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Abstract 

 

Cellular redox homeostasis mediates a wide range of physiological and 

developmental processes. Various stresses trigger over-production of reactive 

oxygen/nitrogen species which leads to oxidative modifications of redox-sensitive 

proteins. Identification and characterization of redox-sensitive proteins are 

important steps toward understanding molecular mechanisms of stress responses. 

In the study, a high-throughput quantitative proteomic approach termed 

OxiTRAQ was developed for identifying proteins whose thiols undergo reversible 

oxidative modifications in Arabidopsis cells subjected to oxidative stress. In this 

approach, a biotinylated thiol-reactive reagent is used for differential labeling of 

reduced and oxidized thiols, and the biotin-tagged peptides are affinity-purified 

and labeled with iTRAQ reagents for quantitation. This approach allows 

identification of the specific redox-regulated cysteine residues in proteins and 

offers an effective tool for elucidation of redox proteomes.  

With this approach, we identified 195 cysteine-containing peptides from 179 

proteins whose thiols underwent oxidative modifications in Arabidopsis cells 

following the treatment with hydrogen peroxide. A majority of those 

redox-sensitive proteins, including several transcription factors, were not 

identified by previous redox proteomics studies. Besides, this method was also 

used to identify proteins that underwent oxidative modifications in Arabidopsis 

cells subjected to 15 minute treatment of salicylate (a key signaling molecule in 

the plant defense pathway) or flg22 (a peptide from bacterial flagellin that induces 

pathogen associated molecular patterns-triggered immunity). In total, 127 

peptides from 111 distinct proteins were identified as salicylate- and/or 

flg22-responsive redox-sensitive proteins. Among the identified redox sensitive 

proteins are many regulatory proteins including those involved in chromatin 

remodeling, transcription, nucleocytoplasmic shutting, and posttranslational 

regulation.  

Furthermore, in vivo 15N metabolic labeling method combined with a 

cysteine-containing peptide enrichment technique was applied to identify proteins 

that undergo oxidative modifications in plants in response to pathogen attack. The 

identification of redox-sensitive proteins provides a foundation from which 

further study can be conducted toward understanding the biological significance 

of redox signaling in plant stress response.  
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Chapter 1 General Introduction 

 

1.1 Reactive oxygen species (ROS) 

Reactive oxygen species (ROS), highly reactive ions and “free radicals” 

containing oxygen, are inevitably generated in normal cellular metabolism and 

under environmental stresses (Mittler et al., 2004; Moller et al., 2007). They 

include free radicals such as superoxide (O2•), hydroxyl radical (OH•), 

hydroperoxyl radical (HO2•), and nonradical molecules like hydrogen peroxide 

(H2O2), singlet oxygen (
1
O2) etc, which are generated by reduction of molecular 

oxygen (O2) either by high energy transfer or electron-transfer reactions. ROS 

level is tightly regulated by an elaborate ROS network of producing and 

detoxifying system in different site and organs at certain time and stage (Apel and 

Hirt, 2004). This allows ROS play essential roles as signaling molecules that 

regulate a variety of biological processes, such as plant growth and development, 

biotic and abiotic stresses responses, and programmed cell death (Pitzschke et al., 

2006).  

1.1.1 Sources of ROS production in plants 

In plants, there are multiple sites and sources of ROS production. In general, ROS 

are continuously produced at a low level as an unavoidable byproduct during 

normal cellular aerobic metabolic processes (Pitzschke et al., 2006). However, 

their level will change transiently or persistently in response to kinds of stresses. 

The main contributors of ROS in plants are chloroplast, mitochondrion and 

peroxisome. In chloroplast, ROS are mainly generated in reaction centers of 

photosystem I (PS I) and photosystem II (PS II). The superoxide anion (O2
−
), as 

the product of one-electron reduction of  O2, is disproportionated to H2O2 and O2 

catalyzed by superoxide dismutase (SOD) through Mehler reaction in PSI (Asada, 

2006). Besides, under high light intensities, the ground state of oxygen 
3
O2 is 

excited to singlet state oxygen (
1
O2) by the P680 reaction center chlorophyll in PS 
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II (Laloi et al., 2006). The electron transport chains (ETC) in mitochondrial 

complexes I and III is another process leading to O2
−
 and H2O2 formation (Moller, 

2001). The leakage of electrons from the ETC can lead to formation of superoxide 

anion, which in turn reduced to hydrogen peroxide (H2O2) by superoxide dismutase 

(Moller et al., 2007). Peroxisome is the other major site of intracellular H2O2 

generation (del Rio et al., 2006). In recent years, it has been reported that 

peroxisomes can also produce superoxide (O2
−
) and nitric oxide (NO) radicals. In 

addition, plasma membrane NADPH-dependent oxidase as well as cell 

wall-associated peroxidases are the main O2
−
 and H2O2 producing apoplastic 

enzymes (Sagi and Fluhr, 2006). NADPH oxidase transfers electrons from 

cytoplasmic NADPH to O2 to form O2
−
, followed by dismutation of O2

−
 to H2O2.  

1.1.2 The chemical properties of ROS 

Different ROS have very different properties. Compared to other ROS, H2O2 is a 

relatively stable molecule with a half-life of 1 ms and its concentration in plant 

tissues is from micromolar to low millimolar range (Susana Puntarulo et al., 1988), 

whereas the other ROS have relatively short half-life and lower concentrations. 

Because of the relatively low reactivity and longer half-life compared with other 

ROS, H2O2 can migrate from the sites where it’s produced to other compartments. 

And further study shown that the diffusion of H2O2 maybe mediated by specific 

members of the aquaporin family (Bienert et al., 2007). Different ROS has 

different reactions with substrates. HO
–
, the most highly reactive species, reacts 

rapidly with all types of cellular components, primarily with important metabolic 

proteins containing Fe-S centers (Requena and Stadtman, 1999). Singlet oxygen 

(
1
O2) particularly transfers its energy to other molecules conjugated with double 

bonds such as polyunsaturated fatty acids (Halliwell, 2006).  

Another important feature of ROS is the conversion of one ROS into another. 

O2
−
 can rapidly convert to H2O2 by the enzyme of SOD in most biological 

systems (Asada, 2006). H2O2 may be transformed into HO
–
 through the Fenton 
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reaction in which metal catalysis is necessary for this reaction (Halliwell, 2006). 

In addition, O2
−
 can also react with nitric oxide radical (NO) to form peroxynitrite 

(ONOO
-
), followed by protonation to peroxynitrous acid (ONOOH) which is a 

powerful oxidizing agent (Beckman and Koppenol, 1996).  

1.2 Cellular redox homeostasis and oxidative burst 

In plants, the cellular redox status is determined by the equilibrium of levels of 

ROS and antioxidants. Under normal physiological conditions, ROS is 

counteracted by antioxidants and scavenging enzyme systems to regulate redox 

balance and maintain cellular homeostasis. Cellular redox homeostasis has 

increasingly been recognized as an “integrator” of information to control 

metabolism, growth, and responses to pathogen infection and other environmental 

stresses (Apel and Hirt, 2004; Dietz, 2008). When environmental stresses such as 

drought, chilling, UV-B radiation, pest, as well as pathogen attack overwhelm the 

biological systems, this equilibrium will be upset by excess levels of ROS, or 

depletion of antioxidant defenses (Apel and Hirt, 2004; Sharma et al., 2012).  

The excessive presence of ROS will result in a cell in a state of “oxidative stress” 

which can cause damages to cellular molecules such as proteins, nucleic acids and 

lipids and lead to a variety of physiological dysfunctions and ultimately result in 

cell death (Scandalios, 2005). Lipids are a major target during oxidative stress. 

Free radicals can attack directly polyunsaturated fatty acids in membranes 

resulting in lipid peroxidation and chain breakage which increase membrane 

fluidity and permeability (Sharma et al., 2012). DNA is another main target of 

ROS attack leading to numerous lesions including oxidation of deoxyribose, 

strand breakage, removal and modifications of nucleotides (Imlay and Linn, 1988; 

Sharma et al., 2012). Oxidative attack on proteins results in site-specific 

modifications of amino acid, polypeptide chain aggregation, cross-linking and, 

thereby, increase susceptibility of proteins to proteolysis (Sharma et al., 2012).  
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1.3 ROS scavenging system in plants 

Many physiological stress conditions cause malfunction of mitochondria and 

chloroplasts and trigger excessive generation of ROS, leading to oxidative 

damage to cellular molecules (Apel and Hirt, 2004). In order to protect cell from 

the damage of ROS, plants have evolved an elaborate enzymatic and 

non-enzymatic antioxidant system to scavenge ROS and repair damaged 

biomolecules. 

1.3.1 Nonenzymatic ROS scavenging mechanisms 

The non-enzymatic antioxidants include ascorbate, glutathione 

(γ-glutamyl-cysteinyl-glycine, GSH), α-tocopherol (α-TOC), α-carotenoid and 

phenolic compounds. Ascorbate is considered as a powerful antioxidant by 

reacting with O2
−
, H2O2, regenerating α-tocopherol from tocopheroxyl radical and 

preserving the proteins that contain metal ions (Noctor and Foyer, 1998). GSH, 

another important soluble antioxidant, maintains a strong reducing environment in 

the cell, and reacts chemically with O2
−
, OH, and H2O2 as ascorbate does (Foyer 

and Noctor, 2003). GSH can protect macromolecules (i.e., proteins, lipids, DNA) 

and participate in the regeneration of ascorbate via the AsA-GSH cycle (Sharma et 

al., 2012). Tocopherols and carotenoids belong to the group of lipophilic 

antioxidants and are able to detoxify various forms of ROS (Kamal-Eldin and 

Appelqvist, 1996). Tocopherols are involved in scavenge of oxygen free radicals, 

lipid peroxy radicals, and 
1
O2. Among the tocopherol isomers (α , β, γ, and δ) , 

α-TOC with three methyl groups has the highest antioxidant activity (Fukuzawa et 

al., 1982). In addition to ascorbate, GSH, α-TOC and carotenoids, some phenolic 

compounds, such as flavonoids, tannins, are also considered as the effective 

scavengers for hydroxyl radicals and singlet oxygen (Sharma et al., 2012).  
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1.3.2 Enzymatic ROS scavenging mechanisms 

The enzymatic scavengers in plants comprise of several antioxidant enzymes such 

as superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), 

glutathione peroxidase (GPX), monodehydroascorbate reductase (MDHAR), 

dehydroascorbate reductase (DHAR) and glutathione reductase (GR) (Apel and 

Hirt, 2004; Sharma et al., 2012). These enzymes, together with antioxidants, play 

an important role in scavenging stress-induced ROS. SOD, found in almost all 

cellular compartments, catalyzes the dismutation of O2
−
 to O2 and H2O2. In plants, 

there are three isozymes of SOD: copper/zinc SOD (Cu/Zn-SOD), manganese 

SOD (Mn-SOD), and iron SOD (Fe-SOD) (Racchi et al., 2001). CAT is a 

H2O2-degrading enzyme by dismutation of two molecules of H2O2 into water and 

oxygen without consuming cellular reducing equivalents. Hence, when cells are 

stressed for energy and H2O2 are produced rapidly, H2O2 is degraded by catalase  

in  an  energy-efficient manner (Mallick and Mohn, 2000). In addition, the 

ascorbate-glutathione cycle is crucial for the cell to combat oxidative stress in 

cytosol, chloroplast, mitochondria and peroxisomes (Jimenez et al., 1997). It 

refers to the recycling pathway of AsA and GSH regeneration by the enzymes 

APX, MDHAR, DHAR, and GR which also detoxifies H2O2. The balance 

between the production and scavenging of ROS determines the type and level of 

ROS in cellular components as well as the degree of oxidative damage to 

biological molecules.  

1.3.3 Repair of oxidized proteins 

If the proteins are oxidized through oxidative processes, it is necessary to reduce 

the thiols to avoid irreversible inactivation and degradation of enzymes and 

proteins, which requires non-specific disulfide reductases. Dithiol-disulphide 

interchange is an essential principle reaction which redox regulation is based on 

(Meyer et al., 2012). Two main systems exist in plants to maintain the redox 

homeostasis of cellular thiols. One is thioredoxin (Trx) system, including two 
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reductases dependent on ferredoxin (FTR) and NADPH (NTR) as reducing power, 

respectively, and multiple types of Trxs (h, o, f, m, x, y, z, and several Trx-like 

proteins) (Buchanan and Balmer, 2005; Meyer et al., 2008). Trxs are protein 

oxidoreductases that can reduce a disulfide bond in target proteins by its two 

redox-active cysteines. The Trxs that become oxidized in this reaction are reduced 

by thioredoxin reductases (TRs). The other one is glutaredoxin (Grx) system. In 

this system, Grxs catalyse the reduction of protein disulfide bonds or GSH mixed 

disulfide (protein S-SG). The oxidized Grx are reduced by reduced glutathione 

(GSH), resulting in oxidized glutathione (GSSG), which can be reduced by 

glutathione reductases (GRs) (Meyer et al., 2012). Besides these two systems, 

some other enzymes are also involved in thiol–disulfide interconversion, such as 

glutathione S-transferases (Dixon et al., 2011), protein disulfide isomerases 

(Houston et al., 2005) and peroxiredoxins (Dietz, 2011).  

1.4 ROS signaling in plants 

Although ROS are thought to be toxic products that need to be eliminated, they 

also function as signaling molecules to control various processes including growth, 

developmental processes, pathogen defense, programmed cell death, and stomatal 

behavior.  

1.4.1 Processes regulated by ROS 

It has been reported that ROS produced by an NADPH oxidase (NOX) play an 

important role in root hair development (Gapper and Dolan, 2006). The homologs 

of this enzyme in Arabidopsis are respiratory burst oxidase homologs (Atrboh). 

The roots of plant lacking both AtrbohD and AtrbohF (also called the ROOT 

HAIR DEFECTIVE2) reduced ABA-mediated seed germination and inhibited 

root hair elongation (Kwak et al., 2003). The production of ROS by another 

RbohC activates hyper-polarization of Ca
2+

 channels that are responsible for 

localized cell expansion during the root-hair formation (Foreman et al., 2003). In 
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addition, there are also evidences that NOX-derived ROS are required for the 

growth of other organs, such as apical dominance and leaf expansion (Gapper and 

Dolan, 2006).  

ROS play a central role in plant pathogen defense. H2O2 generation during the 

oxidative burst is one of the earliest cellular responses to pathogen attack (Lamb 

and Dixon, 1997). During plant–pathogen interactions, ROS are generated in plant 

cells mainly by activated plasma-membrane-bound NADPH-oxidases, cell 

wall–bound peroxidases and amine oxidases (Grant and Loake, 2000; Apel and 

Hirt, 2004). Meanwhile, the activities and levels of the ROS detoxifying enzymes 

APX and CAT are down-regulated by SA and NO (Klessig et al., 2000). The 

accumulated H2O2 activate many plant defense processes, including the onset of 

programmed cell death (PCD) (Dangl and Jones, 2001). Induction of PCD can 

potentially limit the spread of disease from the infection point to other parts. 

During PCD induction in the host defense response, H2O2 production occurs in a 

biphasic manner in the apoplast with a weak non-specific oxidative burst followed 

by a second and prolonged burst of H2O2 production (Levine et al., 1994). The 

oxidative burst induces subsequent pathogenesis-related gene expression in distal 

parts of the plant, leading to systemic immunity via the expression of 

defense-related genes (Orozco-Cardenas et al., 2001).  

ROS also mediate physiological responses to many abiotic stresses. Abscisic acid 

(ABA), a plant stress hormone, mediates stomata closing through induction of 

ROS production (Kwak et al., 2003). In general, the function of ROS during 

abiotic stresses appears to be opposite to that during pathogen defense. Upon 

abiotic stresses, ROS scavenging enzymes are induced to decrease the 

concentration of ROS levels. The differences of ROS function between biotic and 

abiotic response might result from the action of hormones and crosstalk between 

signaling pathways or type, location, and concentration of ROS in the stresses 

(Apel and Hirt, 2004).  
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1.4.2 ROS signal transduction pathway  

ROS can mediate a variety of cellular responses, but how ROS function as second 

messenger in signal transduction networks is not very clear. In a broad variety of 

cellular processes, ROS generated in cellular compartments such as the 

mitochondria or chloroplasts can result in changes of transcriptome in nuclear, 

indicating that the signaling information is transmitted from these organelles to 

the nucleus. Presumably the signaling cascade of ROS involves these three stages: 

redox sensing, activating intermolecular signaling pathways, and finally changing 

relative gene expression patterns (Tripathy and Oelmuller, 2012). Although the 

receptors for ROS are unknown at present, now ample data has been pointed out 

different components in ROS signaling network as ROS sensors, including 

kinases, phosphatases and ROS-responsive transcription factors. In Arabidopsis, 

H2O2 activates two downstream of mitogen–activated-protein kinases (MAPKs), 

MPK3 and MPK6 via a MAPK kinase, ANP1. Overexpression of ANP1 in 

transgenic tobacco plants resulted in increased tolerance to multiple 

environmental stress conditions such as heat shock, freezing and salt stress 

(Kovtun et al., 2000). A serine/threonine protein kinase (OXIDATIVE SIGNAL 

INDUCIBLE 1, OXI1) is another kinase that plays a central role in ROS sensing 

by activating AtMPK3 and AtMPK6 through Ca
2+

 (Rentel et al., 2004). H2O2 also 

increases expression of the Arabidopsis nucleotide diphosphate kinase 2 (Moon et 

al., 2003). Protein phosphatases, which are equally important for regulation of 

several signaling pathways to protein kinases, have also been implicated in ROS 

signaling (Schweighofer et al., 2004). ABI1, an Arabidopsis PP2C type protein 

phosphatase that acts as a negative regulator of ABA signaling, is sensitive to 

H2O2 (Meinhard and Grill, 2001). H2O2 generated during ABA signaling is 

speculated to inactivate ABI1 to enhance the ABA signaling pathway.  

Transcriptome comparative analysis showed that ROS can enhance the 

expression of different transcription factors including members of the WRKY, Zat, 

RAV, GRAS and Myb families (see reviews (Gechev et al., 2006; Tripathy and 
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Oelmuller, 2012)). Zinc-finger transcription factor Zat12 attributes an important 

role in oxidative stress response signal transduction network of Arabidopsis as it is 

required for some stress related genes expression (Rizhsky et al., 2004). 

1.4.3 ROS and other signaling molecules 

The divergent outcomes of ROS signaling may rise from the interaction of ROS 

with other signals, such as SA, NO, ABA, Ca
2+

, ethylene etc. ROS, in association 

with SA, were proposed to mediate the establishment of systemic defences 

(systemic acquired resistance (SAR)) (Durrant and Dong, 2004). SA accumulation 

can also inhibit catalase and APX which, in turn, contribute to increased overall 

ROS levels following pathogen recognition (Klessig et al., 2000). Previous studies 

have demonstrated that nitric oxide (NO), another reactive oxygen derivative, 

works in conjunction with ROS in the potentiation of the pathogen-induced cell 

death (Delledonne et al., 1998; Delledonne et al., 2001). Interestingly, both ROS 

and NO collaborate to regulate ABA-induced stomatal closure in various species 

(Desikan et al., 2004). Calcium metabolism is intimately related to ROS signaling. 

Ca
2+

 can activate plant Rboh to regulate ROS production (Torres and Dangl, 

2005). On the other hand, ROS appears to play a role in regulating Ca
2+

 influx. 

Recent evidence also implicates complex ethylene interactions with ABA and 

H2O2 to regulate stomatal closure. In addition, ROS, together with auxin and 

jasmonic acid, regulate diverse processes such as growth, stomatal closure and 

wounding responses (Kwak et al., 2006).  

1.5 Oxidative modifications of cysteine 

Proteins containing cysteines are particularly susceptible to oxidation in different 

forms due to cysteines with a low pKa sulhydryl group (Green and Paget, 2004). 

The thiol side-chain (-SH) can be oxidized to sulfenic acid (-SOH) by reacting with 

H2O2. This sulfenic acid can be over-oxidized to form sulfinic (SO2H) and 

sulfonic (SO3H) acids by further reacting with ROS, such as H2O2. While in the 
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present of other proximal thiolates, further oxidation can be prevented by forming 

inter- or intramolecular disulfide bonds. Alternatively, the disulfides can be 

formed by either oxidation of cysteine thiolate by ROS directly or through 

thiol-disulphide exchange reactions. The reaction between a thiolate and reactive 

nitrogen species cause the glutathione adducts formation. Some oxidative 

modifications are irreversible such as sulfinic and sulfonic acids. Reversible 

modification of cysteines such as disulfide bond formation, glutathionylation, and 

nitrosylation, as an important molecular switch mechanism, may be a means of 

protection from further oxidation to irreversible modifications (Figure 1). In 

addition, methionine, tryptophan, and tyrosine residues are also prone to oxidative 

modification, although the functional impact of those events in physiological 

signal transduction remains unknown (Rinalducci et al., 2008).  

 

Fig. 1.1 Oxidation of cysteine residues in proteins (Adopted from (Green and 

Paget, 2004)) 

1.6 Redox-sensitive proteins 

The signaling role of ROS is largely achieved through chemoselective oxidative 

modifications of cellular molecules, such as redox-sensitive thiols of proteins, 

thereby altering protein activities and functions (Ghezzi, 2005; Poole and Nelson, 

2008). Many redox-sensitive proteins have been identified from bacteria to 

humans that play critical roles in sensing cellular redox status and transducing 

redox signals into physiological responses.  
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The Escherichia coli transcription activator OxyR becomes activated by 

oxidation of its redox-active cysteine residues to a disulfide bond under oxidative 

stress, which then induces the expression of superoxide responsive genes 

(Pomposiello and Demple, 2001). The yeast transcription regulator YAP1 is 

another redox sensor that plays a similar role. Under a high level of ROS, YAP1 

becomes oxidized and rapidly redistributes to the nucleus where it activates stress 

responsive genes’ expression (Wood et al., 2004). Upon reduction of the 

disulphide bonds of YAP1, it undergoes a conformational change to expose its 

nuclear export signal allowing its redistribution to the cytoplasm. Another 

well-characterized redox-sensitive protein is human protein tyrosine phosphatase 

1B. It is oxidized by H2O2 at the active site Cys 215 which is reversible by 

reduction with the cellular reducing agent glutathione (van Montfort et al., 2003). 

