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Redox proteomics of tomato in response to Pseudomonas

syringae infection

Kelly Mayrink Balmant'?, Jennifer Parker'?, Mi-Jeong Yoo', Ning Zhu', Craig Dufresne® and Sixue Chen'**

Unlike mammals with adaptive immunity, plants rely on their innate immunity based on pattern-triggered immunity (PTI) and
effector-triggered immunity (ETI) for pathogen defense. Reactive oxygen species, known to play crucial roles in PTI and ETI, can perturb
cellular redox homeostasis and lead to changes of redox-sensitive proteins through modification of cysteine sulfhydryl groups.
Although redox regulation of protein functions has emerged as an important mechanism in several biological processes, little is known
about redox proteins and how they function in PTl and ETI. In this study, cysTMT proteomics technology was used to identify
similarities and differences of protein redox modifications in tomato resistant (PtoR) and susceptible (prf3) genotypes in response to
Pseudomonas syringae pv tomato (Pst) infection. In addition, the results of the redox changes were compared and corrected with the
protein level changes. A total of 90 potential redox-regulated proteins were identified with functions in carbohydrate and energy
metabolism, biosynthesis of cysteine, sucrose and brassinosteroid, cell wall biogenesis, polysaccharide/starch biosynthesis, cuticle
development, lipid metabolism, proteolysis, tricarboxylic acid cycle, protein targeting to vacuole, and oxidation-reduction. This
inventory of previously unknown protein redox switches in tomato pathogen defense lays a foundation for future research toward
understanding the biological significance of protein redox modifications in plant defense responses.
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INTRODUCTION

Pseudomonas syringae, a hemibiotrophic bacterial pathogen,
causes bacterial speck disease in a wide range of plant species,
including crops such as tomato (Solanum lycopersicum) and the
reference plant Arabidopsis thaliana. The disease leads to serious
decreases in crop yield and significant economic loss in agriculture
and therefore threatens global food security.! According to the
Food and Agriculture Organization of the United Nations, the global
demand for food is projected to rise by 50% by 2030.2 As the world’s
population continues to grow, arable lands decrease, and patho-
gens continue to evolve resistance to plant defense, the study of
plant—-pathogen interaction has become an important and urgent
area of biological research. Recent development in research tools
and technologies has enabled scientists to gain novel mechanistic
insights into the molecular processes underlying plant-pathogen
interactions. The knowledge may be employed in the development
of crops with enhanced defense through genetic engineering and
breeding.

Plant-pathogen interactions involve sophisticated molecular
interplay underlying an evolutionary arms race.® Plants are able
to recognize pathogens through pathogen-associated molecular
patterns (PAMPs). This response and subsequent changes within
the plant cells are often called PAMP-triggered immunity (PTI). The
microbe recognition is achieved by plasma membrane pattern
recognition receptors, which are leucine-rich receptor-like kinases
or receptor-like proteins.* After PAMP recognition, plant cells
undergo alkalization, change in ion flux, increase in reactive oxygen
species (ROS), and activation of mitogen-activated protein kinase
cascade.® Bypassing or suppressing these responses benefits the
bacteria. Through a type lll secretion system, the bacteria can inject
effector proteins (T3Es) into the host cells to attenuate PTI.

Recognition of the T3Es by plant resistance (R) proteins is important
for the plant’s survival and effector-triggered immunity (ETI). ETI
initiates an incompatible interaction characterized by a hypersensi-
tive response (HR), programmed cell death, defense gene transcrip-
tion, increase in salicylic acid (SA), and induction of systemic
acquired resistance (SAR).® Beyond transcriptional and protein level
changes, post-translational modifications (PTMs) such as nitrosyla-
tion, disulfide bond formation, and phosphorylation known to
regulate protein activities, may play a role in the plant-pathogen
interactions.

PTM:s of proteins may function as molecular switches to turn on
or off signaling and/or metabolic processes in plant response to
external stimuli.”™® As previously reported, both PTI and ETI res-
ponses lead to increases in ROS production.*'®'" Thiol is a nucleo-
phile, which when exposed to oxidative stress, is capable of
undergoing reversible inter- and intra-molecular disulfide bond
formation, nitrosylation, glutathionylation, sulfinic acid modifica-
tion, and irreversible sulfonic acid modification.'” The high pKa
values of protein cysteines (8-9) make these residues responsive
to small redox perturbation by forming reactive ionized thiolate
groups.'® H,0, is able to permeate the cell membrane and serves
as a signaling molecule to induce redox changes and protein thiol
modifications.”'*'® In recent years, several reversible cysteine
modifications (e.g., S-nitrosylation, S-sulfenation, S-thiolation, and
S-glutathionylation) have been characterized and shown to play a
role in modulating the functions of regulatory proteins.'®'®
However, only a limited number of defense-related proteins have
been shown to be redox-regulated in plants, e.g., a cytokine-induced
apoptosis inhibitor 1 (AtCIAPIN 1),'® natriuretic peptide receptor 1,
transcription factor 1, nicotinamide adenine dinucleotide phosphate-
oxidase (rubidium hydroxide),?? S-nitrosoglutathione reductase 1,
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SA-binding protein,>* and BRI1-associated receptor-like kinase 1.

Redox modifications induced in response to P. syringae pv tomato
(Pst) infection have not been identified between resistant (PtoR) and
susceptible (prf3) genotypes of tomato at early (4 h) and late (24 h)
time points after infection. Therefore, itis hypothesized that during the
infection process, Pst will cause differential redox regulation of proteins
amongst different time points and between genotypes. This hypo-
thesis is supported by the change in H,O, production observed
between the early and late time points.?® In addition, the identification
of novel redox-sensitive proteins in response to pathogens will allow
improved understanding of the roles of redox regulation and redox
signaling in plant defense.

Among the proteomics approaches used for identification of
proteins that undergo oxidative modifications, Cysteine Labeling
Tandem Mass Tags (cysTMT with m/z 126-131, Thermo Scientific
Inc,, San Jose, CA, USA) have been utilized in the identification of
disulfide bond formation and thiol nitrosylation.?’?® A reverse-
labeling approach allows alkylation of free thiols in protein samples
to prevent artificial oxidation, and then reduction of oxidation sens-
itive cysteines, which will be labeled with multiplex cysTMT tags.
Using this approach, 4348 proteins have been confidently iden-
tified. A total of 3258 cysteine-containing peptides and 1580-assoc-
iated proteins were observed. Among these proteins, 19, 27, and 51
potential redox-sensitive proteins were identified in prf3 at 4 h after
inoculation (hai), PtoR at 4 hai, and PtoR at 24 hai, respectively. The
redox-sensitive cysteines in these proteins were mapped and their
sensitivity levels were quantified. In addition, the redox changes
were compared to the data of total protein level changes®® using
the same set of samples. Some of the interesting proteins include
serine-threonine receptor kinase, WD repeat protein, vacuolar-sort-
ing receptor, and 3-ketoacyl-CoA thilase (KAT2). This study reports
an inventory of potential redox switches and protein redox modu-
lation as an interesting mechanism in plant response to pathogen
infection.

MATERIALS AND METHODS

Plant materials and bacteria inoculation
The plant materials tomato (S. lycopersicum) genotypes PtoR and prf3 used
for this study were the same as those used for the global protein abundance
study,?® except that the prf3 24 hai samples were not included due to the
limitation of six-plexes of the cysTMT.?® Please refer to Parker et al.?® for plant
growth and bacterial inoculation conditions.

