamily protein
HEMC|hydroxymethylbilane
synthase
putative sorbitol dehydrogenase

SHM3|serine
hydroxymethyltransferase 3

BGAL1|beta galactosidase 1
BGAL1|beta galactosidase 1

BGALO9|beta galactosidase 9

BGALS|Glycosyl hydrolase
family 35 protein
SFR2|Glycosyl hydrolase
superfamily protein
Glycosyl hydrolase family
protein
Glycosyl hydrolase family
protein
Glycosyl hydrolase family
protein
ATLDA|limit dextrinase
ATCTL1|Chitinase family
protein
Phosphoribosyltransferase
family protein
ENODL15|early nodulin-like
protein 15
VEP1|NAD(P)-binding
Rossmann-fold superfamily
protein

AT2G40290.1,AT2G40290.2,AT | Eukaryotic translation initiation

2G40290.3
AT4G01310.1

AT3G52500.1
AT1G55490.1,AT1G55490.2
AT4G12830.1

AT3G24430.1

AT1G73060.1

AT1G30360.1

AT5G65810.1

factor 2 subunit 1
Ribosomal L5P family protein

Eukaryotic aspartyl protease
family protein

CPN60B|chaperonin 60 beta

HCF101|protein high chlorophyll
fluorescence 101

HCF101|protein high chlorophyll
fluorescence 101

LPA3|Low PSII Accumulation 3

ERD4|Early-responsive to
dehydration stress protein
(ERD4)

CGR3|cotton Golgi-related 3

Chloroplast organization or

) plastid R.GLVCENANVLPSK.F 0.15 v
photosynthesis
transport cytosol K.VAAAGAIICQK.L 0.31
stress response plastid K.KTILFAVPGAFTPTCSQK.H 2.08
others plastid R.MAQLCELTGVK.L 1.95
cellular metabolic process plastid R.AFLETLDGSCR.T 0.51
cellular metabolic process cytosol K.AVGICGSDVHYLK.T 0.51
cellular metabolic process plastid R.AVMEAVGSCLTNK.Y 1.92
Cell wall organization and | oy - coyiyar KFASFGTPEGTCGSYR.Q | 2.01 v
biogenesis
Cell wall organization and | o o1y ar K.SGACSAFLANYNPK.S 2.04
biogenesis
Cell wall organization and vacuole R.GSCDGFSIGK.C 0.27 v
biogenesis
Cell wall organization and | o - coyiyfar K.VQISCGGTKPIDLSR S 35
biogenesis
Chloroplast organization or plastid K.ETPCSAEEAEAADKK.A 435
photosynthesis
Cell wall organization and | o - cojiyar K.TLLGNYAGPPCK.T 8.58 v
biogenesis
Cell wall organization and | oy cojiyar R.VNGIPSCADPNLLTR.T 8.59 v
biogenesis
Cell wall organization and | oy cojiyjar K AGMDVNCGSYLQK.H 6.04 v
biogenesis
cellular metabolic process plastid K.LETCYANDPYAR.G 2.04
Cell wall 'organizz'ation and plasma K YPCSPGAEYYGR.G 236 v
biogenesis membrane
cellular metabolic process cytosol K.LLDHYPTVVCTK.V 2.5
others extracellular | KLDQAGPVYFVSGTEGHCQK.G | 3.23
cellular metabolic process peroxisome K.NEAFNCNNADIFK.W 2.16 v
translation cytosol R.VSEEDIQTCEER.Y 2.69 v
translation plastid K.IVVNCGIGDAAQNDK.G 3.08
proteolysis extracellular R.YLCSGCDFSGLDPTLIPR.F 3.65 v
others plastid K.MSVEFDNCK.L 217
Chloroplast organization or plastid R.ASDKPLTSCGPYK.M 6.38
photosynthesis
Chloroplast organization or plastid R.ISNIIAVSSCK.G 3.03 v
photosynthesis
Chloroplast organization or 4 K.QTDGSFACVAESPTR.F | 0.55
photosynthesis
stress response plasma K.TGFCGLVGK.Q 2.14 v
membrane
Cell wall organization and golgi K.ITGDYSCTAEVQR.A 2.96 v

biogenesis

a) Proteins regulated in both DC3000 and avrRpm1 treated samples are marked in bold.
b) Prediction of intra-molecular disulfide bond formation by DIANNA

Categorization of pathogen-responsive

proteins

Table 1: The list of putative redox-sensitive peptides upon pathogen infection.

redox-sensitive

extracellular proteins represent the top localization categories for
redox-sensitive proteins. It is well-known that redox regulation occurs
in chloroplast including the light-dependent thiol-disulfide exchange [12].