Although only few redox-sensitive proteins in plants have been characterized in 

details, recent studies have revealed that redox sensors also play important roles in 

modulating redox-mediated biological processes in plants (Dietz, 2008).  

Basic domain/leucine zipper transcription regulators TGA2, 5 and 6 and 

non-expressor of pathogenesis-related genes 1 (NPR1) play a key role in disease 

resistance in Arabidopsis. Under normal conditions, NPR1 forms oligomers 

through inter-molecular disulfide bonds and is sequestered in the cytosol (Dong, 

2004). The Cys82 and Cys216 of NPR1 become reduced under pathogen infection 

or application of the defense hormone salicylic acid. The reduced NPR1 is then 

shuttled into the nucleus to control SAR-related gene expression (Mou et al., 2003; 

Dong, 2004). In addition, an intermolecular disulfide bridge within the TGA 

protein is also reduced to allow formation of the transactivating complex of NPR1 

and TGA with the target promoter of pathogenesis-related proteins (Despres et al., 

2003). As pathogen infection or SA application causes an overall more oxidized 

cellular environment, the pathogen- and SA-triggered reduction of NPR1 indicates 

dynamic changes in redox states in cellular micro-environments.  
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1.7 Redox proteomics methods for redox-sensitive protein identification 

Proteomics, the study of large-scale proteins in a biological system during specific 

biological events, has made great advances due in large part to technological 

developments in mass spectrometry in the past decades. Redox proteomics, 

targeted to identify and quantify redox-based alternation within the proteins both 

in redox signaling and under oxidative stress, is an emerging branch of proteomics 

(Butterfield and Dalle-Donne).  

1.7.1 Basic strategy of redox proteomics 

The common strategy used recently is differential alkylation that labels cysteines 

before and after reduction with cysteine-reactive reagents. During sample 

preparation, free thiol group is tagged by a specific alkylation reagent, such as 

N-ethylmaleimide (NEM) derivatives [17], iodoacetamide (IAM) derivatives and 

iodoacetic acid (IAA). These alkylation reagents are often conjugated to a variety 

of tags, such as fluorophores, epitope tags, biotin, and/or stable-isotope labels 

which can be used for enrichment, detection and/or quantification. The directly 

labeling approaches with one kind thiol-reactive reagent can quantify the free 

cysteine directly. To study the reversibly oxidized form of proteins, the reducing 

reagents, such as dithiothreitol (DTT) and tris(2-carboxyethyl)phosphine (TCEP) 

are applied to reduce the oxidized cysteines, and then the new reduced thiol 

groups are labeled by a different thiol-reactive reagent to differentiate the free 

thiol groups by different labeling. (Figure 2) One example that successfully 

adopted the differential alkylation method is the biotin-switch method developed 

by Jaffrey and his co-workers to allow detection of protein S-nitrosylation (Jaffrey 

and Snyder, 2001). First, free thiols are blocked by reacting with a thiol-specific 

methiolating agent (methyl methanethiosulphonate, MMTS). Next, ascorbate was 

used to specifically denitrosylate S–NO bonds. Finally, the new reduced thiol 

groups are reacted with the sulphhydryl-specific biotinylation reagent, 

N-[6-(Biotinamido)hexyl]-3'-(2'-pyridyldithio)propionamide (biotin-HPDP). The 



13 
 

labeled proteins can be selectively enriched by streptavidin affinity 

chromatography or separated by SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE), and detected using anti-biotin antibodies or streptavidin (Jaffrey 

and Snyder, 2001).  

 

 

Fig. 1.2 Differential alkylation strategy of redox proteomics method. The free 

cysteine thiol groups are blocked firstly by one alkylation reagent. Then all 

reversibly oxidized cysteines are reduced by reducing reagents of TCEP or DTT. 

The new reduced cysteines can be labelled by another alkylation reagent, thus, the 

nonoxidized and oxidized cysteines can be distinguished with each other by the 

different alkylation. The fluorescent reagents include Cy3 and Cy5, stable isotope 

labeled regents include d0- and d5-NEM or 
12

C9-ICAT and 
13

C9-ICAT reagents. 

Alkylation with a biotinylated thiol-specific reagent can be used to enrich the 

tagging peptides or proteins to reduce the complexity of sample. (Adopted from 

(Held and Gibson, 2012))  

1.7.2 Gel-based proteomics methods 

Several approaches have been developed for detection and identification of 

oxidant-sensitive thiol proteins. One of the basic used methods is 2D-gel based 
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approach, either IEF/SDS or diagonal nonreducing/reducing gel electrophoresis, 

which is used as a protein separation and quantification tool, coupled with mass 

spectrometry (MS)-based or tandem mass spectrometry (MS/MS)-based sequence 

identification of selected, separated protein species. One commonly used method, 

redox-DIGE (Hurd et al., 2007), a gel-based fluorescence approach, can compare 

the redox state between two different samples. Proteins from control and treated 

samples can be labeled with different spectrally resolvable monofunctional 

maleimide Cy dyes (Cy3, Cy5) that react with reduced thiols. The differentially 

labeled samples then are mixed together and separated by 2-DE gels. Cy3 and 

Cy5 signals can be scanned to determine their intensity. The protein spots showing 

significant difference in relative intensity of the fluorescence signals will be 

subjected to MS identification. In our lab we have developed the gel-based 

approaches based on differential labeling of oxidized and reduced thiols by 

5-iodoacetamidofluorescein (IAF), a fluorescent derivative of IAM that reacts with 

free (reduced) thiols (-SH) to identify redox-sensitive proteins in the H2O2-treated 

cells. Differential labeling by IAF was achieved through either direct labeling or a 

blocking-labeling method (Wang et al., 2012). For the direct labeling, proteins 

were extracted in presence of IAF to tag free thiol groups directly. As for the 

blocking method, the free thiols in the proteins were firstly blocked by a thiol 

alkylation agent, such as NEM. Following the reduction of oxidized thiols, the 

reduced thiols are labeled with IAF again. These methods led to identification of 

84 putative redox-sensitive Arabidopsis proteins (Wang et al., 2012). However, 

those methods have some major drawbacks, including relatively low sensitivity and 

resolution which poses a high risk of false positives.  

1.7.3 Gel-free proteomics methods 

Non-gel based proteomics techniques, such as isotope-coded affinity tags (ICAT), 

cysTMT (Parker et al., 2012), cysTRAQ (Tambor et al., 2012), and OxMRM 

(Held et al., 2010; Held and Gibson, 2012) have increasingly been used because of 
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its more quantitative nature, high sensitivity and productivity. A modified ICAT 

method termed OxICAT has recently been developed for detecting and identifying 

redox-sensitive proteins [39]. This technique uses a certain reagent which consists 

of three different parts: (i) a cysteine reactive group, (ii) an isotopic labeled linker 

containing either heavy or light isotope, and (iii) a cleavable affinity tag (biotin) for 

separation. Only free cysteines are accessible for these markers. Proteins from 

control and treated samples will first be incubated with the isotopically light 

12
C-ICAT reagent to tag reduced thiols. Oxidized thiols can be reduced and labeled 

with the isotopically heavy 
13

C-ICAT reagent. Thus, the free and oxidized cysteine 

thiols can be distinguished from each other because of the differential labeling. 

Protein mixtures then are digested and ICAT-labeled peptides are affinity-purified 

using biotin affinity tag. Differentially labeled peptides can be detected and 

identified through LC-MS/MS. Another method developed recently similar to 

OxICAT is cysteine-reactive tandem mass tag (cysTMT) which is composed of a 

thiol-reactive group, a MS-neutral spacer arm and a MS/MS reporter. After 

sample labeling, the labeled cysteine-containing peptides can be enriched by 

anti-TMT antibody and quantitation can be achieved by TMT reporter ions (i.e., 

126-131 Da) (Parker et al., 2012). Besides, cysTRAQ which combines the 

cysteine-containing peptide enrichment and iTRAQ quantitation was also 

developed (Tambor et al., 2012). All these methods are effective to reduce sample 

complexity and can study the specific cysteine residues within the proteins that 

play vital roles in redox regulation signaling. Besides these shotgun redox 

proteomics methods, targeted proteomics multiple reaction monitoring (MRM) 

was also applied to a set of selected site-specific redox-sensitive proteins 

quantification with higher resolution and sensitivity for low abundant proteins.  

In addition to the chemical isotopic labeling, high-throughput quantitative 

protein analysis based on metabolic labeling was also established in which 

quantification is achieved from extracted ion chromatograms of survey scans 

containing the pair of labeled (heavy) and unlabeled (light) peptide isoforms 

(Beynon and Pratt, 2005), and this method has been widely used for various 
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model organisms (for review see (Gouw et al., 2010; Bantscheff et al., 2012)). 

Stable-isotope-labeled essential amino acids in cell cultures (SILAC) (Ong et al., 

2002) has been applied to various aspects of mammalian, as well as bacteria and 

yeast. As autotrophic organisms all plants can easily be labeled metabolically 

through feeding of labeled inorganic compounds in the form of 

[15N]-nitrogen-containing salts. This strategy has been applied in plant 

suspension cell cultures (Engelsberger et al., 2006), as well as plant seedlings 

grown in liquid culture (Bindschedler et al., 2008) or solid medium (Guo and Li, 

2011). A method named 15N stable isotope labeling in Arabidopsis was developed 

for protein quantitation (Guo and Li, 2011), and this method has been modified to 

apply to redox proteomics by integrating the chemical labeling with biotin-tagged 

alkylating reagents and the heavy nitrogen stable isotope-coded salt metabolic 

labeling (Hu et al., 2014).  

1.8 Overview of this research 

Cellular redox status plays a key role in mediation of various physiological and 

developmental processes. Under different redox-disturbing stress conditions, 

redox-sensitive proteins undergo oxidative modifications to alter their activities to 

regulate cellular homeostasis. However, our knowledge of how the redox signals 

function in the plant stress responses remains scarce. Identification of 

redox-sensitive proteins is the first step toward understanding the molecular 

mechanisms. In my study, a new redox proteomics technique, OxiTRAQ, was 

developed, which is based on a modified biotin-switch method and iTRAQ 

technique by combining the advantages of enrichment of cysteine-containing 

peptides and mass spectrometry quantitation. Using this method, we identified 

over one hundred proteins whose cysteine residues underwent reversible oxidative 

modifications in Arabidopsis suspension cells that were treated with 5 mM 

hydrogen peroxide for 10 minutes to mimic physiological stresses. Using 

OxiTRAQ, a number of proteins were found to change redox states in Arabidopsis 
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cells under the treatment with salicylate (a plant defense signal molecule) and 

flg22 (a peptide from bacterial flagellin that induces the innate immune response 

in plants). Furthermore, for better understanding of the redox signaling in 

plant-pathogen interaction, in vivo 15N stable metabolic labeling method was 

applied to study the proteins involved in redox-regulation in Arabidopsis seedlings 

upon pathogen infection. Further understanding of the biological consequences of 

their oxidative modifications would greatly contribute to our understanding of the 

role of redox signaling in the immune response in plants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 
 

Chapter 2 Materials and Methods 

2.1 Arabidopsis T87 cell culture  

Arabidopsis thaliana (Columbia ecotype) T87 suspension cell line was obtained 

from Liwen Jiang laboratory at Chinese University of Hong Kong. The cells were 

maintained in 250-mL flasks on a shaker rotating at 115 rpm at 25°C in the dark. 

The culture medium contained 1/2 Murashige & Skoog salts, 3% sucrose, 0.2 g/L 

KH2PO4, 0.2 mg/L 2,4-D, and 1 × B5 vitamins. The pH value of the culture 

medium was adjusted to pH 5.7 with 1 N KOH. The cells were subcultured every 

7 days by adding 4 mL of the cell suspension to 50 mL fresh medium.  

2.2 Arabidopsis cell treatments 

For the oxidative stress treatment, after 4 days of subculturing, H2O2, salicylate 

(SA) and flg22 was added to the cell culture to a final concentration of 5 mM, 0.5 

mM and 10 µM respectively. The relevant same amount of water was added to the 

control cell culture. After 10 min incubation, both the H2O2-treated and the control 

cells were harvested by vacuum filtration. After 15 min incubation, the SA- and 

flg22-treated and control cells were harvested by filtration, washed with the wash 

buffer [20 mM Tris-HCl (pH = 8.0), 5 mM EDTA, 0.5% Triton X-100, 100 mM 

NaCl], and immediately frozen in liquid nitrogen for protein extraction.  

2.3 15N metabolic labeling of plants  

Wild-type Arabidopsis thaliana col-0 seedlings were grown in the solid medium 

containing 1/2 Murashige and Skoog basal salt micronutrient solution 

(Sigma-Aldrich, St Louis, MO, USA), 1.5 mM CaCl2, 0.75 mM MgSO4, 0.625 

mM KH2PO4, 9.4 mM KNO3, 10.3 mM NH4NO3, 0.5 g/L MES and 1% sucrose, 

pH 5.7 with 0.6% (w/v) Agar. The 15N-labeled media was prepared using 98% 

ammonium nitrate-15N2 and potassium nitrate-15N (Sigma) in place of 14N salts 
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as the only nitrogen source. Plants were grown in a growth chamber under 16 

hours light/8 hours dark at constant temperature of 23 
o
C for 3 weeks.  

2.4 Pseudomonas syringae preparation 

The virulent strain Pseudomonas syringae pv tomato DC3000 (Pst DC3000) and 

the isogenic strains carrying the avirulence genes avrRpm1 (Pst DC3000 avrRpm1) 

(Dangl et al., 1992) were streaked from glycerol stocks onto King's B plates 

containing kanamycin (25 mg/mL) and rifampicin (25 mg/mL) and grew at 28°C 

for 48 hours. The King’s B medium contains 20 g/L Proteose peptone No. 3, 10 

ml/L Glycerol, 1.5 g/L K2HPO4, 1.5 g/L MgSO4, pH7.2. A single bacterial colony 

was picked up and re-streaked onto a new plate and grown for another 24 hours, 

and then the new fresh streaked bacteria was scraped off the plate for preparation 

of the inoculums.  

2.5 Treatment of Arabidopsis seedlings with pathogens  

The new freshly grown bacteria was scraped off from the plate, resuspended, and 

diluted to OD600=0.2 in sterile 10 mM MgCl2 solution with 0.02% Silwet L-77. 

Three-week old plants were sprayed with the prepared bacterial suspension. For 

the mock treatment, 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, 15N-labeled plants were treated with pathogen 

while 14N-labeled plants were treated with mock. In the second reciprocal 

biological replicate, 15N-labeled plants were treated with mock while 14N-labled 

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. 

2.6 Detection of reactive oxygen species 

In situ detection of hydrogen peroxide was performed by staining with DAB 
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(Sigma-Aldrich) using a previous described method (Thordal-Christensen et al., 

1997). Briefly, plants were sprayed with Pst DC3000 (avrRpm1) or Pst DC3000 

at OD600 = 0.2. After 0.5 hr, 1hr, 2hrs, 3hrs, and 4hrs, 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). At least 3 leaves per 

plant from 6 independent plants were stained for each biological replicate. The 

experiment was repeated at least two times. After staining about 5 hrs, the leaves 

were fixed in ethanol:glycerol:acetic acid 3:1:1 (bleaching solution) in boiling 

water bath for 15 min. The leaves were incubated in the bleaching solution until 

the chlorophyll was completely bleached.  

2.7 Protein extraction 

2.7.1 Protein extraction of plant suspension cells 

The harvested cells were grounded in liquid nitrogen in a mortar with pestle. 

Approximately 300 mg fine powder was transferred into a 2-mL Eppendorf tube 

and mixed with 1 mL protein extraction buffer [20 mM Tris-HCl (pH = 7.0), 5 

mM EDTA, 0.5% Triton X-100, 100 mM NaCl, 1% SDS, and 1% protease 

inhibitor cocktail (Sigma)] with 100 mM N-ethylmaleimide (NEM) and incubated 

for 30 min at room temperature (RT). NEM added in the extraction buffer can 

react with and therefore block free thiols. The mixture was centrifuged for 10 min 

at 12,000 g at 4C. Proteins in the supernatant was then acetone-precipitated 

(acetone:sample = 5:1 v/v) for overnight at -20C. The protein pellet was 

recovered by centrifugation at 12,000 g at 4C for 10 min, rinsed with cold 

acetone three times, and air-dried. The protein pellet was then resuspended in the 

protein extraction buffer. Protein concentration was determined using DC Protein 

Assay Kit II (Bio-Rad, Hercules, CA, USA).  
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2.7.2 Protein extraction of plant 15N-metabolic labeled seedlings 

The powder from 14N- and 15N-labeled plants were combined at a ratio of 1:1 by 

weight, and homogenized in protein extraction buffer [8 M urea, 20 mM Tris-HCl 

(pH 7.0), 1 mM EDTA, 1% protease inhibitor cocktail (Sigma)] supplemented 

with 100 mM N-ethylmaleimide (NEM), and incubated in room temperature for 

30 min. The homogenate was centrifuged 15 min at 5,000 × g and 4 
o
C to remove 

debris. The total proteins collected from the supernatant were processed through a 

methanol / chloroform precipitation as previously described (Wessel and Flugge, 

1984). Precipitated protein pellet was suspended in the protein extraction buffer 

and quantified using 2-D Quant kit (GE Healthcare Life Sciences).  

2.8 Trypsin digestion of proteins and purification of biotin-tagged peptides 

Approximately 3 mg proteins from cells (or 10 mg proteins from metabolic 

labeled seedlings) were incubated with10 mM dithiothreitol (DTT) at 37C for 30 

min to reduce oxidized thiols. DTT was removed by passing through Zeba Spin 

desalting columns (Thermo Scientific, Rockford, IL, USA) pre-equilibrated with 

the extraction buffer. The protein sample was incubated with 0.4 mM of 

thiol-reactive N-[6-(Biotinamido) hexyl]-3'-(2'-pyridyldithio) propionamide 

(biotin-HPDP) (Thermo Scientific) for 1 hr at RT in the dark to tag the 

DTT-reduced thiols. Proteins were acetone-precipitated and then re-solubilized in 

20 mM Tris-HCl (pH = 7.7), 1 mM EDTA, and 0.4% Trion X-100. (For metabolic 

labeling method, the proteins were diluted to less than 1 M urea using 50 mM 

ammonium bicarbonate and performed trypsin digestion directly.) Proteins were 

digested with trypsin (Sigma) for overnight at 37C at a 1:40 trypsin-to-protein 

mass-ratio. Trypsin digestion was stopped by 1% TFA and desalted using Sep-Pak 

C18 cartridges (Waters, Milford, MA, USA), and dried in a SpeedVac (Eppendorf, 

Hamburg, Germany). 

For purification of the biotin-tagged peptides, the trypsin-digested peptides 

were incubated with NeutrAvidin agarose resin (Thermo Scientific) at room 
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temperature for 1 h according to the manufacturer’s manual. The resin was 

washed 3 times with 1 mL wash buffer [20 mM Tris-HCl (pH = 7.7), 1 mM EDTA, 

0.4% Trion X-100, followed by wash with 5 mM NH4HCO3/20% acetonitrile for 

2 times. The bound peptides were eluted from the resin by incubation with 10 mM 

DTT at 37C for 30 min. The samples were alkylated with 55 mM iodoacetamide 

(IAM) for 30 min at RT in the dark, desalted using Sep-Pak C18 cartridges 

(Waters), and dried. 

2.9 iTRAQ labeling of peptides  

The purified peptides were labeled with iTRAQ reagents according to the 

manufacturer’s protocol (Applied Biosystems, Framing-ham, MA, USA). Briefly, 

desalted peptides were reconstituted in 30 μL of 0.5 M triethylammonium 

bicarbonate (TEAB) with 70 μL of ethanol-suspended iTRAQ reagents (one 

iTRAQ reporter tag per protein sample). The samples were labeled with the 

respective tags as follows: for H2O2 treatment, two biological replicates of the 

control samples were labeled with the reporter tags 114 and 116, respectively; and 

two biological replicates of the H2O2-treated samples were labeled with the 

reporter tags 115 and 117, respectively. For SA and flg22 treatments, the control, 

salicylate- and flg22-treated samples were labeled with iTRAQ reporter reagents 

114, 115 and 116, respectively. The labeling reactions were carried out at RT for 

60 min. All samples in one replicate were then mixed into a single tube and dried 

in a SpeedVac (Eppendorf).  