Protein extraction, CysTMT labeling, and gel fractionation

Protein extraction was performed in three biological replicates of PtoR 4 hai,
prf3 4 hai,and PtoR 24 hai, respectively. Samples were grounded with 5 X the
volume of 20% tricarboxylic acid (TCA). The samples were then vortexed and
put on ice for 30 min. Samples were stored at —20 C for 1 h and subse-
quently centrifuged at 12 000 rpm at 4 C for 15 min. The supernatant was
removed, and the pellet was washed with 80% cold acetone, centrifuging at
10 000 rpm at 4 *C for 15 min. This step was repeated three times. Samples
were resuspended in a sample buffer (7 M urea, 2 M thiourea, 4% 3-[(3-
cholamidopropyl)dimethylammoniol-1-propanesulfonate) and quantified
as previously described.

Proteins were labeled as previously described.?® For each sample, 100 pg
protein was treated with iodoacetamide (IAM) for alkylating-free
cysteine thiols, reduced with tris-(2-carboxyethyl)phosphine (TCEP), and
then labeled with the cysTMT tags as described in Parker et al. > with slight
modifications. Mock inoculated samples (PtoR 4 hai, prf3 4 hai, and PtoR 24
hai) were labeled with cysTMT tags 126 m/z, 128 m/z, and 130 m/z, respect-
ively. Pst-treated samples (PtoR 4 hai, prf3, and PtoR 24 hai) were
labeled with cysTMT tags 127 m/z, 129 m/z, and 131 m/z, respectively.
The samples were then combined and subjected to non-reducing 1D gel
fractionation. From the gel, 12 fractions were excised for trypsin digestion
according to manufacturer’s instructions (Thermo Scientific Inc., San Jose,
CA, USA).
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Liquid chromatography-mass spectrometry (LC-MS)/MS of the

cysTMT samples

LC-MS/MS was performed on a Thermo Scientific Q-Exactive system, which
is a hybrid Quadrupole-Orbitrap Mass Spectometer. Samples were loaded
onto a Cyg EASY-Spray column (75 micron X 25 cm, with 2 micron particle size)
(Thermo Scientific Inc., Bellefonte, PA, USA) heated to 35 C. The LC flow rate was
300 nL min~". A gradient was set up with a 60 min linear ramp from 2%
acetonitrile with 0.1% formic acid to 30% acetonitrile with 0.1% formic acid,
followed by a 10 min linear ramp to 98% acetonitrile with 0.1% formic acid,
where it was held for 20 min. Data were acquired on the Q-Exactive hybrid
mass spectrometer using the full MS/data dependent MS2, targeting the top
5 peptides. A full scan was performed at 70 000 resolution, scanning from
400 m/z to 2000 m/z at a target of 3E6 in the Orbitrap. MS/MS scanning was
performed in the Orbitrap at 17 500 resolution with a quadrupole isolation
width of 2 m/z and a 28% normalized collision energy, using a fixed first
mass of 105 m/z. The MS/MS target was 1E6 with a 100 ms maximum
injection time. The underfill ratio was set to 1.0%, and the apex trigger
was turned on with a minimum and maximum triggering time of 3-12 s.
Peptide match was set to ‘preferred with exclude isotopes’, and dynamic
exclusion duration was set to 60 s.

Database searching and data analysis

Raw data files were submitted to Proteome Discoverer 1.4 for database
searching (Thermo Scientific Inc., Bremen, Germany). The spectrum grouper
node used a precursor mass tolerance of 10 ppm and a maximum retention
time difference of 1.1 min. Proteome Discover 1.4 with SEQUEST algorithm
was used to search the ITAG 2.3 tomato database (34 727 entries, down-
loaded from http://solgenomics.net) combined with a list ESTs derived from
the Harvard DFCl index (52 542 entries, from http://www.ncbi.nlm.nih.gov/
pmc/articles/PMC4205239). These sequences were merged with a list of
contaminants from the Max Planck Institute of Biochemistry (http://
maxquant.org/contaminants.zip). Dynamic modifications included methio-
nine oxidation, cysteine carbamidomethyl, and cysTMT6plex. Percolator was
set to a target false discovery rate (FDR) of 0.05. Quantification was per-
formed using the cysTMT6plex reporter ion method.

Unique peptide peak intensities for each label of cysTMT were exported,
and ratios were calculated accordingly from the median-normalized peak
intensity values. Student’s t-test (two-tailed) on the log,-transformed
treated/control ratios was performed. A peptide with a p > 0.05 and a fold
change greater than 1.2 or less than 0.8 were considered to be statistically
significant. The isobaric tags for relative and absolute quantitation (iTRAQ)
data by Parker et al.2® were searched using the database mentioned above in
order to generate information about total protein level changes
(Supplementary Table S1). The significant peptides labeled with cysTMT
were compared and contrasted with the significant proteins quantified via
iTRAQ. Student's t-test was conducted between the fold change of cysTMT-
labeled peptides and the fold change of the corresponding proteins quan-
tified via iTRAQ. A correction factor was applied to the fold change of
cysTMT-labeled peptides, taking into account the fold change of the protein
quantified via iTRAQ.

Quantitative real-time PCR

In order to gain indication of potential protein level changes of the proteins
not identified in the proteomics study,? relative quantification in real-time
RT-PCR (gRT-PCR) was performed (Supplementary Table S2). VeriQuest Sybr
with Fluorescein Kit (Affymetrix Inc., Santa Clara, CA, USA) was used with
CFX90 (Bio-Rad, Hercules, CA, USA). For each reaction, two technical and
three biological replicates were included. Relative expression of the target
genes was calculated using the Ct method. The differences in Ct values (ACt)
between the target genes and reference gene (ACT7, Supplementary Table
S2) were calculated to normalize the differences in the complimentary DNA
concentrations for each reaction. Differential gene expression between
inoculated and control samples was assessed using t-test.

RESULTS

Identification of redox-responsive cysteines, peptides, and proteins
Redox proteomics approaches are based on differential labeling of
redox-modified cysteines in proteins and have shown utility in
unraveling important biological mechanisms. Here we chose to
use the TCA method to precipitate proteins because TCA not
only lyses the cells, but also protonates all thiolates to prevent
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thiol-disulfide exchange reactions.® In addition, a reverse-labeling
procedure was performed, in which IAM was used to block free thiol
groups. After alkylation of the free thiols, reduction of reversibly
oxidized cysteine residues and labeling with cysTMT reagents were
conducted. This reverse-labeling procedure maintains the initial
redox state of the proteins and prevents artificial oxidation during
sample preparation. Therefore, the increases of the cysTMT signals
from specific cysteine peptides derived from treated samples com-
pared to control samples indicate the presence of oxidation
responsive/sensitive cysteines (Figure 1). The use of this powerful
methodology enabled identification of proteins with cysteines that
underwent redox modifications in the resistant PtoR and suscept-
ible prf3 genotypes of tomato at early and late time points after
infection. In total, 4348 proteins were confidently identified among
three biological replicates with a FDR of 0.05. A total of 3258
cysteine-containing peptides and 1580-associate proteins were
observed. Of the cysteine-containing peptides, 2749 peptides
(84.3%) were labeled with cysTMT tags and correlated to 1413 pro-
teins. A comparison of the three biological replicates showed that
217 proteins were present in all the replicates, and 529 were present
in at least two replicates (Figure 2). It should be noted that the three
replicates represent independent biological replicates using the
dip-inoculation method, which is close to natural infection, but
known to generate more variations than the infiltration method.>
A peptide abundance greater than 1.2 or less than 0.8 with a p <
0.05 was considered to be redox-sensitive (Supplementary Figure
S1). As previously addressed, the identification of redox proteins
may be complicated due to protein turnover. This issue may be
solved by comparing the redox proteomics data with protein level
change data®"*? (Supplementary Figure S2). In this report, the total
protein level data generated by Parker et al.*® was used to correct
the redox changes. It is important to highlight that the same set of
samples were used in the proteomics study®® and in our redox
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proteomics study in order to avoid sample variation. For example,
a dihydrolipoyllysine-residue acetyltransferase component of pyr-
uvate dehydrogenase complex-like protein was identified as a
potential redox-regulated protein in the prf3 susceptible genotype
with a fold change of 1.46 at 4 hai (Table 1). However, the iTRAQ
analysis revealed a significant fold change of 2.06. Therefore, the
redox-fold change may be due to the protein level change rather
than a cysteine redox response. Cleary, our redox proteomics
method showed utility in the identification of redox-responsive
cysteines, peptides, and proteins.