Subcellular localization: The subcellular localization of the redox-

sensitive proteins and differentially expressed proteins was categorized
based on Gene Ontology annotation (Figure 4 and Supplementary
Figure). As for the differentially expressed proteins, the top two
localization categories are plastid and cytosol, whereas plastid and

Biological processes: The top three enriched biological processes
for the differentially expressed proteins are cellular metabolic processes,
stress response, and redox regulation/transport. In the redox-sensitive
protein group, the cell wall organization and biogenesis, cellular
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Figure 4: Subcellular localization and biological process categorization of pathogen-responsive redox-sensitive proteins.
The subcellular localization and biological process GO terms are shown on the y-axis. Numbers of proteins with a significant
change in their redox states in each category are shown on the x-axis.

metabolic process, and photosynthesis represent top three enriched
GO terms.

Cell wall organization and biogenesis: Plant cell wall serves the
first line of defense against pathogens [40]. A number of studies on
cell wall proteome during bacterial pathogen infection have mainly
focused on plant cell cultures but not with plant tissue [41]. In this
study, we found seven proteins involved in cell wall organization and
biogenesis were redox-sensitive in Arabidopsis plant tissue. These
include three beta galactosidases (BGALs), a glycosyl hydrolase family
protein, a chitinase-like protein AtCTL1, Golgi-related 3 (CGR3), and
DPP6 amino-terminal domain protein. The plant B-galactosidases
are essential in the metabolism of galactosyl conjugates during
carbohydrate reserve mobilization and cell wall expansion and
degradation [42,43]. The Arabidopsis genome contains 17 predicted
B-galactosidase genes, designated as BGAL1-17 [44]. BGAL1, BGAL6
and BGAL9 were identified in this study. BGAL1 and BGAL6 became
oxidized after 3 hrs of virulent pathogen treatment, while BGAL9 was
reduced in both virulent and avirulent pathogen infection. Deletion of
BGALS6 was reported to affect extrude mucilage from the apoplast upon
hydration [45]. In Escherichia coli, it was reported that p-galactosidase
could form disulfide bond to active its function under oxidizing
conditions in vitro [46]. However, the majority of plant BGALs
function are not characterized. The change of BGALSs’s redox states
upon pathogen infection indicates their involvement in plant defense
response through oxidative modifications. Three cysteine-containing
peptides in the glycosyl hydrolase family protein were oxidized upon
pathogen treatments. These three peptides were all predicted to form
intra-molecular disulfide bonds. Earlier, hydrolase family was showed
to be regulated at gene’s transcription level during geminivirus
infection [47]. Thus, this gene/protein family contributes to plant
defense response not only at the transcription level, but also as protein
redox switch.