2.10 Strong cation exchange fractionation of peptide mixture 

Strong cation exchange fractionation of the combined peptide mixture was carried 

out as previously described (Zhang et al., 2010). Briefly, the dried iTRAQ labeled 

samples were reconstituted with 100 μL buffer A (10 mM KH2PO4, pH 3.0, 

ACN/H2O 25/75 (v/v)) and loaded into a PolySULFOETHYL A™ column (200 

mm length × 4.6 mm id, 200-A pore size, 5mm particle size) (PolyLC, Columbia, 
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MD, USA) on a HPLC unit (Waters, MA, USA). The sample was fractionated 

using a gradient of 100% buffer A for 5 min, 5–30% buffer B (10 mM KH2PO4, 

pH 3.0, 500 mM KCl, ACN/H2O 25/75 (v/v)) for 25 min, 30–100% buffer B for 5 

min, maintaining 100% buffer B for 5 min, and finally 100% buffer A for 10 min 

at a constant flow rate of 1 mL/min for a total of 50 min. The eluted fractions 

were monitored through a UV detector at 214 nm wavelength. Fractions were 

collected at 1-min intervals and consecutive fractions with low peak intensity 

were combined. Finally, a total of 10 or 15 fractions were obtained and dried in a 

SpeedVac. Each fraction was reconstituted in 0.1% TFA and desalted using a 

Sep-Pak C18 cartridge, dried in a SpeedVac (Eppendorf).  

2.11 Mass spectrometric analysis  

For cell samples, the dried fractions were reconstituted in 10 µL 0.1% formic acid. 

The sample was analyzed three times with an LTQ-Orbitrap Velos (Thermo 

Scientific) coupled with an Easy-nLC (Thermo Scientific). For each analysis, 5 

µL of the sample was injected and concentrated in a preconditioned column (0.3 × 

50 mm) packed with C18 AQ (5 µm particles, 200 Å pore size) (Bruker-Michrom, 

Auburn, CA, USA). The peptide separation was performed in a preconditioned 

capillary column (0.1 × 150 mm, with C18 AQ of 3 µm particles and 200 Å pore 

size (Bruker-Michrom). Mobile phase A (0.1% formic acid in H2O) and mobile 

phase B (0.1% formic acid in acetonitrile (ACN)) were used to establish a 75-min 

gradient comprised of 45 min of 0-35% B, 15 min of 35-80% B, and 15 min of 80% 

B. The total flow rate of the gradient was set at 400 nL/min.  

For seedling samples, the sample was analyzed twice with an LTQ-Orbitrap 

Velos (Thermo Scientific) coupled with an UPLC (Dionex ultimate 3000, Thermo 

Scientific). The sample was injected and concentrated in a preconditioned Acclaim 

PepMap100 C18 column (100 μm i.d. fused silica, packed with 5 μm particle size 

and 300 Å pore size). The peptide separation was performed in a preconditioned c 

Acclaim PepMap100 C18 column (75 um I.D. x 15 cm, 3 µm particle sizes, 100 Å 
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pore sizes). Mobile phase A (0.1% formic acid in H2O) 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. 

The sample was introduced into LTQ-Orbitrap through a Nanospray Flex 

(Thermo Scientific) with an electrospray potential of 1.5 kV. The ion transfer tube 

temperature was set at 160C. 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 30,000 (at 400 m/z) in a profile mode, a 

maximum ion accumulation time of 1 s and a target value of 1 × e
6
. Charge state 

screening for precursor ion was activated. The six most intense ions above a 

1000-count threshold and carrying multiple charges were selected for a paralleled 

fragmentation (MS/MS) in the collision-induced dissociation (CID) in the linear 

ion trap and the higher energy collision dissociation (HCD) in the Orbitrap. 

Dynamic exclusion for both CID and HCD fragmentation was activated with a 

repeat count of 2, repeat duration of 30 s, exclusion duration of 45 s, and ±5 ppm 

mass tolerance. Additionally, the settings for CID included a maximum ion 

accumulation time of 200 ms for MS/MS spectrum collection, a target value of 1 

× e
4
, a normalized collision energy at 35%, an activation Q at 0.25, isolation width 

of 3.0 and activation time of 10 ms. For HCD, the settings included a full scan 

with Orbitrap at a resolution of 7,500 (at 400 m/z) in a centroid mode, a maximum 

ion accumulation time of 200 ms for MS/MS spectrum collection, a target value 

of 5 × e4, a normalized collision energy at 40%, an activation Q at 0.35, isolation 

width of 3.0 and activation time of 0.1 ms. 

2.12 OxiTRAQ database search 

The MS raw data were processed using the Proteome Discoverer software 

(version 1.2, Thermo Scientific) to extract mascot generic files (mgf) from HCD 

and CID spectra separately. The four iTRAQ reporter ions have m/z of 114.112, 
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115.108, 116.116 and 117.115 respectively. These reporter ions and their 

intensities for each parent ion were extracted from the HCD mgf files. The mass 

tolerance for the extraction was set as 10 mDa. The extracted reporter ions were 

inserted back into both HCD and CID mgf files, whereas their original iTRAQ 

mass region (114.0-117.5) was cleared. As iTRAQ reporter ions are not an 

inherent part of peptide, their high intensities have negative contribution on 

Mascot peptide scores returned by the database search using Mascot search engine 

(Matrix Science, UK). Thus, all iTRAQ reporter ion intensities were also 

normalized to relatively low intensity. The modified HCD and CID mgf files were 

then searched using Mascot (version 2.3) against a concatenated target-decoy 

Arabidopsis protein database TAIR10 (http://www.arabidopsis.org) with common 

contaminants (71,248 entries). The enzyme limits were set at full tryptic cleavage 

at both ends, and a maximum of one missed cleavage was allowed. The mass 

tolerances were set 10 ppm for the peptide precursors and 0.5 Da for the fragment 

ions. Variable modifications for the search include carbamidomethylation (57.02) 

and N-ethylmaleimidate (125.05) at cysteine, iTRAQ (4-plex, 144.10) at tyrosine, 

and oxidation (+15.99) at methionine. The fixed modification was iTRAQ (4-plex) 

reagent labeling at N-terminal and lysine. The search results were exported in csv 

files. 

2.13 OxiTRAQ data bioinformatics analysis 

A peptide with a Mascot expectation value of less than 0.05 was used for further 

quantification analysis. Normalization based on summed intensities was 

performed to make sure the total intensities of each of the iTRAQ channels were 

equal. The spectral intensity of a corresponding cysteine-containing peptide from 

three technical replicates of one biological replicate was combined and summed, 

and the peptide ratio was calculated from the summed values. Proteins identified 

and quantified at least in two biological repeats were used for further analysis. 

Student’s t-test (two tails) was performed on the log2-transformed peptide ratio 
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for statistical analysis.  

For H2O2 treatment, the t-test p value was further corrected by Benjamini and 

Hochberg false discovery rate method (Benjamini and Hochberg, 1995). A 

corrected p value of < 0.01 was considered statistically significant. For SA and 

flg22 treatments, a peptide/protein with a ratio more than 1.5-fold and a p value of 

< 0.05 was considered significantly changed. The mass spectrometry proteomics 

data have been deposited to the ProteomeXchange Consortium (Vizcaino et al.) 

via the PRIDE partner repository with the dataset identifier PXD001349.  

2.14 Metabolic sample database search and quantitative analysis  

The raw LC-MS/MS data (*.raw) were 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 2.3 (Matrix 

Science) against a concatenated target-decoy Arabidopsis protein database 

TAIR10 (Lamesch et al., 2012), once with the normal 14N masses and once with 

15N 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 including 

carbamidomethylation (57.02) at cysteine, and variable modifications including 

N-ethylmaleimide (125.05) at cysteine and oxidation (15.99) at methionine. The 

searched result file (*.dat) was converted in TPP to pepXML (*.pep.xml) file 

format. The peptide identification was validated using PeptideProphet and 

14N/15N peptide ratios were calculated with XPRESS using metabolic labeling 

14/15 N method. For high identification confidence, peptide and protein 

probability higher than 0.99 and peptides with an ion score higher than the 

identify score were used for further analysis. Validated 14N and 15N peptide 

identifications were then merged to calculate peptide ratios as the mean of the 

individual XPRESS ratios from identified spectra. All redox data were normalized 

to the relevant mean of protein expression data. Subsequently data for each 
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peptide from both reciprocal biological replicates were averaged.  

2.15 Sample preparation for OxMRM analysis 

Proteins were extracted from control and 5 mM H2O2-treated Arabidopsis 

suspension cells in the presence of NEM as described previously. The same 

amount of protein from both control and H2O2-treated samples was reduced by 10 

mM DTT at 37C for 30 min and alkylated by 55 mM IAA for 30 min at RT in the 

dark. Proteins were digested by trypsin (Sigma) for 12~16 h at 37C at a 1:40 

trypsin-to-protein mass-ratio. The digests were desalted using Sep-Pak C18 

cartridges (Waters) and dried in SpeedVac (Eppendorf). In addition, protein 

extracted in the extraction buffer without NEM was processed as above and used 

for analysis of quantification curves between peak areas and dilution series for 

each transition in MRM measurement. 

2.16 OxMRM analysis by 4000 QTRAP 

The digests were analyzed by 4000 QTRAP hybrid triple quadrupole/linear ion 

trap mass spectrometer (Applied Biosystems). They were loaded at 3µL/min (0.1% 

formic acid with 2% ACN in H2O) and concentrated in a Zorbax peptide trap 

(Agilent, Palo Alto, CA, USA). The peptide separation was performed with a 

75-µm inner diameter × 15 cm ProteoPep2 column (C18, 5µm, 300Å, IntegraFrit, 

New Objective, Woburn, MA, USA). The peptides were separated through a 

90-min gradient composed of 5 min of 100% A (0.1% formic acid in H2O), 40 

min of 0-30% B (0.1% formic acid in 98% ACN), 10 min of 30-90% B, 

maintenance at 90% B for 10 min, and finally re-equilibration at 100% A for 25 

min. The data acquisition was performed using the Analyst software (version 1.5, 

Applied Biosystems). The QTRAP was operated in the positive mode with an ion 

spray voltage of 2.1 kV, curtain gas of 8 psi, and an interface heater temperature 

of 150C. The instrument was set up to the MRM mode followed by Enhanced 

Product Ion (EPI). In the MRM mode, the resolution of Q1 and Q3 was set to unit 
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(resolution = 1,700, FWHM = 0.6 Da at m/z = 1,000). The validation of 

transitions was performed using MRM-triggered MS/MS scans.  

2.17 OxMRM data analysis 

For H2O2-treated samples, MRM protein assay was developed with assistance of 

the MRMPilot software (version 2.1, AB/Sciex). MRM peak detection and 

automatic quantification methods were built for each transition using the Analyst 

software (version 1.5). Typical integration was set for a smoothing width of 3 

points and a peak splitting factor of 2. Peak detection was reviewed manually to 

ensure correct identification. The level of oxidized cysteine in different samples 

was calculated according to the quantification curve of the proteins extracted 

without NEM blocking. The mean of the ratios of the treatment to control for 

three reference peptides was calculated. To normalize expression levels of the 

targeted peptides, the ratio of treatment to control for each peptide was normalized 

to the mean of reference peptides.  
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Chapter 3 OxiTRAQ: a quantitative proteomics approach for the 

identification of redox-sensitive cysteines in the Arabidopsis 

proteome 

3.1 Introduction 

Cellular redox status plays a key role in mediation of various physiological and 

developmental processes. Redox sensitive-proteins undergo oxidative 

modifications under different redox-disturbing stress conditions to alter their 

activities to regulate cellular homeostasis. Identification and characterization of 

redox–sensitive proteins are important steps toward understanding molecular 

mechanisms in stress responses.  

Many approaches have been developed for detection and identification of 

oxidant-sensitive proteins (reviewed in (Ghezzi and Bonetto, 2003; Navrot et al., 

2011; Bykova and Rampitsch, 2013)). The differential alkylation strategy has 

been used for the detection and identification of redox-sensitive proteins in 

Arabidopsis in response to oxidative stress (Wang et al., 2012) and to methyl 

jasmonate (Alvarez et al., 2009), and in wheat seeds during seed dormancy release 

(Bykova et al., 2011). However, the gel-based methods are generally with 

relatively low sensitivity and resolution, and thus has limited use for low 

abundance proteins (Gygi et al., 2000; Ong and Pandey, 2001). In addition, this 

method often has difficulty in determination of site-specific modification due to 

small amount of peptides recovered from protein gel spots. Alternatively, several 

non-gel methods such as ICAT (Sethuraman et al., 2004), OxICAT (Leichert et al., 

2008), cysTMT (Parker et al., 2012), cysTRAQ (Tambor et al., 2012) and 

OxMRM (Held et al., 2010; Held and Gibson, 2012) have been developed for 

studying redox proteome. ICAT is commonly used for comparing proteins in two 

different samples, while the OxICAT specifically monitors in vivo cysteine 

modification in a single sample based on differential labeling of reduced and 
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oxidized cysteines with ICAT reagents (Leichert et al., 2008). The quantitation is 

achieved by comparing a pair of light and heavy isotope labeled peaks at MS1 

level whereas the identification is based on peptide sequencing at MS2 level. 

Compared to a single precursor ion with increased intensity in an iTRAQ 

approach, having a pair of peaks for the same peptide gives lower intensity of the 

precursor ion as well as its fragment ions, and therefore less confidence in peptide 

identifications (Wu et al., 2006). These approaches are also limited to analyze 

only one or two biological samples in a single mass spectrometry run. The 

cysTMT method, a modified tandem mass tags (TMT) by incorporating 

Cys-reactive group, is able to label and quantify cysteine-containing peptides 

from up to six samples (Parker et al., 2012). Recently, another isobaric reagent 

iTRAQ has been reported as an alternative to ICAT in quantitative proteomics 

(Tambor et al., 2012). This strategy has also been used for studying reversible 

redox states of cysteine-containing proteins (McDonagh et al., 2012). In those 

ICAT-, TMT- or iTRAQ-based redox proteomics approaches, protein labeling is 

carried out with total protein extracts followed by the enrichment of 

cysteine-containing peptides, which requires a relatively large amount of the 

expensive labeling reagents. In addition, TMT labeling generally gives a 40-50% 

less peptide/protein identification as compared to 4-plex iTRAQ-based method 

(Pichler et al., 2010). The OxMRM method applies multiple reaction monitoring 

(MRM) for quantitative analysis of cysteine modifications on a selected set of 

proteins (Held et al., 2010; Held and Gibson, 2012). OxMRM is a very useful 

approach for monitoring redox statuses of a small number of selected proteins but 

it has limited use for proteome-wide survey.  

In this study, I describe a modified redox proteomics approach termed 

OxiTRAQ that uses a modified biotin-switch method for differential thiol labeling 

and peptide purification followed by the iTRAQ method for quantitation and 

identification of cysteine-containing peptides. The biotin-switch method is 

inexpensive and has successfully been used to identify nitrosylated proteins 

including plant proteins in which
 

nitrosylated cysteines are converted to 
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biotinylated cysteines that can be purified by avidin-affinity chromatography 

(Jaffrey and Snyder, 2001; Lindermayr et al., 2005; Romero-Puertas et al., 2008). 

iTRAQ allows simultaneous detection and quantitation of more samples than 

ICAT and is more sensitive than TMT (Pichler et al., 2010). This new method 

allowed us to identify 179 proteins that underwent oxidative modifications in the 

oxidant-treated Arabidopsis cells. Many of these proteins have not previously 

been reported to undergo oxidative modifications under similar redox-perturbing 

conditions by other redox proteomic approaches. OxiTRAQ also allowed us to 

simultaneously identify the specific redox-sensitive cysteine residues in those 

proteins. 

3.2 Results and Discussion  

3.2.1 The OxiTRAQ method for redox proteome analysis 

Fig. 3.1 shows a schematic drawing of the OxiTRAQ method developed in this 

study. Proteins are extracted from cell samples in presence of NEM which reacts 

with and therefore blocks free thiols to minimize a possible exchange between free 

thiols and disulfide bond during protein extraction (Ghezzi and Bonetto, 2003). 

Reversibly oxidized thiols such as intra- or inter-molecular disulfide bonds, 

sulfenic acid, and S-nitrosylated thiols are then reduced by DTT. The DTT-reduced 

thiols are tagged with biotin-HPDP, which reacts with free thiols to form mixed 

disulfide bonds. The proteins are digested with trypsin, and biotin-tagged peptides 

are affinity-purified using the streptavidin resin and eluted by cleavage of the 

disulfide bond that links the biotin tag to the cysteine residue. This method allows 

purification of peptides containing one or more reversibly oxidized cysteine 

residues, rather than capturing intact biotin-tagged proteins on streptavidin agarose 

as described in the original biotin-switch method (Jaffrey et al., 2001). In addition, 

in OxiTRAQ, the cumbersome biotin tag that could affect LC-elution time and 

MS detectability is removed prior to MS identification. The purified peptides from 

different samples are labeled with iTRAQ reagent tags for quantification. Relative 



32 
 

abundance of each cysteine-containing peptide represents its redox status in the 

original tissue samples.  

3.2.2 Detection and quantification of redox-sensitive proteins in Arabidopsis 

cell cultures subjected to H2O2 treatment 

For developing the OxiTRAQ method, we used Arabidopsis suspension cells and 

induced oxidative stress by subjecting the cells to treatment with hydrogen 

peroxide (H2O2). Using the suspension cells and H2O2 allows for more uniform 

induction of oxidative stress in the cells than using whole plants and a treatment 

with a particular redox-perturbing environmental stress, thereby enhancing 

sensitivity of detecting redox-sensitive proteins. Arabidopsis suspension cells were 

treated with 5 mM H2O2 for 10 min, a sub-lethal dose that induces protein oxidative 

modifications in Arabidopsis cells (Desikan et al., 1998; Wang et al., 2012). Two 

biological replicates were included in the study, and each sample was analyzed 

twice (as the two technical replicates) using a paralleled HCD-CID fragmentation 

mode in an LTQ-Orbitrap.  

A total of 1,327 and 1,226 cysteine-containing peptides were identified from 

each of the two MS runs (technical replicates), with a false discovery rate threshold 

of under 1% at both peptide and protein levels. Of these, 1,098 cysteine-containing 

peptides from 820 distinct proteins were identified in both technical replicates and 

further analyzed. The correlation coefficient between two biological replicates was 

about 0.92, indicating the high similarity of protein oxidative modification and 

good reproducibility of the different biological replicates (Fig. 3.2). Student’s 

t-test (two-tail) was performed based on the peak intensity values between the 

control and oxidant-treated samples using biological replicates. The same 

statistical analysis was carried out separately on the two sets of the quantitation 

data from the two MS runs. The experimental variation between the technical 

replicates was calculated as previously described (Zhang et al., 2010) and a cutoff 

value of 1.31-fold was set up, which corresponds to 99% confidence interval 
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(Table 3.1). Only if the difference in the amount of a peptide between the control 

and oxidant-treated samples was found to be statistically significant in both sets of 

the data and is higher than 1.31-fold, the peptide was considered to be 

significantly altered in its redox state. With these criteria, 195 peptides were 

identified as redox-sensitive. Among these, 164 cysteines in 150 proteins became 

more oxidized in the H2O2-treated sample than in the control, whereas 31 cysteines 

from 29 proteins were in a more reduced state in the treated sample. Other redox 

proteomics studies have also identified some proteins that became more reduced 

under oxidative stress (Alvarez et al., 2009; Wang et al., 2012). Compared to our 

previously reported gel-based methods each of which identified about 20 

redox-sensitive proteins [12], this OxiTRAQ approach apparently has a higher 

sensitivity and led to the identification of several transcription factors (see below) 

which are likely low-abundant. In addition, this method allows direct 

identification of the specific redox-sensitive cysteine residues within the proteins, 

which will facilitate further characterization of these proteins in future study. 

Among the 179 redox-sensitive proteins identified in this study (Table 3.2), 

at least 28 proteins have previously been shown to be redox-sensitive in other 

studies.  

3.2.3 Multiple reaction monitoring for verification of selected proteins 

A redox proteomics method such as OxiTRAQ is a survey approach for 

identifying redox-sensitive candidate proteins. Previously, we used a transgenic 

approach to validate some of redox-sensitive proteins identified from the 

gel-based redox proteomics analysis (Wang et al., 2012). For that approach, 

transgenic plants were generated that expressed a candidate protein fused with an 

epitope tag (such as the FLAG tag). The redox state of the fusion protein was then 

determined either by immunoprecipitation and Western blotting or protein 

electrophoretic mobility shift assay (Wang et al., 2012). Such a verification 

method has a low throughput and is very time-consuming. MRM has increasingly 
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been employed for quantitative detection of selected proteins using a triple 

quadrupole (QQQ) mass spectrometer (Held et al., 2010; Bluemlein and Ralser, 

2011). In MRM, a peptide precursor from a particular protein is preselected in Q1. 

Following fragmentation in Q2, only peptide-specific fragment ions are mass 

analyzed in Q3. This method allows highly precise and sensitive measurement of 

specific peptides in complex mixtures (Bluemlein and Ralser, 2011). In this study, 

we adopted a modified MRM method termed OxMRM (Held et al., 2010) to 

verify some redox-sensitive proteins identified from the OxiTRAQ assay. 

OxMRM combines MRM with differential labeling of reduced and oxidized 

thiol-containing peptides and can be used to determine redox states of selected 

proteins in complex mixtures. In our OxMRM assay, we selected six 

redox-sensitive candidate proteins for verification (Table 3.3). The calibration 

curve between the peak area and series of dilution for a specific peptide was 

analyzed (Fig. 3.3). The correlation coefficients of all peptides’ calibration curves 

were above 0.95, which indicates a strong positive linear relationship between peak 

area and dilution. Moreover, the coefficient of variation (CV) for each peptide was 

below 30%, with nearly half of them being below 10%, suggesting the stability and 

accuracy of our MRM data.  

The same amount of proteins from different samples was analyzed in MRM. 