Redox-responsive proteins at early stage of Pst infection of prf3

In the susceptible prf3 genotype, 19 cysteine-containing peptides
from 19 different proteins were found to be redox-regulated upon
pathogen infection (Table 1). Ten of the peptides were found to be
in more reduced state at 4 hai with Pst, while the other nine were in
more oxidized state compared to the mock control samples
(Figure 2). The identification of proteins in a more reduced state
under Pst inoculation suggests differential compartmentalization
of subcellular redox environment and the dynamic nature of pro-
tein redox state. When the total protein-level change and transcrip-
tional change were taken into account, two out of the 19 peptides
containing redox-sensitive cysteines also showed significant pro-
tein amount changes in the same direction (Table 1). Vacuolar-
sorting receptor 1-like and dihydrolipoyllysine-residue acetyltrans-
ferase component of pyruvate dehydrogenase complex-like were
initially assigned as potentially redox-regulated based on the
cysTMT data. However, when the protein level correction (based
on the iTRAQ data) was applied, these proteins also showed total
protein level change. Thus, the observed redox-fold change of
these proteins may be due to the protein level change rather
than a cysteine redox response. The sequences of the identified
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Comparison of redox proteomes and identified redox proteins in different tomato genotypes. (a) Venn diagram showing the number of
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susceptible prf3and resistant PtoR genotypes at early and late stage of Pst infection. PtoR clearly showed more oxidized proteins at both 4 hai

and 24 hai, compared to prf3.

redox-regulated proteins were analyzed for intra-molecular disul-
fide bond formation using DIANNA software (http://clavius.bc.edu/
~clotelab/DiANNA/). Five of the 17 redox-sensitive peptides were
predicted to form intra-molecular disulfide bonds (Table 1). It
should be noted that disulfide bonds represent only one possibility
of thiol modifications, and other modifications, such as sulfenic

acid, S-nitrosylation and glutathionylation®® are also chemically
reversible. The cysTMT labeling method will allow the identifica-
tion of these cysteine modifications if modification specific reduc-
tants are used, e.g., ascorbate and copper for S-nitrosylation.3*3*
As shown in Figure 3, analysis of GO terms of relevant biological
processes revealed that the potential redox-regulated proteins

Table 1. Potential redox-responsive proteins identified in prf3 at 4 h after Pst inoculation

Peptide Protein ID Protein description p-value cysTMTFC® TRAQFC® mRNAFC® DIANNA®
AVSAIVScLLGPER Solyc03g111610.2.1  Protein CbbY-like 0.014 0.66 1.21N8 v
AGScSScAGK Solyc10g044520.1.1  Ferredoxin-1, chloroplastic 0.031 0.68 0.96M
SDFHVAAQNCWVK Solyc04g011510.2.1  Triosephosphate isomerase 0.011 0.73 0.90NS
AcLKVPSNEGVLVR Solyc06g084480.2.1  Protease Do-like 2, chloroplastic-like 0.015 0.73 n/a 0.76"°
AcAFSEDTNLLLTGGFEK Solyc03g120010.2.1  Serine-threonine kinase receptor-associated 0.003 0.74 0.89NS v
protein like
FANIAcK Solyc03g078290.2.1  40S ribosomal protein S18-like 0.018 0.75 1.42N8
VeEcPTVQGVK Solyc10g074980.1.1  Vacuolar-sorting receptor 1-like 0.014 0.75 2.12% v
IPFVeGCR Solyc06g081980.1.1  Probable pyridoxal biosynthesis protein 0.045 0.77 1.02Ns v
PDX1-like
IQDEcGQVVScSDIVAIAAR Solyc04g071890.2.1  PREDICTED: peroxidase 12-like 0 0.79 1.20M8 v
EAFVEMcADEYVQK Solyc03g115980.1.1  Geranylgeranyl diphosphate reductase, 0.028 0.8 1.03\¢
chloroplastic-like
VeQVIGAVVDVR Solyc05g008460.2.1  ATP synthase subunit beta, mitochondrial-like 0.038 1.25 1.09N¢
DSVGQPINVACEVQQLLGNNR Solyc01g007320.2.1  ATP synthase CF1 beta subunit, chloroplastic 0.005 1.28 0.95"S
QGFTNLPIcMAK Solyc01g006280.2.1  Formate-tetrahydrofolate ligase-like 0.049 1.28 0.86"° v
GQEGAGIVEVNDNVLK Solyc01g110520.2.1  Amidophosphoribosyltransferase 2, 0.029 1.29 1.40N
chloroplastic-like
GNNILVMcDAYTPAGEPIPTNKR  Solyc11g011380.1.1  Glutamine synthetase 0.003 1.33 1.17M8
VAAKLESMEPcSSVK Solyc09g082060.2.1  Cysteine synthase-like 0.035 1.36 1.42N8
ATALALVQHPVVNSScR Solyc11g017250.1.1  Dihydrolipoyllysine-residue acetyltransferase 0.013 1.46 2.06°
component of pyruvate dehydrogenase
complex-like
FYTECFGMK Solyc02g080630.2.1  Lactoylglutathione lyase-like 0.03 1.52 0.91N¢
GVDNSQIKVVEAVAAPPALTK Solyc09g011300.2.1  Uracil phosphoribosyltransferase-like isoform 1~ 0.013 1.55 1.13N\8

2Fold change between inoculated and control samples obtained from cycTMT.
®Fold change between inoculated and control samples obtained from iTRAQ,23 NS, not significant (p > 0.05), S, significant (p < 0.05).
¢ Fold change between inoculated and control samples obtained from gRT-PCR, NS, not significant (p > 0.05), S, significant (p < 0.05).

9 Prediction of intra-molecular disulfide bond formation.
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Figure 3. Comparative ontology analysis of the redox proteins after
Pst infection between susceptible and resistant genotypes at early
and late stages of infection. Relevant biological process GO terms are
shown on the y-axis. Numbers of proteins significantly redox-
regulated in each genotype and time point after infection are shown
on the x-axis.

were involved cellular carbohydrate metabolism, energy processes
(plasma membrane adenosine triphosphate (ATPase), ATP syn-
thesis, photosynthesis, and pentose-phosphate shunt), as well as
gluconeogenesis and cysteine biosynthetic process. The oxida-
tion-reduction process was represented by five proteins (ferre-
doxin, peroxidase 12-like, glutamine synthetase (GS), cysteine
synthase, and lactoylglutathione lyase-like) in the prf3 genotype
inoculated with Pst for 4 h.