Cellular  metabolism  and  photosynthesis: ~ Metabolic

reprogramming is essential to balance defense and growth. Earlier
studies have suggested that many starch metabolic enzymes are redox-
regulated [48]. In the study, we identified a redox-sensitive protein
limit dextrinase (AtLDA) that has a role in the hydrolysis of the a-1,6
linkages during starch degradation. In agreement with our study, this
protein has been previously identified as redox-sensitive in spinach [49]
and wheat [50]. The putative sorbitol dehydrogenase was also found
to be S-glutathionyled in Arabidopsis under tert-butylhydroperoxide
treatment [51]. Chloroplasts are key players in plant defense. The
loss of integrity of PSII may lead to the HR-associated oxidative
burst. Many redox-sensitive proteins in chloroplasts regulate enzyme
activity in response to stresses by reduction of regulatory disulfides
in target enzymes, ensuring coordination between photosynthesis
and energy production [48]. Six proteins involved in photosynthesis
were found redox-modified. Of these, 3 proteins were in more reduced
states, including outer envelope protein of 80 kDa, rubredoxin-like
superfamily protein, and low PSII Accumulation 3, and two proteins
were more oxidized including high chlorophyll fluorescence 101
(HCF101) and hydroxypyruvate reductase. Rubredoxins are [1Fe-
0S] proteins in which one iron atom is coordinated by four cysteine
residues. Many studies have reported that rubredoxins act as electron
carriers in a variety of biochemical processes including detoxification
of reactive oxygen species [52,53] and fatty acid metabolism [54]. The
protein HCF101 has been shown to be essential for the accumulation
of the membrane complex photosystem I and the soluble ferredoxin-
thioredoxin reductases [55]. The redox-sensitive cysteine residue
(underlined) identified in this study is present in the highly conserved
P-loop domain of the plant HCF101 (ISNIIAVSSCK), and it was
predicted to form an intra-molecular disulfide bond.

Other biological processes: The other redox-sensitive proteins were
classified into stress responses, proteolysis, transport, translation and
development. Among them, early-responsive to dehydration stress
protein (ERD4) was identified as a part of the chloroplast envelope
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Cell wall organization
and biogenesis
BGAL1, BGAL6

BGAL9

Pseudomonas syringae infection

Stress response

ERD4 Chloroplast and
UVR8 photosynthesis
HCF101
LPA3, ATOEP80, Rubredoxin-
I like superfamily protein

Cellular metabolism
AtLDA, SHM3
sorbitol dehydrogenase

Figure 5: Schematic representation of redox-sensitive proteins involved
in pathogen infection. Oxidized and reduced proteins are indicated by red
and green color, respectively. Under the Pseudomonas syringae infection,
ROS were over produced in the plant cells. A number of redox-sensitive
proteins were identified in this process and involved in various biological
processes as presented in the oval spheres. BGALs, beta galactosidases;
HCF101, high chlorophyll fluorescence 101; LPA3, low PSIl accumulation 3;
ATOEPB80, outer envelope protein of 80 kDa; AtLDA, limit dextrinase; SHM3,
serine hydroxymethyltransferase 3; ERD4, early-responsive to dehydration
stress protein; UVR8, UV-B resistance 8.

proteome [56] with function in the early stages of plant adaptation
to abiotic stress conditions [57]. EDR4 identified as a redox-sensitive
protein upon the pathogen attack suggests its function in plant
defense. UV resistance locus 8 (UVR8) with sequence similarity to the
eukaryotic guanine nucleotide exchange factor RCC1, is located in the
nucleus and associates with chromatin in the HY5 promoter region to
regulate the protective gene expression [58]. It was also up-regulated
in Arabidopsis plants grown under salt or osmotic stress conditions
[59]. UV exposure, like pathogen infection, causes ROS stress and
UVBS8 could play a similar role during these oxidative stresses through
its oxidative modification. Other proteins identified in the study
include putative cathepsin B-like cysteine protease that functions in
basal defense response as well as a potential regulatory role in distinct
forms of plant programmed cell death [60], endochitinase-like protein
AtCTL1 with a key role in tolerance to heat, salt and drought stresses
[61], and a thioredoxin superfamily protein that was reported to be
S-nitrosylated in Arabidopsis undergoing hypersensitive response [62].

Conclusion

During plant-pathogen interactions, plants have evolved intricate
mechanisms to recognize and trigger effective innate immune
responses. ROS is an essential regulator in activation of the immune
response but the mechanisms by which ROS regulate immunity remains
largely unknown. Using in vivo metabolic labeling proteomics method
combined with biotin-switch technique, we identified a number of
proteins with altered redox states in Arabidopsis plants upon infection
by virulent and avirulent pathogens. Many of the redox-sensitive
proteins identified in this study have not been recognized previously
to undergo oxidative modifications. These redox-regulated proteins
are involved in cell wall organization and biogenesis and in chloroplast
function in addition to other biological pathways (Figure 5). These
results have expanded our knowledge of proteins redox switch during
plant-pathogen interactions and the knowledge will help for future
study toward understanding the plant defense mechanisms.
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