In addition, we selected a highly abundant protein tubulin alpha-5 (TUA5) as a 

reference to normalize total amount of proteins. To normalize the redox-sensitive 

peptide’s level within the protein, another peptide from the same protein which 

contains no cysteine was also monitored at the same time. Detailed information on 

selected peptides, Q1/Q3 settings, and collision energy (CE) was shown in Table 

3.3. For five of these six cysteine-containing peptides, at least 1.6 fold more 

peptides were in an oxidized state in the oxidant-treated sample than in the control 

sample whereas the remaining one showed 1.21 fold difference.  
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3.2.4 Categorization of the redox-sensitive proteins 

The subcellular localization of total proteins and the redox-sensitive proteins 

detected in the OxiTRAQ analysis was categorized based on Gene Ontology 

annotation (Fig. 3.4). For both groups of proteins, they were distributed in almost 

all cellular components with a higher proportion in chloroplasts, nucleus, cytosol 

and mitochondria. Among the redox-sensitive proteins, the percentages of proteins 

predicted in chloroplasts and mitochondria (31% and 26%, respectively) are 

higher than those among total detected proteins (28% and 16%, respectively). 

Compared to total detected proteins, a smaller percentage of the redox-sensitive 

proteins is predicted to be in extracellular, presumably because the environment of 

extracellular is in more oxidized state than that of the cytoplasm and many 

extracellular proteins are less sensitive to the oxidative stress (Iyer et al., 2009; 

Banerjee, 2012). 

The identified redox-sensitive proteins are involved in various biological 

processes such as transcriptional regulation, protein biosynthesis and processing, 

metabolism, and the antioxidant system. Some of them are summarized below. 

3.2.4.1 Proteins involved in transcriptional and post-transcriptional control 

Several transcription factors from different organisms, such as E. coli OxyR and S. 

cerevisiae Yap1, are well known to undergo oxidative modifications under 

oxidative stress, and their oxidation alters their activity and/or subcellular 

localization, leading to activation of the stress responsive genes (Zheng et al., 

1998; Delaunay et al., 2002; Georgiou, 2002). Seven transcription factors are 

among the redox-sensitive proteins identified in this study. Two of them are basic 

region/leucine zipper transcription factors 68 (bZIP68) and G-box binding factor 1 

(GBF1). bZIP68 and GBF1 bind the cis elements with the ACGT core, such as 

G-box, Hex, C-box, and the activation sequence-1 (as-1)-like element (Shen et al., 

2008). The as-1 element is known to be responsive to oxidative stress and 

salicylate (Garreton et al., 2002). We found that Cys320 of bZIP68 and Cys247 of 



36 
 

GBF1 underwent oxidation under the oxidant treatment. Previous studies have 

shown that these cysteines are in the conserved regions in bZIP68, GBF1, and 

bZIP16, and they underwent reversible oxidization under H2O2 treatment and were 

necessary for DNA binding activity (Shen et al., 2008; Shaikhali et al., 2012).
 

Transcription factor IIIC (TFIIIC) is another one whose cysteine (Cys332) was 

oxidized under the oxidative stress. TFIIIC is a general RNA polymerase III 

transcription factor that binds the B-box internal promoter element of tRNA genes 

(Shen et al., 1996). The reversible oxidation of TFIIIC may allow cells to modulate 

the protein synthesis processes under oxidative stress through regulating tRNA 

genes. Another redox-sensitive protein is a member of the family of transcriptional 

co-activator p15 (PC4) (Naar et al., 2001), suggesting the importance in regulation 

of general transcription during the oxidative stress response. PC4’ ssDNA-binding 

capacity is important for tolerance to hydrogen peroxide and for preventing 

mutagenesis caused by oxidative DNA damage in E. coli and S. cerevisiae (Wang et 

al., 2004).  

Under the oxidative stress, various post-transcriptional processes are 

regulated (Abdelmohsen et al., 2008). Among the redox-sensitive proteins are 

several RNA binding proteins, including a pentatricopeptide repeat (PPR) protein, 

PPR336, which is known to be involved in various post-transcriptional processes, 

such as RNA editing, RNA splicing, RNA cleavage and translation (Nakamura et 

al., 2012).  

3.2.4.2 Protein synthesis and post-translational modifications  

Twenty-three proteins that are known or predicted to be involved in the 

translational process were identified to be redox-sensitive. These include three 

translation initiation factors, a translation elongation factor, a ribosome recycling 

factor, ribosomal proteins, and enzymes involved in aminoacyl-tRNA synthesis. 

Global inhibition of protein synthesis is a common response in both bacteria and 

eukaryotes (Kojima et al., 2007; Grant, 2011). Such a control might partly be 
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achieved through reversible oxidation of proteins involved in the translational 

process.  

Various stresses cause increased protein misfolding. Eight redox-sensitive 

proteins identified in this study are involved in protein folding. These include a 

TCP-1/cpn60 chaperonin family protein, a DNAJ heat shock N-terminal 

domain-containing protein, a cyclophilin-like peptidyl-prolyl cis-trans isomerase 

family protein, and rotamase cyclophilin 2 (ROC2). Cyclophilins participate in 

protein folding by their ability to catalyze the cis–trans isomerization of 

peptidyl-prolyl bonds (Schonbrunner et al., 1991; Linard et al., 2009). It was 

reported that oxidative stress causes conformational changes of Arabidopsis 

chloroplast-located cyclophilin 20-3 through formation of the disulfide bridge 

(Laxa et al., 2007). We identified two conserved redox-sensitive peptides from the 

cyclophilin-like peptidyl-prolyl cis-trans isomerase family protein 

(ALCTGEAGVGK and IIDCGETSQIR) and ROC2 (ALCTGENGIGK and 

VVIEDCGELKNPSS). These two cysteines could be involved in the formation of 

a disulfide bond under H2O2 stress. It would be interesting to know whether these 

proteins were directly oxidized by the oxidant or formed disulfide bonds as a result 

of thiol-disulfide transition to reduce disulfide bonds of their target proteins.  

3.2.4.3 Redox-sensitive proteins in metabolism 

Several enzymes involved in amino acid biosynthesis and lipid metabolism were 

among the redox-sensitive proteins, including glutamate synthase 2, asparagine 

synthetase 3, arogenate dehydratase 2, aspartate kinase family protein, 

stearoyl-acyl-carrier-protein desaturase, and acyl-ACP thioesterase.  

Sixteen of the redox-sensitive proteins are involved in carbohydrate 

metabolism. A cytosolic NADP
+
-dependent isocitrate dehydrogenase (cICDH) was 

found to be in a more reduced state under the oxidative stress. cICDH contributes to 

NADPH production under oxidative stress in Arabidopsis (Mhamdi et al., 2010). 

Its reduction may activate this enzyme to promote production of NADPH, the 
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major reducing power in cells, to counter with the oxidative stress. Similarly, other 

two dehydrogenases were also found to be in a more reduced state under the H2O2 

treatment. They were UDP-glucose dehydrogenase 1, and mitochondrial lipoamide 

dehydrogenase 1. 

3.2.4.4 Proteins in the antioxidation system 

Several well-known proteins of the antioxidant defense system were identified in 

our study, including ascorbate peroxidase 1 (APX1), APX3, and NAD(P)-linked 

oxidoreductase superfamily protein. APX detoxifies peroxides such as hydrogen 

peroxide using ascorbate as a substrate (Shigeoka et al., 2002). The cysteine residue 

of NCAPIMVR in APX1 was found to be redox-sensitive in this study. Previously 

it was reported that this cysteine residue is involved in S-nitrosylation (Fares et al., 

2011). Two aldehyde dehydrogenases, aldehyde dehydrogenase 22A1 

(ALDH22A1) and aldehyde dehydrogenase 5F1 (ALDH5F1), were found to be 

oxidized. ALDH5F1, a succinic semialdehyde dehydrogenase, is involved in the 

γ-aminobutyrate shunt metabolic pathway and detoxifies ROS intermediates 

(Bouche et al., 2003; Stiti et al., 2011).  

3.2.4.5 Other proteins 

Copper delivery is essential for various biological processes, such as antioxidant 

defense, neurotransmitter biosynthesis, and angiogenesis (Hasan and Lutsenko, 

2012; Hatori et al., 2012). Copper transport is controlled by the 

glutathione/glutathione disulfide pair through regulating the redox state of copper 

chaperones (Hatori et al., 2012). Three proteins involved in cooper transport were 

shown to be redox-sensitive, including copper transporter 5, homologue of copper 

chaperone SCO1 2 (HCC2), and cytochrome C oxidase copper chaperone (COX17). 

COX17 is a conserved copper chaperone in eukaryotic organisms (Leary, 2010). 

The redox-regulated cysteine is in the Cys-Cys-Xaa-Cys motif critical for the 

COX17 biological function (Heaton et al., 2000). The oxidized Cys residues in the 
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other two proteins are all in a Cys-Xaa-Cys sequence motif. HCC2 has been found 

to function in copper sensing and redox homeostasis in Arabidopsis (Attallah et al., 

2011). It is possible that this motif might play an important role in the stress 

response through its redox regulation.  

Nucleoside diphosphate kinase 2 (AtNDPK2) is a housekeeping enzyme that 

maintains the intracellular levels of all (d) NTPs except ATP. In animals, it is 

associated with various processes, such as cell proliferation, transcription, and 

protein phosphotransfer (Otero, 2000). In plants, AtNDPK2 was found to 

participate in MAPK-mediated H2O2 signaling by interacting with two 

H2O2-activated MAPKs, AtMPK3 and AtMPK6 (Moon et al., 2003). Our result 

showed that Cys219 in EGELCK, which is in the nucleoside diphosphate kinase 

domain, was oxidatively modified in the H2O2 treated Arabidopsis cells.  

It remains to be determined whether the redox-sensitive proteins identified 

from this study undergo oxidative modification in plants under redox-perturbing 

physiological stresses. In a previous report, five out of six proteins that underwent 

oxidative modifications in the H2O2-treated Arabidopsis suspension cells were also 

found to be oxidatively modified in the H2O2-treated seedlings, and one of them 

(AtCIAPIN1) which was initially identified as irreversibly oxidized in the 

H2O2-treated Arabidopsis suspension cells was also found to undergo oxidative 

modification in seedlings subjected to treatment with salicylate and flg22 (a peptide 

derived from bacterial flagellin), both of which activate the immune response in 

plants (Wang et al., 2012). The OxiTRAQ method can be used for identifying 

oxidatively modified proteins in plants treated with a more physiologically relevant 

stress, such as pathogen infection. It needs to be noted that because the 

identification of oxidatively modified cysteine through OxiTRAQ is based on 

difference in abundance of peptides in different samples that contain reduced 

thiol(s), any change in abundance of a protein caused by stress treatment can lead to 

false positive. Therefore, a parallel proteomic experiment to determine protein 

abundance will be needed if tissue samples are subjected to an extended period of 

stress treatment which likely alters protein abundance. 
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Table 3.1 Experimental variation between technical replicates 

Level of confidence 
Fold change 

(115/114) 

Fold change 

 (116/114) 

Fold change 

 (117/114) 

99% <1.31 <1.30 <1.31 

95% <1.23 <1.23 <1.23 

90% <1.19 <1.19 <1.19 
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Table 3.2 List of the Redox-sensitive Peptides Identified in This Study 

Protein ID Protein description Peptide sequencea) Cys site p value fold change 

Transcription 
     

AT1G32150 basic region/leucine zipper transcription factor 68(AtbZIP68) QAEC*DELAQR 320 0.001  5.92  

AT4G36730 G-box binding factor 1 ( GBF1 ) QAEC*EQLQQR 247 0.001  7.30  

AT3G46950 mitochondrial transcription termination factor family protein  YQPVC*GK 214 0.005  2.85  

AT5G24450 transcription factor IIIC, subunit 5  GYC*DSNATNK 332 0.001  5.53  

AT3G57660 nuclear RNA polymerase A1 ( NRPA1 ) TC*DINFEGK 543 0.007  1.96  

AT3G57660 nuclear RNA polymerase A1 ( NRPA1 ) QLQEC*ENVGER 860 0.029  1.54  

AT3G48430 relative of early flowering 6 ( REF6 ) QQQIGFC*PR 106 0.003  1.82  

AT5G09240 ssDNA-binding transcriptional regulator (PC4) DGITLPC*NSK 77 0.005  2.81  

RNA/DNA binding, post-transcriptional regulation 
    

AT5G50960 nucleotide binding protein 35 ( NBP35, ATNBP35 ) SC*FEDNK 322 0.001  2.54  

AT2G21440 RNA-binding (RRM/RBD/RNP motifs) family protein  EIGTVC*SVR 263 0.015  3.57  

AT1G11650 RNA-binding (RRM/RBD/RNP motifs) family protein (ATRBP45B) SC*AEEALR 308 0.014  1.32  

AT2G43970 RNA-binding protein  TC*QPQNNGSGAPPAAR 317 0.001  6.97  

AT1G71310 Organellar DNA binding protein1 (RAD52-1) VEDGC*SIK 78 0.003  3.65  

AT5G15270 RNA-binding KH domain-containing protein  IGEAIPGC*DER 92 0.004  3.78  

AT1G61870 pentatricopeptide repeat 336 ( PPR336 ) AASLTPDC*R 76 0.005  3.53  

AT3G13160 Tetratricopeptide repeat (TPR)-like superfamily protein  TNDYLQC*K 386 0.001  2.49  

AT4G36680 Tetratricopeptide repeat (TPR)-like superfamily protein  GC*ELDNAAYNVR 240 0.003  4.01  

AT2G16440 Minichromosome maintenance (MCM2/3/5) family protein ( MCM4 ) TSVLAC*ANPSGSR 591 0.002  1.96  

AT5G58470 TBP-associated factor 15B ( TAF15b ) QC*DADC*DDNC#DNAR 269,273,277 0.002  2.29  

AT2G27840 histone deacetylase-related / HD-related (HDT4) C*PFPC*GPSC*K 193,197,201 0.010  1.34  
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AT3G22310 putative mitochondrial RNA helicase 1(PMH1) C*IVFTQTK 364 0.005  2.75  

Translation 
     

AT4G25740 40S ribosomal protein S10-1 EGVC*FAK 21 0.015  0.69  

AT1G07770 40S ribosomal protein S15a-1 C*GVISPR 72 0.014  0.71  

AT2G45710 40S ribosomal protein S27-1; Ribosomal protein S27 LTEGC*SFR 79 0.043  1.40  

AT1G77750 Ribosomal protein S13/S18 family LVEVDC*YR 114 0.004  2.94  

ATCG00800 chloroplast ribosomal protein S3 ELNC*VNR 105 0.002  3.88  

AT3G17465 50S ribosomal protein L3-2, chloroplastic DAWC*K 283 0.004  2.18  

AT1G29070 50S ribosomal protein L34, chloroplastic AALC*QTK 104 0.010  1.43  

AT1G14320 Ribosomal protein L16p/L10e family protein(SAC52, RPL10, RPL11A) MLSC*AGADR 105 0.016  2.25  

AT1G14320 Ribosomal protein L16p/L10e family protein(SAC52, RPL10, RPL12A) M$LSC*AGADRLQTGM$R 105 0.002  2.64  

AT3G09630 60S ribosomal protein L4-1 AGQAAFGNMC*R 101 0.019  0.72  

AT1G25260 Ribosomal protein L10 family protein EC*IVNGIR 25 0.001  1.74  

AT2G44065 Ribosomal protein L2 family GVAM$NPC*DHPHGGGEGK 162 0.003  2.10  

AT4G31460 Ribosomal L28 family AC*VPDTK 32 0.011  1.56  

AT5G39600 Ribosomal protein L53, mitochondrial ESNPNC*QVLVK 41 0.003  2.05  

AT3G11400 eukaryotic translation initiation factor 3G1(EIF3G1, ATEIF3G1) GGAVLMVC*R 139 0.002  1.41  

AT3G11400 eukaryotic translation initiation factor 3G1(EIF3G1, ATEIF3G1) GGAVLM$VC*R 139 0.008  1.63  

AT3G56150 Eukaryotic translation initiation factor 3 subunit C(ATTIF3C1) SLQC*IDPHTR 373 0.007  1.53  

AT1G73180 Eukaryotic translation initiation factor eIF2A family protein FC*PDESSAC#R 135142 0.001  4.50  

AT2G31060 elongation factor family protein CVFSSDTR 
 

0.003  3.41  

AT3G01800 Ribosome recycling factor SAEDMC*K 256 0.001  1.92  

AT1G09620 aminoacyl-tRNA ligases C*NGHIM$LNSEK 705 0.0004  0.49  

AT1G09620 aminoacyl-tRNA ligases IAEEC*LSK 549 0.021  0.49  

AT4G10320 tRNA synthetase class I (I, L, M and V) family protein SLVPC*NDTLK 908 0.004  1.56  

AT4G13780 methionine--tRNA ligase ALEENC*TPK 80 0.017  1.39  
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AT1G51310 transferases;tRNA (5-methylaminomethyl-2-thiouridylate)-methyltransferases  TPNPDVLC*NTR 181 0.008  2.76  

AT3G02760 Class II aaRS and biotin synthetases superfamily protein IC*VENENLK 294 0.011  1.53  

Posttranslational modifications and protein folding 
    

AT1G71860 protein tyrosine phosphatase 1 ( PTP1, ATPTP1 ) IVLNPC*K 109 0.006  2.90  

AT5G52200 phosphoprotein phosphatase inhibitors  AFDEC*VDDM$QR 56 0.034  0.72  

AT3G46920 Protein kinase superfamily protein with octicosapeptide/Phox/Bem1p domain  C*QTLISGGVR 1047 0.007  2.78  

AT1G08420 BRI1 suppressor 1 (BSU1)-like 2 ( BSL2 ) SDGLLLLC*GGR 310 0.014  1.87  

AT2G39750 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein  FGM$C*PESM$R 180 0.021  0.72  

AT5G20890 TCP-1/cpn60 chaperonin family protein  IAMTTLC*SK 163 0.007  1.62  

AT5G20890 TCP-1/cpn60 chaperonin family protein  IAM$TTLC*SK 163 0.008  1.78  

AT5G06410 DNAJ heat shock N-terminal domain-containing protein  AC*EEILK 245 0.0005  4.40  

AT3G63400 Cyclophilin-like peptidyl-prolyl cis-trans isomerase family protein  IIDC*GETSQIR 172 0.001  3.33  

AT3G63400 Cyclophilin-like peptidyl-prolyl cis-trans isomerase family protein  ALC*TGEAGVGK 43 0.006  2.88  

AT3G56070 rotamase cyclophilin 2 ( ROC2 ) VVIEDC*GELKNPSS 168 0.008  1.90  

AT3G56070 rotamase cyclophilin 2 ( ROC2 ) ALC*TGENGIGK 40 0.004  1.90  

AT3G25230 rotamase FKBP 1 ( ROF1, ATFKBP62, FKBP62 ) VAC*NLNDAAC#K 451,458 0.026  0.70  

AT3G12340 FKBP-like peptidyl-prolyl cis-trans isomerase family protein  SILQC*NVGNK 47 0.010  1.63  

AT1G26550 FKBP-like peptidyl-prolyl cis-trans isomerase family protein  AADGLGTC*TYVK 40 0.007  1.61  

AT4G24280 chloroplast heat shock protein 70-1 (cpHsc70-1 ) LEC*PAINK 179 0.011  0.74  

AT3G54400 Eukaryotic aspartyl protease family protein  QAPNPSC*TVSK 154 0.003  0.52  

AT5G36210 alpha/beta-Hydrolases superfamily protein  VC*VAGC*DPK 288,292 0.001  1.94  

AT2G24200 Cytosol aminopeptidase family protein  TGPGC*SIELM$K 305 0.001  2.68  

AT1G13270 methionine aminopeptidase 1B (MAP1C, MAP1B ) AAC*ELAAR 139 0.010  1.34  

AT3G62980 F-box/RNI-like superfamily protein ( TIR1 ) GAPDSRPESC*PVER 551 0.025  1.48  

AT5G41970 Metal-dependent protein hydrolase  SIVM$QC*LEER 254 0.001  2.26  

AT3G20630 ubiquitin-specific protease 14 (ATUBP14, PER1 ) ILC*PSGK 453 0.006  1.51  
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AT2G26140 FTSH protease 4 (ftsh4 ) LDVC*M$GGR 541 0.010  1.33  

Nucleotide Metabolic Process 
    

AT2G04530 metallo-hydrolase/oxidoreductase superfamily protein ( CPZ, TRZ2 ) C*VFDIGR 102 0.004  1.60  

AT4G38890 FMN-linked oxidoreductases superfamily protein  EFLC*PPPPSR 54 0.001  1.65  

AT5G14580 polyribonucleotide nucleotidyltransferase, putative  TAVEC*NEAEK 811 0.007  4.31  

AT5G23690 polynucleotide adenylyltransferase family protein  ESSGSDGDEDC*IR 185 0.006  10.35  

AT3G53900 uracil phosphoribosyltransferase ( UPP, PYRR ) NEQTPC*PVFR 38 0.020  2.24  

AT3G20330 PYRIMIDINE B ( PYRB ) C*DVVYQTR 303 0.003  2.35  

AT1G74260 purine biosynthesis 4 ( PUR4 ) M$TEC*VYTQK 237 0.008  1.48  

AT3G19440 pseudouridine synthase family protein  ESFQC*SDEER 178 0.003  10.85  

Amino Acid Metabolic Process 
    

AT2G41220 glutamate synthase 2 ( GLU2 ) TVGAC*LDR 455 0.001  2.50  

AT3G07630 arogenate dehydratase 2 ( ADT2 ) DIQDDC*DNVTR 264 0.011  2.70  

AT1G31230 aspartate kinase-homoserine dehydrogenase i ( AK-HSDH I) FGGTC*VGNSER 93 0.002  2.74  