Redox proteins at early stage of Pst infection of PtoR

A total of 27 cysteine-containing peptides from 27 different pro-
teins were identified being redox-regulated in the PtoR samples at 4
hai (Table 2). Among these redox-regulated peptides eight were in
more reduced state under Pst inoculation; while 19 were in more
oxidized state compared to the control samples (Figure 2). Analysis
of total protein level and transcriptional change revealed that two
peptides identified as being redox-regulated showed significant
protein/transcript level change (Table 2). Carbohydrate esterase
exhibited a significant fold change of 1.31 in redox modification
and a significant fold change of 2.10 in protein level. In addition,
proteinase inhibitor type-2 CEVI57-like isoform 1 showed a signifi-
cant fold change of 1.30 in redox modification and a significant fold
change of 1.69 in transcriptional level. Thirteen out of the 26 redox-
regulated proteins were predicted to form intra-molecular disulfide
bonds (Table 2). As noted in the previous section, other thiol mod-
ifications could be responsible for the rest of cysteines identified
here. Biological processes of the potential redox-regulated proteins
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of PtoR plants at 4 hai include sucrose biosynthetic process,
cysteine biosynthetic process, gluconeogenesis, and other pro-
cesses such as proteolysis, methylation, glycolytic process, toxin
catabolic process, cell wall organization, and cell growth. Most of
all, proteins in the following three biological processes, i.e., cell
redox homeostasis, hydrogen peroxide catabolic process, and
oxidation-reduction process may play an important role in
regulating the dynamic protein redox state during Pst infection
(Figure 3). Although cysteine biosynthesis, gluconeogenesis, and
oxidation-reduction process were shared with prf3, PtoR at 4 hai
has many differences (e.g., in sucrose biosynthesis, glutatmine bio-
synthesis, and glycolytic process).

Redox-responsive proteins at late stage of Pst infection of PtoR
During the late stage of infection in the tomato resistant genotype
PtoR, 51 cysteine-containing peptides from 50 different proteins
were found to be potentially redox-regulated (Table 3). Six out of
the 51 redox-regulated peptides were in more reduced state at
this late stage of Pst infection, whereas the others 45 were in more
oxidized state compared to the control samples (Figure 2). When
the total protein level and transcriptional level changes were ana-
lyzed, eight of the peptides containing redox-sensitive cysteines
exhibited significant protein/transcript amount changes (Table 3).
DNA damage repair/tolerance protein DRT100-like and calreticu-
lin-like isoform 2 exhibited a significant fold change of 0.73 and
2.88, respectively in redox modification, and a significant fold
change of 0.015 and 2.87, respectively at the transcriptional level.
Therefore, the observed redox-fold change of these proteins may
be due to protein level change rather than a cysteine redox res-
ponse. Additionally, glutamate dehydrogenase and oxidoreduc-
tase UcpA-like showed a significant fold change of 5.34 and 7.4,
respectively in redox modification, and a significant fold change of
3.03 and 3.50, respectively at the transcriptional level. Since the
redox modification fold change was substantially greater than the
transcriptional level fold change, it is possible that both protein
level and redox regulation occurred upon infection. Furthermore,
3-oxoacyl-(acyl-carrier-protein) synthase ll, chloroplastic alpha-1,4
glucan phosphorylase L-2 isozyme, glucoronokinase-1-like, and
elongation factor 1-aplha presented a significant positive fold
change (1.24, 1.52, 1.87, 2.5, respectively) in redox modification,
and a significant negative fold change (0.28, 0.74, 0.60, 0.57,
respectively) at the transcriptional level. In these specific cases,
it is likely that the redox modification is even greater than the
observed, due to negative regulation of transcriptional/protein
level. Interestingly, the protein KAT2 was found to undergo oxida-
tion, with the highest 22-fold change in oxidation and no signifi-
cant change in protein abundance (Table 3). The identified Cys138
in peptide GDAVDDLcNAR is localized in active site of the enzyme
and it was shown to form a disulfide bond with Cys192 during
redox regulation. An analysis of tomato and Arabidopsis KAT2
amino acid sequences revealed that the cysteine identified in
our study undergoing oxidation in response to Pst is the cysteine
localized at the active site of the enzyme (Figure 4). Thus, it can be
concluded that KAT2 is in its inactive form at late stage of infec-
tion. Of the 51 peptides containing redox-sensitive cysteines, 19
were predicted to form intra-molecular disulfide bonds (Table 3).
Biological processes of the potential 51 redox-regulated proteins
were sucrose biosynthetic process, brassinosteroid biosynthesis,
cell wall biogenesis, polysaccharide biosynthetic process, and
starch biosynthetic process, cuticle development, some lipid
metabolic process, proteolysis, TCA cycle, protein targeted to
vacuole, and oxidation-reduction process (Figure 3). Except shar-
ing proteolysis, cell growth and oxidation-reduction processes
with PtoR 4 hai, the PtoR 24 hai showed many different functional
processes in line with ETI responses.
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Table 2. Potential redox-responsive proteins identified in PtoR at 4 h after Pst innoculation

Peptide Protein ID Protein description p-value cysTMT FC iTRAQ FC mRNA FC DIiANNA
AVMEAVGScLTNK Solyc08g065490.2.1 Serine hydroxymethyltransferase, mithocondrial-like 0.014 0.55 1.38N
YVEScKFPTDGSSPK Solyc12g056530.1.1 Fructose-1 6-bisphosphatase - cytosolic-like 0.002 0.7 1.08NS v
FWEVIcDEHGVDPTGR Solyc04g081490.2.1 Tubulin beta-1 chain 0.031 0.72 0.96NS v
TGcEIVWAEKEK Solyc01g091580.2.1 Cell division protein FtsY homolog, chloroplastic-like 0.009 0.73 0.90NS v
cALVYGQMNEPPGAR Solyc05g008460.2.1 ATP synthase subunit beta, mitochondrial-like 0.028 0.75 1.09N
RKDTVVIALADETcDEPK Solyc11g069720.1.1 Cell division cycle protein 48 homolog 0.016 0.76 1.06M
SGPFYFISGNKDNcDK Solyc12g013900.1.1 Early nodulin-like protein 2-like 0.009 0.78 n/a 0.86MS
YAADVcAGVILGR Solyc12g010040.1.1 Neutral leucine aminopeptidase preprotein 0.035 0.8 1.07N8
LPGFHVcVGSGGER Solyc09g009390.2.1 Monodehydroascorbate reductase-like 0.013 1.2 0.93"

SAPQcGFSQR Solyc09g005620.2.1 Glutaredoxin-1 protein 0.022 1.21 1.24N8
ATEGPIVADKNcEK Solyc05g013820.2.1 Proteasome subunit beta type-7-A-like 0.008 1.23 1.11N

IcEEcK Solyc06g060790.1.1 3-isopropylmalate dehydratase small subunit-like isoform 1 0.017 1.24 0.93N8
GGNNILVICDAYTPAGEPIPTNK Solyc01g080280.2.1 Glutamine synthetase, chloroplastic 0.022 1.24 1.06N v
GNNILVMcDAYTPAGEPIPTNKR Solyc11g011380.1.1 Glutamine synthetase 0.039 1.24 0.92N8

LACVIAECGEM Solyc01g096520.2.1 Peptidyl-prolyl cis-trans isomerase H-like isoform 1 0.015 1.25 n/a 0.88N8
HDPcVVPR Solyc04g049350.2.1 Chorismate synthase 1, chloroplastic precursor 0.004 1.27 0.95NS v
DTWVPAYDDDDFcLR Solyc03g006140.2.1 Neutral ceramidase-like isoform 1 0.038 1.27 0.75" v
SHSEIQDSNGQNIGEITSGGFSPcLK Solyc02g080810.2.1 Aminomethyltransferase, mitochondrial-like 0.024 1.29 1.08NS