AT5G10240 asparagine synthetase 3 ( ASN3 ) SEAAC*QWGSK 256 0.001  1.99  

AT3G53580 diaminopimelate epimerase family protein  IFNSDGSEPEM$C*GNGVR 150 0.001  13.07  

AT5G16290 VALINE-TOLERANT 1 ( VAT1 ) AITTAQSVAPTAC*DR 71 0.004  3.71  

AT5G14060 Aspartate kinase family protein ( CARAB-AK-LYS ) SC*AITTLGR 278 0.006  4.14  

AT4G13930 serine hydroxymethyltransferase 4 ( SHM4 ) LLIC*GGSAYPR 187 0.009  1.52  

AT4G23100 glutamate-cysteine ligase ( GSH1, CAD2, ATECS1) YIDC*TGM$TFR 349 0.003  2.01  

Fatty acid metabolism 
    

AT2G43360 Radical SAM superfamily protein ( BIO2, BIOB ) TGGC*SEDC*SYC*PQSSR 94,98,101 0.009  2.35  

AT4G13050 Acyl-ACP thioesterase  DC*ATGEVIGR 182 0.004  4.56  

AT3G02630 Plant stearoyl-acyl-carrier-protein desaturase family protein  AQDFVC*GLPAR 360 0.010  1.81  

AT3G14990 Class I glutamine amidotransferase-like superfamily protein  FASC*EK 292 0.002  3.46  

AT3G16170 AMP-dependent synthetase and ligase family protein  AAFSEASNSC*DR 15 0.017  2.28  
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AT3G48990 AMP-dependent synthetase and ligase family protein  SC*SASLAPVILSR 288 0.021  1.76  

AT5G03610 GDSL-like Lipase/Acylhydrolase superfamily protein  EYNC*GSVDEK 308 0.009  0.63  

AT5G03610 GDSL-like Lipase/Acylhydrolase superfamily protein  YIVC*DNPK 322 0.008  0.68  

AT1G36180 acetyl-CoA carboxylase 2 (ACC2) C*AATLNAAR 880 0.008  2.67  

Carbohydrate metabolism 
    

AT4G24620 phosphoglucose isomerase 1 ( PGI1, PGI ) VLIAEGNC*GSPR 593 0.003  2.57  

AT3G22960 Pyruvate kinase family protein ( PKP1, PKP-ALPHA ) LNMC*HGTR 151 0.003  2.19  

AT3G55440 triosephosphate isomerase ( ATCTIMC, TPI, CYTOTPI ) C*NGTAEEVK 13 0.015  1.56  

AT3G55440 triosephosphate isomerase ( ATCTIMC, TPI, CYTOTPI ) C*NGTAEEVKK 13 0.016  1.69  

AT5G54960 pyruvate decarboxylase-2 ( PDC2 ) C*EEELVK 554 0.005  1.92  

AT2G05710 aconitase 3 ( ACO3 ) SFTC*TVR 961 0.007  0.70  

AT1G48030 mitochondrial lipoamide dehydrogenase 1 ( mtLPD1 ) TTC*IEK 71 0.007  0.70  

AT1G65930 cytosolic NADP+-dependent isocitrate dehydrogenase ( cICDH ) EPIIC*K 116 0.008  0.65  

AT1G47420 succinate dehydrogenase 5 ( SDH5 ) C*SGLGSEWGK 230 0.004  1.84  

AT1G26570 UDP-glucose dehydrogenase 1 ( UGD1, ATUGD1 ) ETPAIDVC*NR 350 0.002  0.40  

AT2G47650 UDP-xylose synthase 4 ( UXS4 ) MC*IDDGR 299 0.005  2.24  

AT1G08200 UDP-D-apiose/UDP-D-xylose synthase 2 ( AXS2 ) WSYAC*AK 187 0.005  2.38  

AT1G24180 Thiamin diphosphate-binding fold (THDP-binding) superfamily protein ( IAR4 ) DC*GVESFGADRK 376 0.001  5.80  

AT5G20950 Glycosyl hydrolase family protein  TKVAAC*AK 224 0.008  1.52  

AT2G43090 Aconitase/3-isopropylmalate dehydratase protein  EHAPVC*LGAAGAK 152 0.009  1.81  

AT3G15090 GroES-like zinc-binding alcohol dehydrogenase family protein  AVSVNPLDC*R 76 0.021  1.85  

AT2G47510 fumarase 1(FUM1) C*VHPNDHVNR 155 0.017  4.56  

Antioxidant 
     

AT1G07890 ascorbate peroxidase 1 ( APX1, MEE6, CS1, ATAPX1) NC*APIMVR 32 0.017  1.79  

AT4G35000 ascorbate peroxidase 3 ( APX3 ) NC*APIMLR 30 0.025  1.36  

AT5G16710 dehydroascorbate reductase 1 ( DHAR3 ) LGDC#PFC*QK 66,69 0.015  0.55  
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AT1G37130 nitrate reductase 2 ( NIA2, B29, NIA2-1, CHL3, NR, NR2, ATNR2 ) GVPLC*DVLR 226 0.018  1.71  

AT2G24440 selenium binding  IVIEHC*K 105 0.004  2.27  

AT5G47890 NADH-ubiquinone oxidoreductase B8 subunit, putative  ILLC*QSSPASAPTR 19 0.014  2.64  

AT1G60730 NAD(P)-linked oxidoreductase superfamily protein  AAC*EASLM$R 112 0.004  1.74  

AT3G66658 aldehyde dehydrogenase 22A1 ( ALDH22A1 ) GTLQSSGQNC*AGAER 332 0.003  7.31  

AT1G79440 aldehyde dehydrogenase 5F1 ( ALDH5F1,SSADH ) NSGQTC#VC*ANR 331,333 0.009  2.78  

AT1G79440 aldehyde dehydrogenase 5F1 ( ALDH5F1,SSADH ) YVC*LGDM$NRH 521 0.012  1.80  

AT1G75200 flavodoxin family protein / radical SAM domain-containing protein  GVTYC*GSSATSK 524 0.005  3.89  

Transport 
     

AT3G10350 P-loop containing nucleoside triphosphate hydrolases superfamily protein  TSC*AASLAVR 103 0.001  1.46  

AT3G09720 P-loop containing nucleoside triphosphate hydrolases superfamily protein  QIDC*VVK 305 0.007  1.82  

AT1G33970 P-loop containing nucleoside triphosphate hydrolases superfamily protein  TVGVTSTC*ESQR 63 0.012  1.45  

AT5G60730 Anion-transporting ATPase  TSC*AASLAVK 85 0.011  1.47  

AT5G20650 copper transporter 5 ( COPT5 ) SDDGGADTATDDPC*PC*A 143,145 0.008  4.00  

AT4G39740 homologue of copper chaperone SCO1 2(HCC2) GQASSNSGC*GC*GSNTTVK 102,104 0.044  1.68  

AT1G53030 Cytochrome C oxidase copper chaperone (COX17)  IC*C*AC#PDTK 32,33,35 0.038  0.72  

AT4G16380 Heavy metal transport/detoxification superfamily protein   VVC*C*SPER 55,56 0.005  1.55  

ATMG00640 
hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding 

( ORF25 ) 
QFAYSC*ISK 166 0.006  4.37  

ATMG00640 
hydrogen ion transporting ATP synthases, rotational mechanism;zinc ion binding 

( ORF25 ) 
TVQALLC*R 125 0.010  1.87  

AT1G51390 NFU domain protein 5 ( NFU5, ATNFU1 ) M$QGAC*SGC*PSSSVTLK 230,233 0.007  3.12  

AT1G51390 NFU domain protein 5 ( NFU5, ATNFU1 ) MQGAC*SGC*PSSSVTLK 230,233 0.002  5.12  

AT1G30510 root FNR 2 ( ATRFNR2, RFNR2 ) TASLC*VR 177 0.008  3.76  

AT1G14670 Endomembrane protein 70 protein family  AEFQAPC*R 431 0.005  1.94  

AT2G30050 transducin family protein / WD-40 repeat family protein  IATASSDC*TIK 33 0.002  1.99  
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AT2G30050 transducin family protein / WD-40 repeat family protein  LASGGC*DNTVK 184 0.005  1.85  

AT1G23080 Auxin efflux carrier family protein ( PIN7, ATPIN7 ) C*NSTAELNPK 429 0.035  1.36  

AT2G14720 vacuolar sorting receptor 4 (VSR4) VC*VC*PIVDGVR 447,449 0.010  0.74  

Others 
     

AT2G26890 gravitropism defective 2(GRV2, KAM2) DAVAEGGSVPGC*R 443 0.007  2.47  

AT1G15940 Tudor/PWWP/MBT superfamily protein  VLSSC*TC#K 226,228 0.008  3.63  

AT2G18790 phytochrome B ( PHYB, HY3, OOP1 ) VVDGVVQPC*R 637 0.029  1.82  

AT1G73080 PEP1 receptor 1 ( PEPR1, ATPEPR1 ) FGSPNC*K 266 0.004  0.72  

AT5G63310 nucleoside diphosphate kinase 2 ( NDPK2, NDPK1A, ATNDPK2 ) EGELC*K 219 0.014  1.69  

AT2G46280 TGF-beta receptor interacting protein 1 ( TRIP-1, TIF3I1 ) DITSLC*K 200 0.006  4.23  

AT1G48630 receptor for activated C kinase 1B ( RACK1B_AT ) VWNLQNC*K 183 0.016  1.43  

AT1G21990 F-box/RNI-like/FBD-like domains-containing protein  C*GDAC*LC#IR 372,376,378 0.010  0.74  

AT2G47640 Small nuclear ribonucleoprotein family protein  NNTQVLINC*R 41 0.032  1.44  

AT5G13010 RNA helicase family protein ( EMB3011 ) TLSC*TSSYER 133 0.004  1.67  

AT1G07410 RAB GTPase homolog A2B ( ATRABA2B, RAB-A2B) NEFC*LESK 38 0.010  1.57  

AT3G46940 dUTP pyrophosphatase-like 1 ( DUT1 ) AC*VNEPSPK 3 0.024  1.45  

AT1G32580 plastid developmental protein DAG, putative  IYNVSC*ER 140 0.003  1.64  

AT2G25280 UPF0103/Mediator of ErbB2-driven cell motility (Memo) YEQSSQC*QTM$R 272 0.005  2.13  

AT5G65720 nitrogen fixation S (NIFS)-like 1 ( ATNIFS1, NIFS1) C*VLDSC*R 154,159 0.009  2.31  

AT5G65720 nitrogen fixation S (NIFS)-like 1 ( ATNIFS1, NIFS1) C#VLDSC*R 154,159 0.003  2.10  

AT5G26030 ferrochelatase 1 ( FC1, FC-I, ATFC-I ) SVTGDC*SYDETSAK 71 0.008  1.56  

AT5G16060 Cytochrome c oxidase biogenesis protein Cmc1-like  ALM$EC*DQYVSK 33 0.009  0.66  

AT2G36290 alpha/beta-Hydrolases superfamily protein  LC*GSPDGPSITGPR 45 0.016  1.71  

AT5G20070 nudix hydrolase homolog 19 ( ATNUDT19, NUDX19 ) VEQIC*K 378 0.008  1.97  

AT5G11390 WPP domain-interacting protein 1 ( WIT1 ) ENC*VLM$VK 610 0.004  1.91  

AT5G09840 Putative endonuclease or glycosyl hydrolase  NVQEEGPSC*LR 643 0.002  5.00  
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AT5G19485 transferases;nucleotidyltransferases  SILC*AAGK 196 0.013  1.42  

AT2G45140 plant VAP homolog 12 ( PVA12 ) EAPADLQC*K 82 0.004  2.52  

AT1G08660 MALE GAMETOPHYTE DEFECTIVE 2 ( MGP2 ) DGSGQFGNC*K 397 0.015  0.71  

AT3G03420 Ku70-binding family protein  AVVC*TGPVAGGYTK 63 0.017  0.58  

AT3G09890 Ankyrin repeat family protein  ASSPEC*VK 134 0.003  1.56  

AT3G09890 Ankyrin repeat family protein  ASSPEC*VKR 134 0.010  2.49  

AT3G59820 LETM1-like protein  VLEQQDDLC*K 582 0.002  5.69  

AT5G26220 ChaC-like family protein  EC*EYDSK 88 0.002  2.02  

AT5G26220 ChaC-like family protein  QIATASGPC*GNNR 147 0.012  1.82  

AT4G25530 FLOWERING WAGENINGEN ( FWA, HDG6 ) SLC*NIC*GK 130,133 0.020  1.40  

AT4G28250 expansin B3 ( ATEXPB3) NGEGC*GAC*YK 86,89 0.029  0.73  

AT2G02480 STI, STICHEL LDC*LSK 185 0.007  1.55  

AT4G30990 ARM repeat superfamily protein  ETSGLC*FGPK 1931 0.003  3.13  

AT2G03820 nonsense-mediated mRNA decay NMD3 family protein  DNLC*ESC#SR 144,147 0.026  1.71  

AT2G42230 C-CAP/cofactor C-like domain-containing protein  GPC*IIEGVSK 313 0.001  2.90  

AT5G23570 XS zinc finger domain-containing protein-related ( SGS3, ATSGS3 ) VVGQQQQNINPSSNDDC*R 553 0.012  1.87  

AT5G61770 PETER PAN-like protein ( PPAN ) C*PQDLFK 135 0.006  1.79  

AT3G02720 Class I glutamine amidotransferase-like superfamily protein  C*TAYPAVK 330 0.003  2.29  

AT3G11780 MD-2-related lipid recognition domain-containing protein / ML domain-containing protein  ELTC*IK 137 0.023  0.74  

AT4G30430 tetraspanin9 (TET9 ) SC*LYESK 138 0.009  0.75  

AT1G10865 unknown protein ETYFNC*K 54 0.007  0.62  

AT1G22060 unknown protein TTC*IAK 805 0.003  1.97  

AT1G73940 unknown protein LIC*NQVGSSK 111 0.008  2.70  

AT2G18410 unknown protein ANLEPLC*PSSDGQR 212 0.011  2.26  

AT2G43110 unknown protein ETLC*EGESLER 139 0.003  2.05  

AT3G32930 unknown protein ESAHGQSVC*C*NNVR 200,201 0.001  2.24  
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AT5G61820 unknown protein ENGEGIC*ASM$PK 352 0.023  0.67  

AT2G04280 unknown protein VC*EGDAESVVK 395 0.013  0.75  

AT3G07470 unknown protein DC*VPVR 144 0.014  0.72  

AT1G47900 unknown protein C*PSDSETSDTTTSPSR 1006 0.028  1.44  

a) The cysteine carbamidomethylation are marked with an asterisk symbol (*), cysteine nethylmaleimide with a hash symbol (#) and 

methionine oxidation with a dollar symbol ($). 
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Table 3.3 OxMRM analysis of redox-sensitive cys-containing peptides
a)

.  

Protein ID Protein description Peptide sequence
b)

 
Fragement 

type 
Q1(m/z) Q3(m/z) CE

c)
 CV%

d)
 

Ratio 

(T/C)
e)
 

Mean 

AT5G19780 Tubulin alpha-5(TUA5) AVFVDLEPTVIDEVR 2+/y8 851.46 928.51 42 21.4 1.07 

1.07 
  

DVNAAVGTIK 2+/y6 494.28 588.37 27 12.9 1.05 

  
DVNAAVGTIK 2+/y7 494.28 588.37 27 16.1 1.08 

        

Normalized 

ratio (T/C)
f)
 

AT2G16440 Minichromosome maintenance 4 ( MCM4) TSVLAC*ANPSGSR 2+/y9 660.32 919.41 34 10.3 1.73 

  
LSDEAAEELTR 2+/y6 617.3 718.37 32 4.5 

 
AT3G53900 

Uracil phosphoribosyltransferase (UPP, 

PYRR) 
NEQTPC*PVFR 2+/y6 624.3 775.39 40 25.1 2.77 

  
TLLPSVYLNK 2+/y7 574.34 820.46 32 9.3 

 
AT1G14670 Endomembrane protein 70 protein family  AEFQAPC*R 2+/y5 489.73 631.3 29 9 1.61 

  
EGDTVPLYANK 2+/y6 603.8 705.39 34 2.9 

 
AT1G77750 Ribosomal protein S13/S18 family LVEVDC*YR 2+/y5 527.26 712.31 28 8.1 1.21 

  
NVTFHGLR 2+/y5 472.26 629.35 26 29.6 

 
AT3G66658 

Aldehyde dehydrogenase 22A1 

( ALDH22A1) 
GTLQSSGQNC*AGAER 2+/y10 768.35 962.41 39 6.2 1.84 

  
SVSAGPPLTGR 2+/y6 521.29 640.38 34 8.3 

 
AT2G18790 Phytochrome B ( PHYB, HY3, OOP1) VVDGVVQPC*R 2+/y8 564.8 815.42 30 20.9 1.84 

    SLVSDLIYK 2+/y6 519.3 536.34 28 16.2 
 

a) The MRM transitions (Q1/Q3 settings) for differential labeling of reduced and oxidized redox-sensitive proteins were collected and the 
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optimal fragment type and collision energy were summarized in the table. 

b) The redox-sensitive Cys-containing peptides selected for OxMRM analysis are in bold.
 

c) CE, Collision Energy. 

d) CV, Coefficient of Variation. 

e) Ratio(T/C), the ratio of the abundance of the peptide between the treatment to control samples. 

f) Normalized ratio (T/C), the ratios represent the changes of the redox states for the targeted peptides under H2O2 treatment. 
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Fig. 3.1 Schematic drawing of the OxiTRAQ method for identification of 

redox-sensitive proteins. Proteins are extracted from control and stress-treated 

samples in the presence of NEM to block free thiols. Reversibly oxidized thiols are 

reduced by DTT and then tagged with biotin-HPDP. After trypsin digestion and affinity 

purification of the biotinylated peptides, the different samples are labeled with different 

isotope-coded tags and then pooled together. Peptides are identified and quantified by 

tandem MS. Relative abundance of the same peptide in the two samples represents 

relative redox states of their cysteines. 
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Fig. 3.2 Determination of the experimental variation between biological 

replicates. The ratios of two biological replicates were log2 transformed and plotted 

to evaluate the experimental variation. Correlation coefficient of 0.92 indicates the 

high similarity of protein oxidative modification and good reproducibility of the 

different biological replicates.  
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Fig. 3.3 Calibration curves for MRM transitions of the targeted peptides. (a-g) Peak areas for selected peptides were plotted against their 

dilution. For all the peptides, the obtained data show linearity with their dilution factors. TUA5, tubulin alpha-5; MCM4, minichromosome 

maintenance 4; PYRR, uracil phosphoribosyltransferase; ALDH22A1, aldehyde dehydrogenase 22A1; OOP1, phytochrome B. 
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Fig. 3.4 Predicted subcellular localization of the proteins identified by 

OxiTRAQ. Comparison of subcellular localizations between total detected 

proteins and redox-sensitive proteins. The percentages are calculated by dividing 

the number of proteins in each organelle by the number of total detected proteins 

or redox-sensitive proteins, respectively. The number of proteins in each organelle 

is in the following table. 

 

 

 

Subcellular localization Total detected proteins Redox-sensitive proteins 

chloroplast 232 56 

nucleus 224 59 

cytosol 215 49 

extracellular 135 13 

mitochondria 135 47 

other cellular components 125 22 

Golgi apparatus 105 12 

cell wall 83 8 

ribosome 52 13 

ER 50 5 

unknown 11 4 

Total number 820 179 
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Chapter 4 Proteomic identification of early salicylate- and 

flg22-responsive redox-sensitive proteins in Arabidopsis 

4.1 Introduction 

Upon recognition of pathogen infection, plant cells activate multifaceted defense 

responses. Invading pathogens are first perceived by host’s pattern recognition 

receptors (PRRs) that detect pathogen-associated molecular patterns (PAMPs), 

leading to PAMP-triggered immunity (PTI) (Jones and Dangl, 2006). Flagellin 

and the elongation-factor Tu peptide elf18 from bacterial pathogens and chitin 

from fungal pathogens are among PAMPs that trigger PTI in plant cells. An early 

host response during PTI is increased production of reactive oxygen species (ROS) 

which occurs within several minutes of perception. Although this oxidative burst 

is weak and transient, it is believed to play an important role in activation of the 

immune response (Gomez-Gomez et al., 1999; Nicaise et al., 2009; Zhang and 

Zhou, 2010). The mutation in FLS2, the PRR that recognizes flg22 (a peptide 

from flagellin), abolishes the flg22-induced oxidative burst and causes enhanced 

susceptibility to Pseudomonas syringae (Zipfel et al., 2004). Pathogens have 

evolved various effector proteins that are delivered into hosts to suppress PTI, 

allowing the invading pathogens to successfully colonize hosts and cause disease. 

Many effectors have been found to suppress plant immunity by suppressing host 

cells’ production of ROS (Fabro et al., 2011; Park et al., 2012; Rodriguez-Herva et 

al., 2012; Chen et al., 2013).  

In turn, plants have evolved hundreds of Resistance (R) proteins each of which 

can recognizes one or multiple corresponding effectors, leading to effector-trigger 

immunity (ETI) (Jones and Dangl, 2006). ETI leads to the hypersensitive 

response (HR) with strong activation of various defense mechanisms, often 

resulting in death of infected cells, a phenomenon termed the hypersensitive cell 

death. A sustained high level accumulation of ROS is also associated with ETI. 
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ROS, together with nitric oxide, is essential for the hypersensitive cell death and 

activation of many defense-related genes and other defense mechanisms (Levine 

et al., 1994; Lamb and Dixon, 1997; Delledonne et al., 1998). ROS production 

during PTI and ETI is mediated by multiple ROS generating systems including 

NADH oxidases and apoplastic peroxidases (Torres et al., 2002; Daudi et al., 

2012).  

A number of defense signaling molecules are accumulated during the HR, 

among which salicylate and jasmonate are best known. Salicylate and jasmonate 

are considered plant defense hormones and, together with almost all other 

phytohormones, modulate the defense pathways in plants with outcomes 

dependent on different types of pathogens and the genetic constitution of the host 

(Robert-Seilaniantz et al., 2011). Salicylate activates the defense response at the 

infected site and systemic acquired resistance (Malamy et al., 1990; Metraux et al., 

1990). Salicylate treatment potentiates the oxidative burst and causes perturbation 

of the cellular redox status (Rao et al., 1997). NONEXPRESSER OF PR GENES 

1 (NPR1), a key player in plant defense, alters its redox state in response to 

endogenous salicylate accumulation or exogenous salicylate treatment and 

translocates from the cytosol to nucleus to activate transcription of defense genes 

(Mou et al., 2003).  

Despite well recognized importance of ROS in the plant defense responses, the 

precise roles of ROS and the defense pathways they modulate remain elusive. 

ROS likely play their roles through oxidative modifications of proteins that are 

sensitive to perturbation of cellular redox states. Identification of redox-sensitive 

proteins would be an important step toward understanding the roles of redox 

regulation and redox signaling in the plant defense responses.  

Proteomics approaches have become available in the last decade for identification 

of proteins that undergo oxidative modifications in cells subjected to various 

redox perturbation treatments (Navrot et al., 2011). We previously developed 
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gel-based and the OxiTRAQ approaches for identification of proteins that 

underwent oxidative modifications in Arabidopsis cells subjected to treatment 

with hydrogen peroxide (Wang et al., 2012; Liu et al., 2014). Here, we report our 

study on the identification of proteins in Arabidopsis cells whose cysteines 

underwent reversible oxidative modifications in an early response to the treatment 

with salicylate and flg22.  

 

4.2 Results and discussion 

4.2.1 The identification of the salicylate- and/or flg22-responsive 

redox-sensitive proteins 

Redox proteomics approaches are generally based on differential labeling of 

reduced and oxidized cysteines with thiol-reactive reagents. We attempted to 

identify proteins whose cysteines undergo reversible oxidative modifications in 

Arabidopsis cells subjected to the treatment with salicylate or flg22 using a redox 

proteomics approach termed OxiTRAQ that was developed in our previous study 

(Liu et al., 2014). Arabidopsis suspension cells were treated with 10 µM flg22 or 

0.5 mM salicylate for a short period (15 min) and then harvested for protein 

extraction and processing. The short treatment was intended for identifying 

early-responsive proteins as well as for minimizing the chance in a change in 

protein levels that might complicate determination of their changes in redox states. 

Proteins were extracted in presence of N-ethylmaleimide to block reduced thiols 

to prevent their oxidation during extraction. Reversibly oxidized thiols in the 

protein samples were then reduced by DTT and labeled by a biotinylated 

thiol-reactive reagent. Biotin-tagged cysteine-containing peptides were 

affinity-purified and labeled with iTRAQ reagents for mass spectrometry 

identification and quantification. Three biological replicates were included in this 

study, and each biological replicate was analyzed three times (as three technical 

replicates) using a paralleled HCD-CID fragmentation mode in a LTQ-Orbitrap. A 
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higher abundance for a particular peptide indicates that a higher portion of it was 

in a reversibly oxidized state in the sample which was tagged by biotin following 

their reduction by DTT. Therefore, a difference in abundance of a 

cysteine-containing peptide between salicylate- or flg22-treated cells and the 

mock-treated control cells represents the difference of its redox states in those 

cells. This approach only quantifies reversibly oxidized thiols that are 

DTT-reducible. 

Through the OxiTRAQ analysis, we identified a total of 7315 unique 

cysteine-containing peptides which are from 2986 distinct proteins in at least two 

biological replicates with a false discovery rate of less than 1% at both peptide and 

protein levels. A peptide whose abundance differed by more than 1.5-fold with a p 

value of < 0.05 (two tailed student’s t-test) was considered to be redox-sensitive in 

this report. With these criteria, 128 cysteine-containing peptides from 111 different 

proteins were found redox-sensitive in response to the salicylate or flg22 

treatment (Table 4.1). Among those 128 putative redox-regulated 

cysteine-containing peptides, 106 peptides from 97 proteins and 56 peptides from 

49 proteins were identified as redox-sensitive to the treatment of salicylate and 

flg22, respectively. More than one cysteine-containing peptide was identified in 

some proteins. The results suggest that the salicylate treatment caused more 

pronounced perturbation of cellular redox homeostasis than the flg22 treatment. 

Besides, 33 of the redox-sensitive peptides were identified in both treatments, 

suggesting that there are shared and distinct responses to these two treatments. 

Three of these redox-sensitive proteins were in more reduced states under the 

treatment of either salicyalte or flg22 whereas the others were in more oxidized 

states, indicating that the salicyalte and flg22 treatments largely made the cells in 

a more oxidized status. The identification of the proteins in a more reduced state 

under the treatments might also suggest a dynamic nature of protein redox states.  

Intra-molecular disulfide bonds of identified proteins were predicted by 
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DiNNA (http://clavius.bc.edu/~clotelab/DiANNA/). Fifty one of the 128 

redox-sensitive peptides were predicted to form intra-molecular disulfide bonds. 

Besides forming disulfide bonds, it should be noted that other modifications, such 

as glutathionylation, nitrosylation, and oxidation to sulfenic acid, are also 

chemically reversible by DTT which was used to reduce oxidized thiols before 

their tagging by the biotinylated reagent. Some of these reversible thiol 

modifications identified through this proteomics method could be due to any of 

those types of modifications.  

4.2.2 Quantification of protein levels in response to the salicylate and flg22 

treatment 

Since the OxiTRAQ method is based on the difference in the abundance of a 

peptide that is reversibly oxidized in the different samples and biotin-tagged during 

the protein processing, a difference in global protein abundance could lead to a 

false positive or false negative result. Therefore, a regular proteomic experiment 

using the iTRAQ analysis was conducted in parallel to monitor abundance of 

proteins. The analysis included two biological replicates, and each biological 

replicate was analyzed by mass spectrometry three times (as technical replicates). 

A total of 4525 and 4497 proteins were identified from the two biological 

replicates, respectively, each of which included a control, a salicyalte-treated 

sample, and an flg22-treated sample. Among them, 3573 proteins were shared in 

both biological replicates. The average ratios from the OxiTRAQ data and the 

regular iTRAQ data were log2-transformed and plotted to equally spaced bins 

based on the ratio values (Fig. 4.1). More than 99% of regular iTRAQ ratios (99.3% 

for salicyalte and 99.2% for flg22) remained within 3 standard deviation of the 

mean (i.e. ratio <0.76 or >1.31 for salicyalte and ratio <0.79 or >1.27 for flg22). 

The results indicated that only a few proteins changed abundance after the 15 

minute salicyalte or flg22 treatment. These data distributions, together with the 
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comparison between the abundance of peptides from the OxiTRAQ analysis and 

that of the corresponding proteins from the iTRAQ data, indicated that relative 

abundance of each cysteine-containing peptide represents its redox state with a 

few exceptions (see below). Compared to 98% cysteine-containing peptides out of 

all the identified peptides (6539 out of 6610) in one replicate of OxiTRAQ, there 

are about 15% cysteine-containing peptides in the global iTRAQ analysis (2790 

out of 18596). Therefore, more cysteine-containing peptides were identified 

through the OxiTRAQ method. 

We detected a total of eight proteins that showed a significant change in the 

protein levels following either salicylate or flg22 treatment (Table 4.2), indicating 

that the short time treatments had yet to cause a major change in protein synthesis 

or degradation. Among the eight proteins, the level of AtPIN7 (an auxin efflux 

carrier protein) was decreased in both treatments. The change in the AtPIN7 levels 

following the salicylate and flg22 treatment suggests involvement of auxin 

movement in the early defense response. The role of auxin in disease resistance is 

complex; however, auxin signaling and transport is generally considered 

antagonistic with the role of salicylate (for reviews, see (Kazan and Manners, 

2009; Robert-Seilaniantz et al., 2011)). The other six proteins that showed a 

change in abundance include a global transcription factor group E4, a zinc finger 

(C3HC4-type RING finger) family protein, transmembrane proteins 14C, a 

PDI-like protein, and two proteins involved in vesicle trafficking: an exocyst 

complex family protein and endoplasmatic reticulum retrieval protein 1B. Vesicle 

trafficking has increasingly been recognized to be an important mechanism in the 

plant defense pathways and pathogenesis, including in the 

flagellin-FLS2-mediated immunity (for a review, see (Robatzek, 2007)). The 

abundance of the cysteine-containing peptides of these eight proteins from the 

OxiTRAQ analysis was then normalized based on the expression levels of the 

corresponding proteins. 
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4.2.3 Categorization of the redox-sensitive proteins identified from the 

OxiTRAQ analysis 

Among the 111 salicylate- or flg22-responsive redox-sensitive proteins, at least 28 

proteins have previously been reported to undergo oxidation under oxidative 

stress treatments. Among three of the 108 proteins that were in a more reduced 

state are expansin B1 and reversibly glycosylated polypeptide 1 involved in cell 

structure control, and pyruvate decarboxylase 2 involved in alcohol fermentation. 

The other 105 proteins that were in more oxidized states are classified into 

various functional categories and discussed below.  

4.2.3.1 Transcriptional and post-transcriptional regulation 

Among the salicylate- and/or flg22-responsive redox-sensitive proteins, 9 proteins 

are involved in transcriptional and post-transcriptional regulation. These include 

three transcription factors, two histone deacetylases (HDA19 and HDA9), one 

splicing factor Prp18 family protein, and several other RNA-processing proteins. 

General regulatory factor 6 (GRF6) and GRF8 were previously reported to be 

Trx- and Grx-targeted proteins, respectively (Rouhier et al., 2005; Marchand et al., 

2010). Our study showed that the cysteine residues in a conserved region of GRF3 

(ICDGILNVLEAHLIPSASPAESK) became oxidized in the salicylate-treated 

cells. It is plausible that the cysteines in this conserved region in other GRFs 

could also be sensitive in response to similar oxidative stresses.  

Chromosome remodeling and epigenetic control are important mechanisms in 

plant response to biotic and abiotic stresses (Berr et al., 2012; Wang et al., 2013). 

Histone acetylation has a key role in chromosome remodeling. In this study, 

HDA19 and HDA9 were found to be oxidized upon the salicylate treatment. The 

oxidation of HDA19 and HDA9 could render them inactive, thereby elevating 

histone acetylation and expression of associated genes. Although histone 
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acetylation mostly promotes gene expression, its role in plant defense is 

complicated. For instance, histone deacetylation by Arabidopsis HDA19, which 

interacts with several transcriptional (co)regulators in plant defense, represses 

expression of some defense-related genes but promotes expression of others 

(Zhou et al., 2005; Kim et al., 2008; Zhu et al., 2010). The outcome might be 

dependent on whether the defense regulatory genes directly controlled by a HDA 

are activators or repressor of the defense pathway.  

Alternative mRNA splicing can result in a diversity of functional proteins by a 

single gene. Stress responsive genes are particularly prone to be alternatively 

spliced in plants (Kazan, 2003). For instance, alternative splicing of Toll-like 

resistance genes play a crucial role in immunity pathways (Jordan et al., 2002). A 

splicing factor Prp18 family protein showed oxidative modification under 

salicylate treatment. It will be interesting to know whether oxidation of the 

splicing-related protein alters splicing patterns of their target genes.  

 

4.2.3.2 Translational and post-translational processes 

Protein synthesis is one of the most energy-consuming cellular processes and is an 

important regulation step in stress responses. Several proteins involved in protein 

synthesis have been found to undergo oxidative modifications in response to 

treatment of hydrogen peroxide (Wang et al., 2012; Liu et al., 2014). Two 

elongation factors were found to be oxidized in the salicylate-treated cells. One of 

them (GTP binding elongation factor Tu family protein) was previously found to 

also undergo oxidation in the H2O2-treated Arabidopsis cells (Wang et al., 2012) 

and is encoded by four Arabidopsis genes that code four proteins with the 

identical amino acid sequences. Several ribosomal proteins and aminoacyl-tRNA 

ligases were oxidized in response to the salicylate- and/or flg22- treatment.   

In addition to alternative splicing, post-translational modification (PTM) of 
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proteins is another way to increase the diversity of proteins. Some protein 

phosphatases are regulated by regulatory subunits, which cause allosteric 

conformational changes of the phosphatase, thereby switching between their 

active and inactive states (Schweighofer et al., 2004). Three regulatory subunits of 

protein phosphatases were oxidatively modified under the salicylate treatment, 

including protein phosphatase 2A subunits A1/RCN1, A2, and A3. The identified 

redox-senstive cysteines are in a conserved site in these three proteins, suggesting 

that they are similarly regulated through oxidative modifications. Many studies 

have shown that Ser/Thr phosphatase type 2A participates in biotic and abiotic 

stress response in plant (Pais et al., 2009). It is possible that the oxidized state of 

the regulatory subunits might render them functionally inactive, which might 

enhance phosphorylation of targeted proteins.  

More than one dozen of the redox-sensitive proteins are predicted to be 

involved in protein folding and proteolytic processing, which include several 

proteases/peptidases, heat shock proteins (HSP)/chaperones, and protein disulfide 

isomerase (PDI). HSPs and PDIs function in protein folding within cytoplasm and 

the endoplasm reticulum, respectively. Hsp33 is known to be redox-regulated and 

forms a dimer upon exposure to oxidants which then binds to substrate proteins to 

prevent their aggregation (Jakob et al., 1999). In this study, a chaperonin-60 

protein TCP1 and a HSP81 protein were found to be oxidized under salicylate or 

flg22 treatment. PDI proteins consist of two conserved active sites (CGHC), one 

near their N-termini and the other near their C-termini. Some PDIs have been 

reported to act as redox sensors and can be S-nitrosylated (Uehara et al., 2006) 

and/or S-glutathionylated (Townsend et al., 2009) following nitrosative stress. 

The cysteines in both conserved sites of AtPDIL1-1 and AtPDIL2-1 were 

identified as redox-sensitive. These PDIs were previously found to be oxidized in 

the H2O2-treated Arabidopsis cells (Wang et al., 2012).  
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4.2.3.3 Antioxidant systems and pathogen defense 

Among the redox-sensitive proteins related to the antioxidant system are 

thioredoxin superfamily proteins, peroxiredoxins (Prxs), and a peroxidase 

superfamily protein. Some of these proteins are involved in scavenging ROS or 

reduction of other proteins. They might become oxidized while acting to reduce 

oxidized proteins or other biomolecules caused by the salicylate- or 

flg22-treatment. Two peroxiredoxins, peroxiredoxin IIF (AtPrxIIF) and 2-cysteine 

peroxiredoxin B (2-Cys Prx B), were identified in this study. Prxs use a conserved 

peroxidatic cysteine residue (CP) to reduce peroxide substrates resulting in the 

oxidation of CP, while a resolving Cys (CR) then forms a disulfide bond with CP to 

regenerate reduced CP (Hall et al., 2009). The cysteine we identified in 2-Cys Prx 

B is the CR residue located at the C-terminal region. AtPrxIIF, a Prx that is 

targeted to plant mitochondria (Dietz, 2003), is an important H2O2-scavenging 

enzyme. The cysteine residue (Cys-64) that became oxidized in response to the 

salicylate and flg22 treatments belongs to one of two conserved catalytic 

cysteines for substrate-dependent thiol-disulfide transition which can be 

regenerated by glutathione (Finkemeier et al., 2005).  

Interestingly, LysM domain-containing GPI-anchored protein 2 (LYM2) was 

found to be oxidized in response to both salicylate and flg22 treatments. LYM2 is 

the Arabidopsis homolog of a rice chitin receptor-like protein; however whether it 

functions in chitin reception in Arabidopsis remains elusive although it is known to 

function in defense pathways, particularly in defense against fungal pathogens 

(Shinya et al., 2012; Narusaka et al., 2013). It was recently shown that LYM2 

functions in defense responses by regulating chitin-triggered molecular flux 

between cells (Faulkner et al., 2013). The oxidative modification of LYM2 under 

the salicylate and flg22 treatment suggests that LYM2 might also participate in the 

flagellin-mediated immunity although the biological consequence of its oxidation 

remains unknown.  
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Four cysteine residues in non-specific LTP1 (lipid transfer protein 1) became 

oxidized in response to flg22. Plant LTPs are small cysteine-rich proteins and 

often grouped into the PR14 family due to their role in plant defense (Sels et al., 

2008). They possess eight conserved cysteine residues to form four disulfide 

bridges which stabilize the three-dimensional structure (Carvalho Ade and Gomes, 

2007).  

4.2.3.4 Cell structure, transport, and vesicle trafficking 

Several redox-sensitive proteins are involved in cellular structure, including two 

actin depolymerizing factors (ADF1 and ADF4), tubulin α, annexin, expansin, 

and a cellulase. ADF3, annexin and tubulin α have been reported to undergo 

S-nitrosylation (Lindermayr et al., 2005). ADF4, a regulator of actin cytoskeletal 

dynamics, is known to be required for activation of R gene-mediated resistance in 

Arabidopsis (Porter et al., 2012). ADFs have been found to be localized in both 

the cytoplasm and the nucleus (Ruzicka et al., 2007), and their translocation into 

nucleus is facilitated by cytochalasin D (Jiang et al., 1997). It would be interesting 

to know whether their reduction/oxidation might mediate their nucleocytoplamic 

shuttling. Annexins are Ca
2+

-dependent membrane-binding proteins and annexins 

1 was previously found to be susceptible to oxidant-driven S-glutathionylation 

(Gorecka et al., 2005; Konopka-Postupolska et al., 2009). Abscisic acid treatment 

also led to its S-glutathionylation (Konopka-Postupolska et al., 2009).  

Nucleocytoplamic shuttling is an important mechanism in transducing stress 

stimuli into transcriptional reprogramming as well as for transporting RNA for 

protein synthesis. These processes are mediated through nuclear pore complexes 

composed of nucleoporin proteins (NUPs) (Dong et al., 2006; Wiermer et al., 

2012). We identified three redox-sensitive proteins that are involved in 

nucleocytoplasmic trafficking, including RAS-related nuclear protein-1, 

suppressor of auxin resistance 1 (also known as NUP160), and ATKPNB1. 
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AtKPNB1 is a homolog of human KPNB1 (importin β1) that interacts with 

importin α proteins, nucleoporin AtNUP62 and Ran proteins to mediate 

transportation of cargoes into the nucleus and expression of stress-induced genes 

in response to environmental stimuli (Luo et al., 2013). NUP160 is needed for 

nuclear mRNA export and is also an important component of the EDS1-dependent 

defense pathway in Arabidopsis (Wiermer et al., 2012).   

4.2.3.5 Metabolism and energy production 

A larger number of the redox-sensitive proteins fall into this category. Many of 

these proteins have previously been reported to be redox-regulated, including 

enolase (Wang et al., 2012), fructose-bisphosphate aldolase 1(Zhu et al., 2014), 

and purine biosynthesis 4 (Liu et al., 2014). Two cysteines of CP12 were in a 

more oxidized state under salicylate treatment. CP12 is a small chloroplast 

redox-sensitive protein that interacts with glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and phosphoribulokinase (PRK) to form a complex and 

their association and dissociation is regulated by the redox state of Trx via 

oxidation and reduction of two cysteine pairs on the CP12 protein (Howard et al., 

2008). Oxidation of CP12 could induce formation of the complex and reduce the 

activity of both PRK and GAPDH. We previously identified GAPDH as one of 

most profoundly oxidized proteins in Arabidopsis cells under H2O2 treatment 

(Wang et al., 2012). However, we did not detect its oxidation in this study. One 

possibility is that the oxidation of GAPDH, even if it occurred under the salicylate 

and flg22 treatment, could be irreversible as its H2O2-trigged oxidization was 

apparently irreversible (Wang et al., 2012). Other redox sensitive proteins 

identified in this study include three S-adenosyl-L-methionine-dependent 

methyltransferases superfamily proteins and a xanthoxin dehydrogenase (ABA2). 

ABA2, an abscisic acid (ABA) biosynthetic enzyme that converts xanthoxin to 

ABA-aldehyde, was found to be in a more oxidized state in response to both 
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salicylate and flg22 treatments, suggesting that redox regulation of ABA 

biosynthesis might play a role in the defense response.  
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Table 4.1 List of the salicylate- and/or flg22-responsive redox-sensitive peptides.  

Protein ID Protein description Peptide sequencea) SAb) flg22b) 
SA 

p value 

flg22 

p value 

SA  

iTRAQ 

flg22 

iTRAQ 
DiANNA 

Transcriptional and post-transcriptional regulation 
        

AT1G06230.1 GTE4 | global transcription factor group E4 NC*SALLER 1.06 1.65 0.238 0.002 0.86 0.58 
 

AT1G02080.1 transcription regulators  LVELPQYC*NHILQISHLR 2.48 2.34 0.005 0.037 0.88 0.92 √ 

AT5G38480.1 GRF3| general regulatory factor 3  IC*DGILNVLEAHLIPSASPAESK 1.66 1.23 0.008 0.432 1.05 1.07 
 

AT4G38130.1 HD19| histone deacetylase 19  LNHGLC*DIAINWAGGLHHAK 2.7 1.86 0.007 0.451 0.9 0.85 
 

AT3G44680.1 HDA9| histone deacetylase 9  LC*DIAINWAGGLHHAK 1.79 1.79 0.036 0.08 na. na. 
 