RAEAFGcPISYYTR Solyc03g120670.2.1 Glyoxylate/hydroxypyruvate reductase A HPR2-like 0.037 1.29 0.97"8 v
VAYMTcPPESTK Solyc03g020030.2.1 Proteinase inhibitor type-2 CEVI57-like isoform 1 0.02 1.3 n/a 1.69°
ECESNPSILR Solyc01g102330.2.1 Probable carbohydrate esterase At4g34215-like 0.04 1.31 2.10° 4
EECENMKPEL Solyc08g014340.2.1 Cysteine synthase 0.031 1.32 1.08NS v
NPVPPPECR Solyc02g091920.2.1 Xyloglucan endotransglucosylase-hydrolase XTH7 0.008 1.4 n/a 0.65NS v
ADDcIGPEVDK Solyc07g066610.2.1 Phosphoglycerate kinase, chloroplastic-like 0.043 1.43 1.05N8 v
SLAVIGPNANLAYTMVGSYEGSPcK  Solyc01g104950.2.1 Beta-xylosidase/alpha-L-arabinofuranosidase 2 0.042 1.59 1.41N v
VLTGEETGNNAFPScSPDGK Solyc06g008620.1.1 Uncharacterized protein LOC101247825 0.005 1.75 1.09N v
DDQVSGQcAK Solyc11g039830.1.1 Glycine-tRNA ligase 1, mitochondrial-like 0.034 2.13 1.03" v
DISCUSSION quantified with high confidence in the total proteomics experi-

Identification of redox proteins using cysTMT reverse labeling with
correction of protein level change

During plant-pathogen interaction, both PTI and ETl responses lead
to increases in ROS production,*'®'" and the ROS can lead to oxida-
tion of cysteine thiol groups.®® To map and quantify cysteine redox
modifications at the proteome scale, cysTMT was developed to
specifically label protein cysteine residues with free thiol groups
from six different samples.® This methodology has been used
in the identification of disulfide bond formation as well as
thiol nitrosylation.?”?® Here a reverse-labeling approach was used,
where the reduced cysteines were first blocked using IAM, followed
by the reduction of the oxidized cysteines and further labeling of
the free thiols. Thus, the increases of the cysTMT signal from treated
samples compared to control samples indicate oxidation of sens-
itive cysteines (Figure 1). On the other hand, since the reduced
cysteines are blocked prior to the reduction of reversible-oxidized
cysteines residues and labeling, decreases of the cysTMT signal
from treated samples compared to control samples indicate the
reduction of sensitive-cysteines. Therefore, this methodology is
able to identify proteins that undergo oxidation as well as reduction
in addition to mapping the redox-sensitive cysteines.

Although cysTMT methodology is able to identify and quantify
potential redox-regulated proteins, it does not address the issue of
protein turnover in the course of the experiments (Supplementary
Figure S2). Many researches have overlooked this issue, which
could have led to misleading results.3”~*° Here, the data of protein
level changes generated by Parker et al.?® which used the same set
of samples as in this study, were used to correct the redox-proteo-
mics results. Although comparing potential redox changes with
results for protein level changes obtained from parallel or different
studies have been done®'™? and helped researches gain confid-
ence in redox protein identification, it has been a challenge when
proteins quantified in redox experiments are either absent or not
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ment. In the results presented here, 20% of the potential redox-
regulated proteins were not identified in the total proteomics
experiments. To overcome this issue, transcriptional level informa-
tion was obtained through qRT-PCR for those proteins not iden-
tified in the total proteomics experiment.”® Please note that
transcript levels are not always consistent with the abundance of
cognate proteins.** For any interesting potential redox proteins,
further validation experiments and functional studies need to
be done.

Protein redox regulation in susceptible and resistant genotypes at
early stage of Pst infection

In S. lycopersicum, it is known that the R proteins Pto and Prf are
required for resistance against Pst strains expressing the effector
AvrPto. In this plant-pathogen interaction, the R protein Pto, is a
protein kinase that recognizes AvrPto and initiates specific resist-
ance to Pst.*® However, the resistance mediated by Pto-AvrPto
interaction and further activation of HR is dependent on the nuc-
leotide-binding site-leucine rich repeat protein Prf.%¢ It is known
that the Pto-AvrPto interaction triggers the production of ROS
leading to an oxidative burst in the cells, which results in a HR.
Tai*’ demonstrated that the oxidative burst is Prf dependent
because NO and H,0, production as well as HR were not detected
in tomato prf3 infiltrated with the constitutively active mutant
ptoL205D. In contrast, Parker et al.*® showed H,0, production in
prf3 plants when inoculated with Pst. The authors suggest that the
increase in H,0, is a result of rapid pathogen infiltration and tissue
collapse. Although in this work the susceptible genotype showed a
smaller number of redox-regulated proteins, the results revealed
that Pst infection caused redox changes and PTMs of proteins in
both genotypes. This can be explained by the fact that cell death,
where ROS plays a crucial role, is associated with both immunity
and disease susceptibility.*®
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Table 3. Potential redox-responsive proteins identified in PtoR at 24 h after Pst inoculation

Peptide Protein ID Protein description p-value cysTMT FC iTRAQ FC mRNA FC DiANNA
AVSAIVScLLGPER Solyc03g111610.2.1 Protein CbbY-like 0.003 0.31 0.90MS v
TLFGFHENGcVSK Solyc03g121180.2.1 GDSL esterase/lipase APG-like 0.015 0.41 n/a 0.66 NS
DcTSVQQeYLELSK Solyc04g005340.2.1 Alpha-1,4-glucan-protein synthase 0.04 0.73 0.98NS v
GITGSIPScITSLPFLR Solyc11g056680.1.1 DNA-damage-repair/toleration protein DRT100-like 0.036 0.73 n/a 0.015° v
YGTVPIcASTGGLVDTVK Solyc08g083320.2.1 Granule-bound starch synthase 1, chloroplastic 0.045 0.75 1.25NS
QFDcEILIR Solyc05g056290.2.1 Biotin carboxylase carrier protein 0.039 0.8 0.98Ns
GLIScVTGK Solyc07g005390.2.1 NADP glyceraldehyde-3-phosphate dehydrogenase-like 0.046 1.22 1.13N v
TMGVe Solyc11g011920.1.1 Glutamate decarboxylase isoform2 0.004 1.24 1.02N8
GTGVILeVEK TC242228_4 3-oxoacyl-lacyl-carrier-protein] synthase II, chloroplastic-like 0.042 1.24 n/a 0.28%
ScSEEGDEEAIYR Solyc02g066950.2.1 Uncharacterized protein LOC101249042 0.013 1.24 n/a 0.78 NS v
GVAGLYDYGPPGCcAVK Solyc03g118170.2.1 Glycine-tRNA ligase 1, mitochondrial-like 0.038 1.28 0.89NS
NEYCMEVTPK Solyc11g011960.1.1 UTP-glucose-1-phosphate uridylyltransferase-like isoform 1~ 0.033 1.3 0.89N°
ATALALVQHPVVNSScR Solyc11g017250.1.1 Dihydrolipoyllysine-residue acetyltransferase component of ~ 0.012 1.31 0.96NS
pyruvate dehydrogenase complex-like
SKFDNLYGcR Solyc09g092380.2.1 Adenosylhomocysteinase-like isoform X1 0.032 1.35 1.09N v
cYESPQASLR Solyc04g047770.2.1 VHS domain-containing protein At3g16270-like 0.045 1.38 0.33\ v
cSKPVVIADcGQL Solyc01g111170.2.1 Peptidyl-prolyl cis-trans isomerase 0.01 1.39 0.87N8
FWEVICDEHGVDPTGR Solyc04g081490.2.1 Beta-tubulin 0.043 1.39 0.88Ns
TGGLSVYPFTSSVHGKVEPcSK Solyc01g108600.2.1 Presequence protease 1, chloroplastic/mitochondrial-like 0.02 1.41 0.98NS
YTQGFSGADITEIcQR Solyc10g084050.1.1 Cell division cycle protein 48 homolog 0.009 1.43 1.66N° v
DMFSTYGTITScK Solyc01g107870.2.1 Polyadenylate-binding protein 2-like 0.032 1.44 1.07N8
IFNSDGSEPEMcGNGIR Solyc09g005700.2.1 Diaminopimelate epimerase, chloroplastic-like 0.006 1.49 0.97N
IcYVLYPGDESLEGK Solyc05g012510.2.1 Alpha-1,4 glucan phosphorylase L-2 isozyme, chloroplastic ~ 0.034 1.5 n/a 0.53°
SPATDGCEYLFTGSR TC223221_1 WD repeat-containing protein 48 homolog 0.002 1.52 n/a 0.74N8
GALVcIDGTFATPLNQK Solyc02g067180.2.1 Cystathionine gamma synthase 0.015 1.54 1.04N8 v
SFEASHESK Solyc03g117040.2.1 Uncharacterized protein LOC101244470 0.005 155 nla 11N
VLSANPEAPLNIECLMDEKDVR Solyc12g043120.1.1 Heat shock 70 kDa protein 15-like 0.008 1.59 0.89N8
EAGVTVCESPAK Solyc01g007910.2.1 Succinyl-CoA ligase [ADP-forming] subunit alpha-1, 0.012 1.59 1.08N8 v
mitochondrial-like
EVScLVK Solyc04g049990.1.1 Protein EIN4-like 0.024 1.59 n/a 0.64NS
GGQQVQACR Solyc01g073690.2.1 Protein EIN4-like 0.043 169 n/a 1.58N8
cDVIASGIVNAAK Solyc06g083790.2.1 Succinyl CoA ligase beta subunit-like protein 0.013 1.73 1.13N
DGVGIcFPDLK Solyc07g065120.2.1 Uncharacterized protein LOC101262834 0.046 1.74 n/a 1.15M
TcSYLTSSAK Solyc07g053650.2.1 26S proteasome non-ATPase regulatory subunit 2 1A-like 0.049 1.85 n/a 1.12N
FTGSGGAVVWYcPDGTSQVK Solyc02g093440.2.1 Glucuronokinase 1-like 0.037 1.87 n/a 0.60° v
NGTcSWLRPDGK Solyc12g099000.1.1 S-adenosylmethionine synthase 2-like isoform 1 0.022 2.07 0.81N v
SVVEECGENISK Solyc01g073740.2.1 Citrate synthase, mitochondrial-like 0.028 2.16 0.81N¢
TVIDCFEK Solyc07g054640.1.1 NAD(P)H dehydrogenase B1, mitochondrial-like 0.015 2.23 n/a 1.3
VPNVQYIcTSPK Solyc04g040180.2.1 Putative methyltransferase DDB_G0268948-like 0.002 2.28 1.25N
TYSAcIDDHTK Solyc10g074980.1.1 Vacuolar-sorting receptor 1-like 0.017 2.42 1.37N v
TVeGGAGINACSNPAK Solyc12g017460.1.1 GDSL esterase/lipase At1g28590-like 0.012 2.46 n/a 1.08N8 v
QMiIiccecNK TC222139_2 Elongation factor 1-alpha 0.046 2.5 n/a 0.57° v
AQQICAVLYPGDATENGK Solyc09g031970.2.1 Alpha-glucan phosphorylase, H isozyme-like isoform 1 0.037 2.58 1.06M
IFTSSSALYCTSTVEGDNEVKR Solyc06g008620.1.1 Uncharacterized protein LOC101247825 0.018 2.6 1.05NS v
AANRLPGFGVITNIINGGLECGR Solyc10g055800.1.1 Endochitinase 3-like 0.008 2.63 1.18N8 v
YcAPDPEQDFSSGYEGKDVVVENLR Solyc01g107130.2.1 Vacuolar-sorting receptor 3-like isoform 2 0.005 2.73 n/a 1.18"S v
FGGDTPYSIMFGPDIcGYSTK Solyc01g100380.2.1 Calreticulin-like isoform 2 0.042 2.88 n/a 2.87°
VeEcPTVQGVK Solyc10g074980.1.1 Vacuolar-sorting receptor 1-like 0.018 2.99 1.37N
GGIGCcSPSDLSISELER TC226243_3 Glutamate dehydrogenase 0.013 5.34 n/a 3.03°
QSIIDECFSK Solyc12g011160.1.1 3-hydroxyisobutyryl-CoA hydrolase-like protein 5-like 0.017 5.42 0.90MS
LLAAISSRPGQcGR Solyc07g065170.2.1 40S ribosomal protein S8-like 0.018 7.11 n/a 2.26NS
SLcDQINSNSEETPR Solyc12g044940.1.1 Oxidoreductase UcpA-like 0.024 7.43 n/a 3.50°
GDAVDDLcNAR Solyc09g061840.2.1 3-ketoacyl-CoA thiolase 2, peroxisomal 0.033 21.98 0.67N° v