AT1G03140.1 splicing factor Prp18 family protein  YLVPLFNLC*R 2.31 2.09 0.013 0.076 0.97 0.95 
 

AT1G60080.1 3~-5~-exoribonuclease family protein  NIPFSLTC*ILHK 1.87 1.75 0.016 0.005 0.98 0.97 
 

AT1G58050.1 RNA helicase family protein  LLFC*TTGILLR 2.49 2.54 0.019 0.009 na. na. √ 

AT1G68290.1 ENDO 2 | endonuclease 2  EGHEIIC*K 2.73 0.96 0 0.565 na. na. 
 

AT1G68290.1 ENDO 2 | endonuclease 2  WETC*TKK 2.55 0.81 0 0.004 na. na. 
 

Translation 
        

AT5G13650.1 elongation factor family protein  VC*TSEDSC*R 1.96 1.44 0.002 0.076 0.98 0.97 √ 

AT1G07920.1 GTP binding Elongation factor Tu family protein  GAANFTSQVIIMNHPGQIGNGYAPVLDC*HTSHIAVK 1.52 1.45 0 0.001 0.93 0.95 √ 

AT5G10360.1 RPS6B | Ribosomal protein S6e  GC*IVSPDLSVLNLVIVKK 3.01 2.44 0.002 0.35 1.02 1.03 
 

AT5G10360.1 RPS6B | Ribosomal protein S6e  GC*IVSPDLSVLNLVIVK 3.13 3.45 0.032 0.025 1.02 1.03 
 

AT3G04840.1 Ribosomal protein S3Ae  NVLC*QFWGMDFTTDKLR 2.8 1.66 0.034 0.172 0.95 0.97 
 

AT1G14610.1 TWN2| valyl-tRNA synthetase WLENIRDWC*ISR 2.22 2.22 0.05 0.051 0.88 0.89 
 

AT3G55400.1 OVA1 | methionyl-tRNA synthetase VIAVALSPVAPC*LSLR 1.66 1.22 0.005 0.772 0.96 0.96 
 

AT1G51310.1 
tRNA 

(5-methylaminomethyl-2-thiouridylate)-methyltransferases  
TPNPDVLC*NTR 1.62 0.99 0.001 0.775 na. na. √ 
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AT1G09620.1 aminoacyl-tRNA ligases  GANVLLPFGFHC*TGMPIK 2.07 1.64 0.01 0.237 0.95 0.98 
 

AT1G09620.1 aminoacyl-tRNA ligases  LIVPIC*PHFADYVWR 2.7 2.85 0 0.005 0.95 0.98 
 

Posttranslational modifications and protein folding 
        

AT1G25490.1 RCN1| ARM repeat superfamily protein  LLNPELAIQHILPC*VK 1.77 1.55 0.002 0.09 0.94 0.94 √ 

AT3G25800.1 PP2AA2 | protein phosphatase 2A  subunit A2  ILNPEIAIQHILPC*VK 1.7 1.76 0.042 0.095 0.88 0.91 √ 

AT1G13320.1 PP2AA3 | protein phosphatase 2A  subunit A3  ILNPELAIQHILPC*VK 1.76 1.54 0.003 0.092 0.93 0.95 √ 

AT2G21470.1 SAE2| SUMO-activating enzyme 2  FVHC*IVWAK 1.83 1.78 0.044 0.103 0.91 0.94 √ 

AT4G17510.1 UCH3 | ubiquitin C-terminal hydrolase 3  QTVGNAC*GTIGLLHAIGNITSEIK 2.22 1.37 0.006 0.466 1.08 1.02 √ 

AT4G31160.1 DCAF1 | DDB1-CUL4 associated factor 1  VC*ALPLVVIHQVVK 1.84 1.69 0.034 0.077 0.84 0.88 √ 

AT1G21750.1 ATPDIL1-1| PDI-like 1-1  NVLLEFYAPWC*GHC*QK 2.68 1.89 0.008 0.073 1.1 1.06 
 

AT2G47470.1 ATPDIL2-1| thioredoxin family protein  DKGALVEFYAPWC*GHC*K 1.59 1.25 0 0.037 1.07 1.04 
 

AT2G47470.1 ATPDIL2-1| thioredoxin family protein  GALVEFYAPWC*GHC*K 1.99 1.35 0.002 0.011 1.07 1.04 
 

AT2G47470.1 ATPDIL2-1| thioredoxin family protein  DVLVEFYAPWC*GHC*K 1.91 1.44 0.026 0.056 1.07 1.04 
 

AT5G20890.1 TCP-1/cpn60 chaperonin family protein  KIIGHGINC*FVNR 1.67 1.23 0.004 0.465 0.98 1 
 

AT5G52640.1 HSP81-1| heat shock protein 90.1  C*IEMFNEIAENKEDYTK 1.21 1.59 0.195 0.011 1.03 1.04 
 

AT1G63770.2 Peptidase M1 family protein  VYSLIGGFC*GSPVNFHAK 3.04 2.21 0.002 0.098 na. na. √ 

AT1G63770.2 Peptidase M1 family protein  VTC*RDWFQLSLK 1.67 1.52 0 0 na. na. √ 

AT5G20660.1 Zn-dependent exopeptidases superfamily protein  VLERLPPFC*TMFGK 3.08 3.34 0.069 0.043 0.94 0.98 √ 

AT1G35420.1 alpha/beta-Hydrolases superfamily protein  VAC*NGYNVLVPDLFR 1.59 1.14 0.002 0.004 na. na. 
 

AT5G17780.1 alpha/beta-Hydrolases superfamily protein  C*VC*FIIC*K 2.6 0.89 0.006 0.001 na. na. √ 

AT4G30920.1 Cytosol aminopeptidase family protein  LC*SASAIASGTVLGLFEDSR 2.03 1.35 0.043 0.014 1.09 1.08 √ 

AT5G26860.1 LON1 | lon protease 1  DGPSAGC*TMITSLLSLATK 1.66 1.69 0.009 0.054 0.97 0.99 
 

Antioxidant systems and pathogen defense 
        

AT1G65980.1 TPX1 | thioredoxin-dependent peroxidase 1  KVILFGVPGAFTPTC*SMK 3.32 2.47 0.009 0.245 1.09 1.09 
 

AT1G65980.1 TPX1 | thioredoxin-dependent peroxidase 1  KVILFGVPGAFTPTC*SM$K 1.86 2.07 0.018 0.02 1.09 1.09 
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AT2G41480.1 Peroxidase superfamily protein  LHFHDC*FVQGC*DGSVLIK 1.4 1.53 0.018 0.001 1.02 1 √ 

AT3G06050.1 PRXIIF| peroxiredoxin IIF  VVIFGLPGAYTGVC*SQQHVPSYK 2.13 2.37 0.039 0.046 1.08 1.08 
 

AT5G06290.1 2-Cys Prx B| 2-cysteine peroxiredoxin B  TLQALQYVQENPDEVC*PAGWKPGEK 1.64 1.27 0.012 0.011 1.04 1.02 
 

AT3G52960.1 Thioredoxin superfamily protein  KTILFAVPGAFTPTC*SQK 1.54 1.37 0 0.256 1.05 1.04 
 

AT1G70580.1 AOAT2| alanine-2-oxoglutarate aminotransferase 2  GVMQILNC*VIR 3.41 2.16 0.004 0.309 na. na. 
 

AT1G23310.1 AOAT1| glutamate:glyoxylate aminotransferase  GVMQILNC*VIR 3.47 2.23 0.004 0.236 1 1 
 

AT1G21850.1 sks8 | SKU5 similar 8  NALLC*GR 1.6 0.69 0.003 0.002 na. na. 
 

AT2G17120.1 LYM2 | lysm domain GPI-anchored protein 2 precursor  FWIPLPC*SC*DKLNGEDVVHYAHVVK 2.06 2.05 0.013 0.037 0.97 1.01 √ 

AT2G38540.1 LP1| lipid transfer protein 1  AC*GVNIPYK 1.3 1.68 0.04 0.002 1.1 1.11 √ 

AT2G38540.1 LP1| lipid transfer protein 1  QQAC*NC*IQGAAR 1.23 1.7 0.778 0.002 1.1 1.11 √ 

AT2G38540.1 LP1| lipid transfer protein 1  ISTSTNC*K 1.67 2.13 0.083 0.019 1.1 1.11 √ 

Metabolism  
        

AT2G47400.1 CP12-1| CP12 domain-containing protein 1  ETC*ADDPVSGEC*VAAWDEVEELSAAASHAR 2.95 1.22 0.022 0.094 1.05 1.01 √ 

AT2G05710.1 ACO3 | aconitase 3  SNLVGM$GIIPLC*FK 1.44 1.51 0 0.001 1 0.99 √ 

AT2G43090.1 Aconitase/3-isopropylmalate dehydratase protein  VC*DEC*TTGDVATVELR 1.67 1.28 0.034 0 1.09 1.09 
 

AT3G09810.1 IDH-VI | isocitrate dehydrogenase VI  ELNLYANVRPC*YSLPGYK 1.99 1.92 0.017 0.001 1.05 1.04 
 

AT1G65930.1 
cICDH | cytosolic NADP+-dependent isocitrate 

dehydrogenase  
LVPGWTKPIC*IGR 3.09 2.07 0.012 0.191 1.03 1.03 

 

AT2G36530.1 LOS2, ENO2 | Enolase  LGANAILAVSLAVC*K 2.7 1.89 0.003 0.454 1.09 1.08 
 

AT2G21330.1 FBA1 | fructose-bisphosphate aldolase 1  GLVPLVGSYDESWC*QGLDGLASR 2.31 1.43 0 0.816 1.07 1.06 √ 

AT5G54960.1 PDC2 | pyruvate decarboxylase-2  C*WTAK 1.69 0.7 0 0.021 0.95 0.95 √ 

AT5G54960.1 PDC2 | pyruvate decarboxylase-2  LIGC*C*NELNAGYAADGYAR 1.55 0.55 0.011 0 0.95 0.95 
 

AT3G13930.1 Dihydrolipoamide acetyltransferase QFC*AVINPPQAAILAIGSAEKR 1.53 1.51 0.001 0.014 1.03 1.02 
 

AT3G62120.1 Class II aaRS and biotin synthetases superfamily protein  LILAPWC*DEEEVER 1.65 1.96 0.092 0.011 0.88 0.93 
 

AT3G62120.1 Class II aaRS and biotin synthetases superfamily protein  DLPLKLNQWC*NVVR 1.94 1.9 0.026 0.021 0.88 0.93 
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AT3G60130.1 BGLU16 | beta glucosidase 16  C*SNFYKPDC*LGGDAATEPYIVGHNLLLAHGVAVK 1.49 1.55 0.013 0 na. na. √ 

AT1G23190.1 
PGM3 | Phosphoglucomutase/phosphomannomutase 

family protein  
FTFC*YDALHGVAGAYAHR 1.83 1.82 0.058 0.035 1.01 1.02 

 

AT4G39980.1 
DHS1 | 3-deoxy-D-arabino-heptulosonate 7-phosphate 

synthase 1  
AFLLQGGDC*AESFK 1.54 0.9 0.005 0.165 0.89 0.88 √ 

AT1G78820.1 
D-mannose binding lectin protein with Apple-like 

carbohydrate-binding domain  
IVGVEHFTGPYVNDGQGPTSVNDC*K 1.72 1.11 0.002 0.21 na. na. 

 

AT4G33030.1 SQD1 | sulfoquinovosyldiacylglycerol 1  FC*VQAAVGHPLTVYGK 1.77 1.41 0.008 0.317 0.98 0.96 
 

AT1G51540.1 Galactose oxidase/kelch repeat superfamily protein  YIYIVTGQFGPQC*R 1.87 1.54 0.016 0.009 0.86 0.9 
 

AT2G16570.1 
ATASE| GLN phosphoribosyl pyrophosphate 

amidotransferase 1  
LC*YLALHALQHR 1.6 1.25 0 0.254 0.95 0.95 √ 

AT5G26570.1 PWD| catalytics;carbohydrate kinases GLSALNLFFEC*K 1.6 1.56 0.006 0.011 0.91 0.94 √ 

AT5G26570.1 PWD| catalytics;carbohydrate kinases GLSALNLFFEC*KK 2.25 2.39 0.016 0.037 0.91 0.94 
 

AT1G03230.1 Eukaryotic aspartyl protease family protein  IPNLIFSC*GSTSLLK 2.06 1.76 0.001 0.113 0.96 0.96 √ 

AT3G12600.1 atnudt16| nudix hydrolase homolog 16  WLTIEEAVESC*RHPWMK 1.81 1.92 0.085 0.044 1.04 1.03 
 

AT1G63660.1 GMP synthase (glutamine-hydrolyzing), putative  AIGDRLHC*IFVDNGLLR 1.69 1.63 0.001 0.02 0.94 0.94 
 

AT2G19940.1 oxidoreductases LVANPGC*YPTTIQLPLVPLLK 3.99 2.05 0.017 0.153 1.07 1.05 
 

AT1G74260.1 PUR4 | purine biosynthesis 4  AC*GLDEVTR 0.93 1.5 0.124 0.012 1 1 
 

AT1G52340.1 
ABA2| NAD(P)-binding Rossmann-fold superfamily 

protein  
GSIVSLC*SVGGVVGGVGPHSYVGSK 1.98 1.92 0.046 0.072 0.97 0.93 

 

AT3G59990.1 MAP2B | methionine aminopeptidase 2B  GSYVSQFEHTILLRPTC*K 1.53 1.51 0.003 0.012 1.01 0.95 √ 

AT4G31790.1 Tetrapyrrole (Corrin/Porphyrin) Methylases  SLGLHTLC*LLDIR 1.55 1.51 0.004 0.004 1.09 1.09 
 

AT2G39270.1 
P-loop containing nucleoside triphosphate hydrolases 

superfamily protein  
NFHWVFLGC*PGVGK 2.8 2.07 0.005 0.35 1.04 1.08 √ 

AT5G49810.1 MMT| methionine S-methyltransferase  FC*SLIAGFMR 3.5 2.68 0.012 0.231 0.86 0.9 √ 



73 
 

AT1G78240.1 
TSD2| S-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein  
GFVGVLHNWC*EPFPTYPR 1.93 1.75 0.049 0.072 na. na. √ 

AT3G63410.1 
APG1| S-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein  
AC*LIGPVYPTFWLSR 5.54 5.56 0.026 0.041 0.85 0.88 

 

AT1G31850.1 
S-adenosyl-L-methionine-dependent methyltransferases 

superfamily protein  
SDYNKLQSLLTSMC*FK 3.2 2.74 0.017 0.465 0.86 0.9 √ 

AT1G67090.1 
RBCS1A | ribulose bisphosphate carboxylase small chain 

1A  
QVQC*ISFIAYKPPSFTG 2.12 2.02 0.001 0.001 1.08 1.07 

 

AT2G07707.1 
Plant mitochondrial ATPase, F0 complex, subunit 8 

protein  
KITLISC*FGEISGSR 1.67 1.4 0.004 0.035 0.85 0.9 

 

AT1G20260.1 ATPase, V1 complex, subunit B protein  GQKIPLFSAAGLPHNEIAAQIC*R 1.77 1.82 0.051 0.039 1.01 1 
 

AT1G20260.1 ATPase, V1 complex, subunit B protein  IPLFSAAGLPHNEIAAQIC*R 1.7 1.61 0.022 0.081 1.01 1 
 

AT3G42050.1 vacuolar ATP synthase subunit H family protein  GVPIAISC*LSSLLKEPVVR 7.15 7.81 0.019 0.042 0.91 0.94 
 

AT4G20830.1 FAD-binding Berberine family protein  C*FSDK 1.11 1.52 0.001 0.004 0.93 1 
 

Cell structure 
        

AT3G46010.1 ADF1| actin depolymerizing factor 1  IFFIAWC*PDIAK 3.94 2.27 0.006 0.159 0.99 0.99 
 

AT5G59890.1 ADF4| actin depolymerizing factor 4  IFFIAWC*PDVAK 2.41 1.6 0.021 0.172 0.97 0.97 
 

AT5G19770.1 TUA3 | tubulin alpha-3  RTVQFVDWC*PTGFK 1.5 1.3 0.002 0.044 1 1.02 √ 

AT3G27400.1 Pectin lyase-like superfamily protein  ASSLSARPSSLVGSITTTAGTLSC*R 2.12 1.9 0.029 0.009 0.95 0.9 √ 

AT2G46930.1 Pectinacetylesterase family protein  WLIQLEGGGWC*NTR 3.52 1.8 0.025 0.032 1.04 1.01 √ 

AT4G19410.1 Pectinacetylesterase family protein  MKPELC*FFPQYVVPSMR 1.93 2.14 0.078 0.016 0.92 0.99 √ 

AT4G19410.1 Pectinacetylesterase family protein MKPELC*FFPQYVVPSM$R 1.65 1.75 0.092 0.034 0.92 0.99 √ 

AT4G19410.1 Pectinacetylesterase family protein NAQNAILSGC*SAGALAAILHC*DTFR 2.21 2.18 0.038 0.009 0.92 0.99 √ 

AT1G09210.1 CRT1b| calreticulin 1b  KFGGDTPYSIMFGPDIC*GYSTK 1.57 1.36 0.005 0.384 1.14 1.13 √ 

AT1G35720.1 ANNAT1| annexin 1  STIQC*LTRPELYFVDVLR 1.67 1.63 0.019 0.047 1.03 1.01 
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AT2G20750.1 ATEXPB1| expansin B1  GGEGC*GAC*YK 0.59 1.2 0.026 0.584 na. na. 
 

AT1G71380.1 CEL3 | cellulase 3  HTFNC*GSSVIVPNALISLSK 2.78 1.8 0.055 0.016 0.91 0.91 
 

AT1G71380.1 CEL3 | cellulase 3 HTFNC*GSSVIVPNALISLSKR 1.84 2.06 0.009 0.011 0.91 0.91 
 

AT3G02230.1 RGP1| reversibly glycosylated polypeptide 1 ASC*ISFKDSAC*R 0.67 0.59 0.101 0.02 1.45 1.4 √ 

AT3G02230.1 RGP1| reversibly glycosylated polypeptide 1  C*FGYMVSK 0.64 0.69 0.044 0.038 1.45 1.4 √ 

Cellular transport and signal transduction 
        

AT5G20010.1 RAN-1| RAS-related nuclear protein-1  KYEPTIGVEVHPLDFFTNC*GK 2.69 1.76 0.026 0.204 0.96 0.99 
 

AT1G33410.1 SAR1| SUPPRESSOR OF AUXIN RESISTANCE1  LLC*PGIFHNVALR 1.64 1.48 0.004 0.056 na. na. √ 

AT5G53480.1 ATKPNB1 | ARM repeat superfamily protein  ILPYC*DGIMTQLLK 2.08 1.78 0.008 0.391 0.91 0.94 
 

AT3G43300.1 ATMIN7| HOPM interactor 7  SLIVDC*IVQMIK 3.32 1.8 0.032 0.55 0.81 0.83 
 

AT5G23630.1 PDR2| phosphate deficiency response 2  GIFC*TEPFRIPFAGK 2.2 2.3 0.046 0.071 0.85 0.88 √ 

AT3G60600.1 VAP27-1| vesicle associated protein  QISC*SLYLTNKTDNNVAFK 1.54 1.55 0.001 0.003 0.86 0.89 
 

AT2G21390.1 Coatomer, alpha subunit  NPFVIC*GSTYVPIYK 1.52 1.32 0.006 0.087 0.85 0.88 √ 

AT4G26670.1 
Mitochondrial import inner membrane translocase subunit 

Tim17/Tim22/Tim23 family protein  
ALVTIPAPAVC*LFR 1.93 1.51 0.004 0.029 na. na. √ 

AT5G13630.1 
GUN5| magnesium-chelatase subunit chlH, chloroplast, 

putative 
IDVVVNC*SGVFR 1.66 1.62 0.028 0.03 1.07 1.06 

 

AT4G27640.1 ARM repeat superfamily protein  HVFLPVLEFASVHC*QSTNLK 1.52 1.67 0.028 0.003 0.89 0.89 √ 

Others 
        

AT2G21620.1 
RD2 | Adenine nucleotide alpha hydrolases-like 

superfamily protein  
HAFDWALVHFC*R 2.99 2.35 0.013 0.269 1.02 0.96 

 

AT4G27450.1 Aluminium induced protein with YGL and LRDR motifs  SFAPFPTGC*MFHSEGGLMSFEHPMNK 1.28 1.63 0.519 0.022 1.05 1.09 
 

AT1G67280.1 
Glyoxalase/Bleomycin resistance protein/Dioxygenase 

superfamily protein  
ITAC*LDPDGWK 1.25 1.55 0.092 0 0.96 0.94 

 

AT1G30000.1 MNS3 | alpha-mannosidase 3  MDHLVC*FLPGTLALGATK 1.52 1.3 0.001 0.013 na. na. 
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AT5G11880.1 Pyridoxal-dependent decarboxylase family protein  SLIANTC*C#FVNHVTGVK 2.66 1.9 0 0.208 1.02 1.01 √ 

AT5G64400.1 unknown C*QFYMDMLSEC*R 1.41 1.59 0.072 0.002 1.01 0.98 
 

AT1G15420.1 unknown GAILAC*TIPWIK 1.87 1.88 0.006 0.001 na. na. 
 

AT5G11810.1 unknown LC*GNLVIPADRFIHEVAFK 1.81 1.95 0.003 0.029 0.99 0.97 
 

AT4G33640.1 unknown C*ANIFEALVGTLR 1.81 1.47 0.004 0.161 na. na. 
 