Some studies have shown the association between defense res-
ponses and primary metabolism in processes involved in energy
production, such as glycolysis and the pentose phosphate pathway,
TCA cycle, mitochondrial electron transport, ATP biosynthesis, and
biosynthesis of some amino acids.*>° In PtoR plants, Pst infection
caused redox regulation of serine hydromethyltranferase, ATP
synthase, aminomethyltransferase, phosphoglycerate kinase, and
fructose 1,6-biphosphatase that were identified as being more
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reduced upon Pst infection (Table 2). Among the proteins, ATP
synthase and phosphoglycerate kinase were found to be redox-
regulated in previous studies.'®** With the exception of
aminomethyltransferase, all the other proteins are known to be
thioredoxin targets.”' In the prf3 plants, only three proteins related
to primary metabolism were found to be redox-regulated after Pst
infection. Triosephosphate isomerase was reduced, while ATP
synthase CF1 beta subunit (chloroplastic) and ATP synthase subunit
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Tomato 1 MEKATERQRVLLEHLQPIRSSS------ ITPSVCLAGDSSAYHRTSAFGDDVVIVAAYRT 54
MERATERQRVLLEHL+P SSS ++ 8 CLAGDS+AY RTS +GDDVVIVAA+RT
Arabidopsis 1 MEKAIERQRVLLEHLRPSSSSSHNYEASLSASACLAGDSAAYQRTSLYGDDVVIVAAHRT 60
Tomato 55 AICKAKRGGFKDTLSDDLLAPVLKAVVEKTNLNPSEVGDIVVGTVLAPGSIRAMECRMAA 114
+CK+KRG FKDT DDLLAPVL+A++EKTNLNPSEVGDIVVGTVLAPGS RA ECRMAA
Arabidopsis 61 PLCKSKRGNFKDTYPDDLLAPVLRALIEKTNLNPSEVGDIVVGTVLAPGSQRASECRMAA 120
Tomato 115 FYAGFPDTVPIRTVNRQESSGLQAVADVAAATKAGFYDIGIGAGLEFMTVDNIGLVVKAN 174
FYAGFP+TV +RTVNRQCSSGLQAVADVAAATKAGFYDIGIGAGLE MT + + N
Arabidopsis 121 FYAGFPETVAVRTVNRQESSGLQAVADVAAAIKAGFYDIGIGAGLESMTTNPMAWEGSVN 180
*
Tomato 175 PKVDAFAQARDLLPMGITSENVAQRFGVTRLEQDQAAVISHQRAAAATASGKFKDEIIP 234
P V FAQA++CLLPMG+TSENVAQRPGV+R EQDQAAV SH++AAAATA+GKFKDEIIP
Arabidopsis 181 PAVKKFAQAQNLLPMGVTSENVAQREGVSRQEQDQAAVDSHRKAAAATAAGKFKDEIIP 240
Tomato 235 VLTKIVDPQTGNEKPVVISVDDGIRPTTNLTGLAKLKPAFKRDGATTAGNSSQVSDGAAA 294
V TK+VDP+TG+EKP+ +SVDDGIRPTT L I KLKP FK+DG TTAGNSSQVSDGA A
Arabidopsis 241 VKTKLVDPKTGDEKPITVSVDDGIRPTTTLASLGKLKPVEKKDGTTTAGNSSQVSDGAGA 300
Tomato 295 VLLMKRSVAMOKGLPILGVFRSFAAVGVDPAVMGIGPAVAIPAAVKSAGLELNNIDLFEI 354
VLLMKRSVAMOKGLP+LGVFR+FAAVGVDPA+MGIGPAVAT PAAVK+AGLEL++IDLFET
Arabidopsis 301 VLLMKRSVAMQKGLPVLGVFRTFAAVGVDPAIMGIGPAVAIPAAVKAAGLELDDIDLFEI 360
Tomato 355 NEAFASQYVYCQKKLNLDPENVNVNGGALALGHPLGATGARCVATLLHEMKRRGKDCRFG 414
NEAFASQ+VYC+ KL LDPE +NUNGGA+A+GHPLGATGARCVATLLHEMKRRGKDCRFG
Arabidopsis 361 NEAFASQFVYCRNKLGLDPEKINVNGGAMAIGHPLGATGARCVATLLHEMKRRGKDCRFG 420
Tomato 415 VISMCIGSGMGAAAVFERGDAVDDLCNARANNNNNFLSKDAK 456

V+SMCIG+GMGAAAVFERGD VD+L NAR
VVSMCIGTGMGAAAVFERGDGVDELRNARRVEAQGLLSKDAR 462

Arabidopsis 421

Figure 4.

LSKDA+

Alignment of tomato KAT2 sequence with its Arabidopsis ortholog. The shaded cysteine residue with a star underneath was identified

as being redox-regulated upon Pst infection in tomato. This cysteine is localized in the active site of the enzyme and known to form a disulfide
bond with the other cysteine at position 192 in Arabidopsis (highlighted in gray).

beta (mitochondrial) were oxidized in response to pathogen infec-
tion (Table 1). Triosephosphate isomerase protein was already
previously reported to be S-nitrosylated during HR.>? All the three
proteins are known to be thioredoxin targets.”' It is accepted that
the complexity of plant defense responses requires abundant
amount of energy.*® In addition, the primary metabolic pathways
play a role as a source of signaling molecules to directly or indirectly
trigger defense responses.” Based on the above results, it is plaus-
ible that redox regulation of these proteins serves as an activity
switch to turn on or off the different connections between car-
bohydrate metabolism and defense responses (Figure 5a).
Glutathione (GSH) is a non-protein thiol metabolite that is known
to play a crucial role in many cellular processes as development,
growth, and responses to biotic and abiotic stresses.>* Due to its high
abundance and antioxidant activity, GSH plays an important role in
maintaining cellular redox homeostasis. Biosynthesis of GSH occurs in
the cytosol in two ATP-dependent enzymatic steps: formation of v-
glutamylcysteine from glutamate and cysteine and formation of GSH
from y-glutamylcysteine and glycine. One of the key determinants of
GSH synthesis is the availability of the sulfur amino acid precursor
cysteine.® In our data, cysteine synthase and cysteine synthase-like
were oxidized in response to Pst PtoR and prf3 plants, respectively
(Tables 1 and 2). Currently, there is no report showing how oxidation
affects cysteine synthase activity, it is possible that oxidized form of
the enzyme is more active, leading to synthesis of more cysteines and
increased amount of GSH in the defense against Pst (Figure 5b).
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As mentioned above, glutamate is another precursor of GSH. It is also
a precursor of glutamine. GS catalyzes the ATP-required formation of
glutamine from glutamate and ammonia. Here it was shown that
both cytoplasmic and chloroplastic forms of GS, which are thiore-
doxin targets®' in PtoR plants, and the cytoplasmic form in prf3 plants
were oxidized in response to Pst infection (Tables 1 and 2). A study in
Canavalia lineata showed a redox-responsive site in the chloroplastic
form GS and the reduction requirement of the sulfhydryl group for its
high activity.”® Consequently, it is plausible that oxidation of GS
decreases its activity. Therefore, less glutamine is synthesized, which
can increase the availability of the precursor glutamate for the pro-
duction GSH.

Proteins related to the antioxidant systems were also found to be
redox-regulated in response to Pst infection. Some are known to be
involved in ROS scavenging and reduction of other proteins. It is
expected that they become oxidized while acting to reduce pro-
teins. In the PtoR plants, glutaredoxin-1 and monodehydroascor-
bate reductase known to be thioredoxin targets>' were oxidized
upon Pst infection. Peroxidase 12-like was found to be reduced in
response to Pst in prf3 susceptible plants (Table 1). Increases in
peroxidase activities in several crops such as rice, wheat, barley,
cotton, and sugar cane appeared to correlate with their resistance
to pathogens.>” A study with Arabidopsis ascorbate peroxidase
(cAPX) showed that incubating cAPX with thioredoxin-h5 drastic-
ally inhibits its activity in vitro, suggesting that the active form
of cAPX requires cysteine oxidization.”® In summary, the results
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The role of redox regulation in plant defense response. (a) Role of redox regulation of primary metabolic enzymes in plant defense

response at early stage of infection. Redox regulation may serve as an activity switch to turn on or off the different connections between primary
metabolism and defense response, playing a role in energy as well as signaling to directly or indirectly trigger defense responses. (b) Role of
cysteine synthase oxidation and GS in plant defense response. Cysteine is the sulfur amino acid precursor of GSH, which plays a crucial role in
maintaining cellular redox homeostasis. Oxidation of cysteine synthase may cause an increase in enzyme activity, leading to synthesis of more
cysteines and further increase in the amount of GSH. Glutamate is a precursor of GSH and glutamine. Oxidation of GS decreases its activity,
leading to less glutamine. This may cause an increase in the availability of glutamate for GSH production. (c) Role of redox regulation of enzymes
belonging to carbohydrate metabolism, protein synthesis, and chaperone activity in plant defense response. It is likely that a synchronized
interaction between sugar and hormonal signaling pathways leads to effective immune responses. Redox regulation of proteins of carbohydrate
metabolism might affect apoplastic sugar levels, through which SAR is regulated. Redox regulation of proteins involved in protein synthesis
may regulate enzyme activity in protein synthesis, which is an energy-consuming process, and therefore it is considered an important regulation
step in stress responses. Oxidative stress is known to enhance misfolded proteins in the endoplasmic reticulum (ER), causing ER stress or
unfolded protein response where proteins with chaperone activity play a crucial role. (d) Role of oxidation of KAT2 in the antagonistic interaction
between SA and JA. Oxidation of KAT2, which is one of the three core enzymes that catalyze 3-oxidation of JA synthesis, may lead to inactivation

of KAT2.

presented here demonstrated that ROS produced in both PtoR and
prf3 plants lead to redox regulation of proteins with similar func-
tions in plant defense at early stage of infection. Targeted functional
characterization of these potential redox proteins will reveal
detailed molecular mechanisms as to how redox-regulation plays
a role in plant immune responses.

Protein redox regulation in the resistant genotype at early and late
stages of Pst infection

In incompatible plant-pathogen interaction, the SAR is induced to
confer long-lasting protection against the pathogen. It is known that
ETl is able to trigger SAR through local and systemic synthesis of SA.
SAR requires the accumulation of SA, and this is associated with an
increased expression of a large number of pathogenesis-related genes
(PR genes) in both local and systemic tissues. Over the course of
incompatible interaction, different proteins may be redox-regulated
at early and late stages of infection. The results presented here showed
that during late stage of infection a group of proteins related to car-
bohydrate metabolism were redox-regulated, which were not
observed at early stage of infection. Among them, a biotin carboxylase
carrier protein was found in a more reduced state after Pst infection.
On the other hand, NADP-dependent glyceraldehyde-3-phosphate

© 2015 Nanjing Agricultural University

dehydrogenase, alpha-glucan phosphorylase, UTP-glucose-1-phos-
phate uridylyltransferase-like isoform 1, alpha-1,4 glucan phosphory-
lase L-2 isozyme (chloroplastic), and alpha-glucan H isozyme-like
isoform 1 were all found in a more oxidized state (Table 3). With the
exception of biotin carboxylase carrier protein and alpha-glucan H
isozyme-like isoform 1, all the other redox proteins identified at the
late stage of infection were known thioredoxin targets. Recent studies
have shown the importance of sugar signaling in plant defense res-
ponse under biotic stress.>® It is likely that a synchronized interaction
between sugar and hormonal signaling pathways leads to effective
immune responses. Thus, it can be speculated that redox-regulation of
proteins of carbohydrate metabolism might affect apoplastic sugar
levels, through which SAR is regulated (Figure 5c). Such a hypothesis is
certainly worth testing in the future.

Protein synthesis is an energy-consuming process in the cells,
and therefore it is considered an important regulation step in
stress responses. Previous studies have shown oxidative modifi-
cations of some proteins involved in translational process when
the cells are subjected to oxidative stress.'®*® Elongation factor
1-alpha (eEF1a) was found to undergo oxidation at the late stage
of Pst infection (Table 3). In mammals and yeast, oxidation stress
causes inhibition of protein synthesis by phosphorylation of the
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elongation initiation factor elF20.5%%" The results presented here
show another putative level of PTM regulation of protein syn-
thesis through regulation of translational elongation process by
oxidation of eEF1a. eEF1a was identified as a thioredoxin target
and redox-regulated under oxidative stress in previous stud-
ies.*31 In addition, 405 ribosomal protein S8-like was found at
the late stage of infection, and glycine-tRNA ligase 1 underwent
oxidation in both early and late stages of Pst infection. Tubulin
beta-1, which is a component of the cytoskeleton and target of
thioredoxin,>' was found to be more reduced at early stage of
infection (Table 2) and more oxidized later in the infection
(Table 3). Components of cytoskeleton have previously been
demonstrated to be sensitive to oxidation in both animals®*®3
and Arabidopsis,®* but how they play a role in response to the
infection is not clear.

Two other classes of proteins related to oxidative stress and
[-oxidation were found to be redox-regulated at the late stage
but not at the early stage of infection. Oxidative stress is known
to enhance misfolded proteins in the endoplasmic reticulum (ER),
causing ER stress or unfolded protein response. Two proteins with
chaperone activity were identified as redox-regulated under patho-
gen infection. Heat shock 70 kDa protein (Hsp70) was found to
undergo oxidation at late stage of infection (Table 3). DnaK, major
Hsp70 in Escherichia coli was shown to form a dimer through dis-
ulfide bond in the ATP-bound state, and this dimer formation is
important for the chaperone activity.%® The other protein was calre-
ticulin 2, a calcium-binding chaperone that was identified to be oxi-
dized based on cysTMT information. However, transcriptional level
information revealed that the observed redox regulation fold change
might be due to protein level change rather than a cysteine redox
response (Table 3). Finally, two proteins involved in B-oxidation,
3-hydroxyisobutyryl-CoA hydrolase-like®® and KAT2 (see Role of
3-ketoacyl-CoA thiolase 2 oxidation in the antagonism between SA
and JA section), were found to be highly oxidized in response to
Pst at the late stage of infection (Table 3). 3-hydroxyisobutyryl-CoA
hydrolase was already reported as redox-sensitive protein that
undergoes oxidation in fungal pathogen infection.” These interest-
ing potential redox-regulated proteins in the early and late stages of
Pst infection in PtoR plants are targeted for future studies on the
functions of redox regulation in PtoR defense.

Role of KAT2 oxidation in the antagonism between SA and JA

It has been broadly accepted that the JA, SA, and ET defense signal-
ing pathways are part of a complex signaling network, in which they
influence each other in positive or negative manners.?® SA is con-
sidered as one of the key hormones that regulate the pathogen-
induced immune responses in both ETl and SAR signaling. The SA
response is characterized by transcriptional activation of PR genes
and a local hypersensitive reaction to restrict proliferation of bio-
trophic pathogens.®® JA, a lipid-derived signaling molecule that is
synthetized from the -oxidation of the precursor molecule 3-oxo-2-
(2'-pentenyl)-cyclopentane-1-octanoic acid (OPC:8). JAis involved in
several aspects of plant biology including responses to biotic stress.
Although JA is known to modulate defense against necrotrophic
pathogens, there is a growing body of literature indicating the role
of JA in other aspects of plant-pathogen interactions such as SAR.®°
The interaction between SA and JA signaling is a complex process,
and the primary mode of interaction between them appears to be
mutually antagonistic. In tomato several studies have shown the
inhibitory effect of SA on JA signaling.”®~? In addition, genetic stud-
ies in Arabidopsis showed that mutants impaired in SA accumulation
exhibit enhanced responses to inducers of JA-dependent gene
expression.”® It has been shown in Arabidopsis that mutant plants
impaired in JA perception (e.g., coronatine insensitivel, coil) exhibit
enhanced SA-dependent defenses and resistance to P. syringae.”*”>
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Here it was shown that KAT2 had the highest level of oxidation at
the late stage of Pst infection in PtoR (Table 3). KAT2 is one of the
three core enzymes that catalyze B-oxidation, which is an important
pathway for JA synthesis.”® Pye et al. (2010)”” showed that A. thali-
ana KAT2 is a sensitive redox switch protein, which regulates B-
oxidation at minor perturbations of the peroximal redox envir-
onment. They also showed that oxidized form of the enzyme is
inactive, while the reduced form is active. In addition, Cys'*® that
is localized in active site of the enzyme was shown to form a dis-
ulfide bond with Cys'®* during redox regulation. Oxidation of
Cys138 indicated that KAT2 was in its inactive for at late stage of
infection. At 24 h after pathogen inoculation, SA is expected to play
a big role in plant defense. Therefore, oxidation of KAT2 may be the
functional switch in the antagonistic interaction between SA and
JA. However, some further studies need to be conducted to confirm
this hypothesis and the role of KAT2 oxidation in plant immunity
response (Figure 5d).
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