AT5G12470.1 unknown LALSALC*FAVR 1.88 1.67 0.001 0.001 0.85 0.92 
 

AT2G41800.1 unknown LHDFGHLC*GPVLDSVVVTLAR 4.38 2.31 0.026 0.058 0.92 0.94 √ 

a) The cysteine carbamidomethylation are marked with an asterisk symbol (*), cysteine N-ethylmaleimide with a hash symbol (#) in the 

peptide sequence 

b) The ratios that are statistically significant are marked as bold. 
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Table 4.2 The proteins whose abundance was changed in response to the 

salicylate or flg22 treatment. The ratios that are statistically significant are 

marked as bold.  

 

Protein ID Protein description SA Flg22 

AT1G06230.1 GTE4 | global transcription factor group E4 0.86  0.58  

AT1G08050.1 Zinc finger (C3HC4-type RING finger) family protein 0.83  0.58  

AT1G23080.1 AtPIN7 | Auxin efflux carrier family protein 0.60  0.53  

AT1G71820.1 SEC6 | exocyst complex family protein 0.75  0.82  

AT2G21600.1 ATRER1B | endoplasmatic reticulum retrieval protein 1B 0.83  0.78  

AT3G57280.1 Transmembrane proteins 14C 0.76  0.76  

AT3G20560.1 ATPDIL5-3 | PDI-like 5-3 0.78  0.76  

AT3G02230.1 AtRGP1 | reversibly glycosylated polypeptide 1 1.45  1.40  
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Fig. 4.1 Ratio distribution of OxiTRAQ and iTRAQ data. The average ratios 

for cysteine-containing peptides and total proteins were log2-transformed and 

plotted to equally spaced bins based on the ratio values. The top graph shows ratio 

distribution of cysteine-containing peptides and total proteins of the flg22-treated 

samples and the bottom graph shows those of the salicylate-treated samples.  
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Chapter 5 Identification of pathogen-responsive proteins in 

Arabidopsis using a 15N-metabolic labeling method 

5.1 Introduction  

In the growth environments, 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 (Boller and Felix, 2009). The outcome of the plant-pathogen interaction 

is dependent on different types of pathogens and the genetic constitution of the 

host (Robert-Seilaniantz et al., 2011). The gene-for-gene hypothesis states that 

when a pathogen has an avirulence (avr) gene, and a plant host has the 

corresponding disease resistance (R) gene, the plant is resistant to the pathogen. 

When the plant is resistant, the pathogen is said to be avirulent and the interaction 

is said to be incompatible. When the plant is susceptible, the pathogen is said to be 

virulent and the interaction is said to be compatible (Katagiri et al., 2002). P. 

syringae pv. tomato DC3000 (Pst DC3000) is one of the widely used virulent 

pathogens in laboratory experiments to infect Arabidopsis ecotype Columbia 

(Col). When Pst DC3000 is transformed with avr genes from other bacterial 

pathogens, it becomes a useful tool for studying avr:R-gene interactions in 

Arabidopsis. Now many avr genes have been transformed into Pst DC3000, such 

as AvrB, AvrRpm1 (Dangl et al., 1992), AvrRpt2 (Whalen et al., 1991) and 

AvrRps2 (Kunkel et al., 1993).  

During the incompatible plant-pathogen interaction, ROS production occurs in a 

biphasic manner with a weak non-specific oxidative burst followed by a second 

and massive oxidative burst (Levine et al., 1994). However, during compatible 

interaction, when the plant is susceptible, only the first transient weak phase can 

be induced (Baker and Orlandi, 1995). The initial oxidative burst is believed to be 

triggered through host cells’ recognition of pathogen-derived elicitors or PAMPs. 
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The second phase is induced only in the HR with strong activation of various 

defense mechanisms. Furthermore, H2O2 generation occurs both locally and 

systemically. Early study showed that H2O2 can function as a second messenger 

for the activation of systemic expression of defense genes in tomato plants 

(Orozco-Cardenas et al., 2001). These events establish the key role of ROS in the 

establishment of plant defense responses (Lamb and Dixon, 1997; Torres et al., 

2006).  

In recent years, various proteomic methods for redox-sensitive proteins 

identification and quantification have been developed (for review see (Rinalducci 

et al., 2008; Bykova and Rampitsch, 2013)). 15N-metabolic labeling has gained a 

wide popularity in quantitative proteomics in different plant systems, such as 

suspension cell cultures(Engelsberger et al., 2006; Lanquar et al., 2007), seedlings 

in liquid culture(Huttlin et al., 2007; Kline et al., 2010), as well as plants grown 

on solid medium(Guo and Li, 2011). It is relatively inexpensive and allows 

combining different samples at an early step during protein processing to reduce 

variations. The redox proteomics method named OxNSIL which combines 

differential thiol tagging and 15N-metabolic labeling has been successfully used 

for the thiol redox proteomics analysis under H2O2 or UV-B treatment in 

Arabidopsis (Hu et al., 2014).  

In this study, we combined in vivo 15N stable metabolic labeling and a 

modified biotin-switch method to differentially label reduced and oxidized thiols 

to identify proteins whose cysteines underwent oxidative modifications during 

plant-pathogen interaction. In total, 101 proteins showed a significant expression 

level changes upon infection with the virulent strain Pseudomonas syringae pv 

tomato DC3000 (Pst DC3000) and the isogenic strains carrying the avirulence 

gene avrRpm1 (Pst DC3000 avrRpm1). Forty proteins were found to show a 

significant change in their redox states upon the pathogen infection. 
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5.2 Results and discussion 

5.2.1 In vivo 15N-metabolic labeling and plant pathogen infection  

Previously, we employed gel-based proteomic methods and a gel-free approach 

termed OxiTRAQ to identify the proteins whose cysteines underwent oxidative 

modifications in Arabidopsis suspension cells in response to hydrogen peroxide, 

salicylate or flg22 (a 22 amino acid peptide from bacterial pathogens flagellin) 

(Wang et al., 2012; Liu et al., 2014). In this study, we tried to gain deep insights 

into redox signaling in plant immunity using Arabidopsis plants. A method that 

integrates in vivo 15N metabolic labeling of entire plants with differential thoil 

labeling method was used to identify and quantify the putative redox-sensitive 

proteins during plant-pathogen interactions. In this method, different tissue 

samples (treatment and control) can be mixed together for protein extraction and 

processing, which greatly reduces variations between samples caused by protein 

processing steps. A reciprocal-labeling strategy which has been performed in 

many aspects of plant stress study was adopted to eliminate any isotope effects and 

allowed excellent control for errors at all steps in sample preparation and analysis 

(see review of (Arsova et al., 2012)). Briefly, in the first replicate, mock-treated 

plants grown in 14N medium was combined with pathogen-treated plants grown in 

the medium that was enriched with 15N heavy isotope. In the second replicate, the 

labeling was switched. Therefore, any changes in redox-state or protein expression 

level under pathogen infection is expected show a reciprocal ratio in the reciprocal 

labeling method.  

In particular, a mixture of untreated 14N-labeled plant with untreated 

15N-labeled plant at a 1:1 ratio was set up to define the inherent variations of 

unlabeled and labeled samples in a pair-wise comparison. The experimental 

schematic is shown in Fig.5.1. After pathogen treatment, same amount of tissue 

powder from control and treated plants were mixed and proteins were extracted, 

digested with trypsin, enriched by biotin purification and analyzed by tandem 
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mass spectrometry using LTQ-Orbitrap velos. Proteins from isotope-labeled 

(heavy) sample are distinguishable from the natural-abundance (light) forms by a 

mass shift that depends on the amino acid composition. Quantification was 

achieved by comparison of the peak intensity of the extracted ion chromatograms.  

The production of reactive oxygen species (ROS), a so-called oxidative burst, is 

one of the most rapid defense reactions to pathogen attack (Apel and Hirt, 2004). 

In situ hydrogen peroxide accumulation was detected in the leaves following 

infection with the virulent bacterial pathogen Pseudomonas syringae pv. tomato 

DC3000 (Pst DC3000) and avirulent pathogen expressing the avirulence gene 

avrRpm1 (Pst DC3000 avrRpm1) by 3,3′-diaminobenzidine (DAB) staining. As 

shown in Fig.5.2, there was the highest H2O2 accumulation in the leaves after 1 hr 

and 3 hrs of Pst DC3000 avrRpm1 inoculation. We chose two time points (1hr and 

3 hrs) after the Pst DC3000 avrRpm1 treatment and one time point (3 hrs) after the 

Pst DC3000 treatment for redox-sensitive protein detection.  

The quantitation of redox modifications was based on the difference in 

abundance of peptides in different samples that contain reduced thiol(s). Any 

change in abundance of a protein caused by stress treatment can lead to a false 

positive or false negative result. Therefore, a parallel proteomic experiment to 

determine protein expression level was conducted because the extended period of 

pathogen infection (1hr or 3hrs) was expected to alter abundance of some proteins. 

5.2.2 Redox proteomics analysis of protein changes upon pathogen infection 

The 15N metabolic labeled data was analyzed by Mascot and XPRESS for the 

peptide/protein identification and quantification. For protein identification, each 

sample data set was searched twice with mascot, one with normal N mass, the other 

one with 15N mass. For quantification, the two mascot searching results of one 

data set were further analyzed with XPRESS to generate two corresponding output 

results, one containing the protein ratio which is calculated by quantifying 

15N/14N, the other one containing the corresponding ratio calculated by 
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quantifying 14N/15N. The two analyzed output results were combined and the 

average ratio from both results was regarded as the peptide or protein ratio in one 

replicate. Finally, the peptide or protein ratios from two reciprocal biological 

replicates were averaged and 1239 proteins and 470 cysteine-containing peptides 

were quantified in both reciprocal replicates.  

According to the result from 1:1 mixture of untreated 15N-labeled and untreated 

normal sample, the log2-transformed ratio showed a normal distribution among 

cysteine-containing peptides and total proteins (Fig. 5.3).The confidence intervals 

(95%) were calculated by mean ± 1.96 standard deviations [(0.56, 1.9) and (0.57, 

1.8)] and they were used as significant cut-off ratio of redox-sensitive peptides and 

total protein expression level, respectively. Based on these criteria, 101 proteins 

showed significant changes in protein levels after Pst DC3000 avrRpm1 or Pst 

DC3000 treatments (Table 5.1). Twenty three proteins were found upregulated and 

31 downregulated after 1hr of avirulent Pst DC3000 avrRpm1 infection compared 

with the control, while eight proteins and six proteins were found upregulated and 

downregulated after 3 hrs of the same pathogen infection, respectively. After 3 hrs 

of virulent Pst DC3000 treatment, twenty two proteins showed a higher level and 

23 proteins showed a lower level. After the cysteine-containing peptides’ 

abundance was normalized to total protein expression level, 39 redox-sensitive 

proteins were identified (Table 5.2).  

5.2.3 Categorization of pathogen-responsive proteins  

The subcellular localization of the identified proteins with altered total expression 

level was predicted using SUBA (http://suba.plantenergy.uwa.edu.au/). As shown 

in Fig. 5.4, compared to virulent pathogen infection, avirulent pathogen caused 

protein level changes in mitochondria. More changes of peroxisome proteins were 

detected in the 1 hr of avirulent Pst DC3000 avrRpm1 treatment than 3 hrs of 

avirulent and virulent pathogen treatments. These proteins with altered levels 

include the ones involved in metabolism, especially in lipid metabolism, which 
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suggests possible roles of peroxisome in response to early infection. Furthermore, 

following a large group of regulated proteins in cytosol and plastid, a relative 

large percentage of proteins located in nucleus were detected in avirulent and 

virulent pathogen treated samples. It is likely that more nucleus proteins such as 

some RNA or DNA binding proteins may participate in regulating the 

reprogramming of the transcriptome to trigger a set of downstream responses in 

the plant-pathogen interaction.  

The pathogen-responsive proteins either changing in the protein expression 

level or in oxidative modifications identified in the study are categorized into 

different biological processes, including metabolism, photosynthesis, redox 

regulation, proteolysis and protein folding, defense and translation etc. Table 5.1 

lists all up- or down-regulated proteins in the infected leaves of different treatment. 

Table 5.2 lists all the putative redox-sensitive peptides upon pathogen infection in 

the study. 

5.2.3.1 Proteins with expression level changes during plant-pathogen 

interactions 

5.2.3.1.1 Plant metabolism regulation 

During the plant-pathogen interaction, it has been suggested that metabolism 

plays a key role in supporting cellular energy requirements for plant defense 

responses (Rojas et al., 2014). Several metabolic enzymes involved in the 

synthesis or degradation of carbohydrates, amino acids and lipids were 

down-regulated, particularly in lipid metabolism that has been recently found to 

play prominent roles in mounting resistance responses (Raffaele et al., 2008). 

Four proteins act in lipid metabolic process were regulated including a 

peroxisomal NAD-malate dehydrogenase 1 and abnormal inflorescence meristem 

1 in beta-oxidation of fatty acids, a fatty-acid-binding protein 1 and 

12-oxophytodienoate reductase 1 (OPR1). OPR1 is a 12-oxophytodienoic acid 

reductase that takes part in the last steps of the synthesis of modified lipids like 

jasmonic acid (JA) and similar molecules (Blanco et al., 2005). OPR1 was 
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induced by abiotic stresses such as senescence, wounding, UV-C and JA (He and 

Gan, 2001). Here it was found that OPR1 decreased in response to the pathogen 

treatment. As resistance to Pseudomonas syringae is mainly SA-dependent and 

the SA and JA signaling pathways are often antagonistic, the reduction of OPR1 

could therefore reduce the antagonistic effect from JA. The proteins identified in 

the study related to photosynthesis were all shown downregulated in response to 

pathogen infection, including photosystem II subunit T, PsbP-like protein 2, 

thylakoid lumenal protein-17.4 and FKBP-like peptidyl-prolyl cis-trans isomerase 

family protein. It is suggested that plants switch-off photosynthesis to initiate 

other defense responsive processes.  

The deposition of lignin during plant–pathogen interactions is thought to play a 

role as a physical barrier against pathogen (Nicholson and Hammerschmidt, 1992; 

Tronchet et al., 2010). Kawasaki et al. (2006) demonstrated that cinnamoyl-CoA 

reductase, a key enzyme in lignin biosynthesis, was an effector of small GTPase 

Rac in defense signaling in rice (Kawasaki et al., 2006). CINNAMYL ALCOHOL 

DEHYDROGENASE 4 (CAD-C) that was induced after 3 hrs of avirulent 

pathogen treatment is a specialized enzyme involved in the reduction of 

cinnamaldehydes into cinnamyl alcohols in the last step of monolignol 

biosynthesis. Although cad-C single mutants didn’t reveal significant reduction in 

lignin content compared to wild type, the cad-C/cad-D double mutants had an 

extremely reduction of lignin content in the stem, indicating that CAD-C and 

CAD-D act redundantly as the primary genes in lignin biosynthesis (Sibout et al., 

2005). And these two genes were shown to regulate the defense response through 

SA pathway (Kawasaki et al., 2006). 

5.2.3.1.2 Upregulation of proteins in redox regulation and stress response 

During the pathogen attack, a large group of proteins involved in redox regulation 

and stress response were induced. After 1 hr of avirulent pathogen treatment, 

phospholipase A 2A (PLA2A), UVB-RESISTANCE 8 (UVR8) in chromosome 

condensation, HEAT repeat protein ILITYHIA (ILA), TUDOR-SN protein 2 
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(TSN2) and NADPH:quinone oxidoreductase were induced. PLA2A, a 

pathogen-induced patatin-like lipid acyl hydrolase, can promote cell death and 

differentially affect resistance to pathogens with distinct lifestyles (La Camera et 

al., 2005; La Camera et al., 2009). TSN2 plays an essential role in stress tolerance 

and stabilization of salt stress–responsive mRNAs entering the secretory pathway 

in plants (Frei dit Frey et al., 2010). ila loss-of-function mutants display enhanced 

susceptibility to virulent and avirulent pathogens as well as defects in SAR 

(Monaghan and Li, 2010). After 3 hrs of virulent strains of Pst DC3000 treatment, 

other stress responsive proteins were also induced, such as VEGETATIVE 

STORAGE PROTEIN 2 and fibrillin. It has been reported that fibrillins as 

lipid-binding proteins were accumulated during abiotic stress (Manac'h and Kuntz, 

1999) and pathogen infection in plastids (Langenkamper et al., 2001). It was also 

regulated by abscisic acid response regulators involved in mediating 

ABA-induced photoprotection (Yang et al., 2006).  

ROS production occurs rapidly in response to pathogen invasion of host plants. 

Many proteins in such reduction-oxidation regulation were induced in the study. 

These include peroxisomal membrane-bound ascorbate peroxidase (APX3), 

subunit of NAD(P)H:plastoquinone dehydrogenase complex (NDH-M), 

dihydrolipoyl dehydrogenases, one short-chain dehydrogenase/reductase 1 

(AtSDR1) and glyceraldehyde-3-phosphate dehydrogenase C subunit 1  

(GAPC1). It was previously shown that increase of APX3 in tobacco could protect 

leaves from oxidative stress damage caused by aminotriazole (Wang et al., 1999). 

In higher plants, the NDH complex reduces plastoquinones in cyclic electron 

transport reactions around PSI, which allows optimal functioning of 

photosynthesis by increasing the pH gradient and supplying extra-ATP for CO2 

fixation. This is particularly important under environmental stress conditions in 

which the ATP demand is increased (Horvath et al., 2000). SDRs catalyze the 

NADPH-dependent reduction of aldehyde groups in both saturated and 

unsaturated aldehyde compounds in chloroplasts. AtSDR1 can positively regulate 

plant defenses against a broad spectrum of pathogens (Choi et al., 2008).  
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Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a classical central 

glycolytic protein, catalyzing the conversion of glyc-eraldehyde-3-phosphate to 

1,3-biphosphoglycerate in the presence of NAD+ and inorganic phosphate. In the 

past decade, it has been reported to be involved in several non-metabolic 

processes, including transcription activation, maintenance of DNA integrity and 

apoptosis initiation (see review (Nicholls et al., 2012)). The Arabidopsis homolog 

cytosolic GAPC1 was detected to be upregulated in both virulent and avirulent 

pathogen treatments. Previous study has found that GAPC1 translocated to 

nuclear under oxidative stress condition imposed by cadmium treatment in 

Arabidopsis though its function in nuclear was unclear (Vescovi et al., 2013). 

GAPDH also contains active site cysteines which could rapidly become the 

target of both reversible and irreversible thiol modifications to inhibit its enzyme 

activity in glycolysis and lead to the re-routing of the metabolic flux or activating 

its non-metabolic functions (Brandes et al., 2009).  

5.2.3.1.3 Others 

Upon the pathogen infection, many proteins that might play a role in signaling or 

gene regulation were also identified, including a histone H2A, several 

RNA-binding proteins and transcription factors, such as chlorophyll A-B binding 

family protein (LIL3:1), LOW EXPRESSION OF OSMOTICALLY 

RESPONSIVE GENES 4 (LOS4) , and leucine-rich repeat family protein. Besides, 

a calcium-dependent lipid-binding transcriptional regulator (AtCLB) was induced 

in the early pathogen response. Although AtCLB acts as an negative regulator in 

abiotic stress of salt and drought, it was found to bind specifically to ceramide 

which plays an important role as second messengers in processes such as 

programmed cell death in plants (Liang et al., 2003; de Silva et al., 2011). In 

addition, cyclase associated protein 1, a key regulator of actin organization and 

development that are implicated in various signal transduction pathways, was 

identified as a pathogen-induced protein. Its abundance was also found to increase 

following salt or sorbitol treatments (Ndimba et al., 2005), suggesting changing in 
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cell volume or division is one of the early responses of cells to biotic and abiotic 

stresses.  

5.2.3.2 Redox-sensitive proteins during the plant-pathogen interactions 

5.2.3.2.1 Metabolism  

More than one dozen of redox-sensitive proteins are classified into metabolisms, 

which include three beta galactosidases (BGALs), two enzymes with glycosyl 

hydrolase activity, and the proteins in starch and acetyl-CoA metabolic processes 

and amino acid biosynthesis. The plant β-galactosidases play important roles in 

the metabolism of galactosyl conjugates during carbohydrate reserve mobilization 

and cell wall expansion and degradation (Esteban et al., 2003; de Alcantara et al., 

2006). The Arabidopsis genome contains 17 predicted β-galactosidase genes, all 

of which belong to glycosyl hydrolase family 35 (Gantulga et al., 2009). The three 

BGALs identified in the study were BGAL1, BGAL6 and BGAL9. The cysteine 

residue identified in the peptide of BGAL1 (FASFGTPEGTCGSYR) is 

homologous to that identified in the peptide of BGAL9 (GSCDGFSIGK), which 

is within a conserved D-galactoside/L-rhamnose binding SUEL lectin domain. 

Also the cysteine residue identified in BGAL6 is within galactose-binding domain. 

It is likely that the oxidative modification of BGAL in certain binding domain 

causes the conformational change of the protein to regulate its binding with the 

ligands. In the study, BGAL1 and BGAL6 became oxidized after 3 hrs of virulent 

pathogen treatment, while BGAL9 was reduced. The different redox regulation of 

BGLAs suggests that different subfamily may play different roles in the pathogen 

defense responses and further study need to be conducted for full functional 

characterization of these proteins in disease resistance. Another two glycosyl 

hydrolase family proteins were highly oxidized. One is SENSITIVE TO 

FREEZING 2 (SFR2) that was recently shown to have transferase activity 

(Moellering and Benning, 2011). It is located on the chloroplast outer envelope 

membrane and was shown a role in protection of the chloroplast in freezing 

(Fourrier et al., 2008).  
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Earlier studies have suggested that many starch metabolic enzymes are 

redox-regulated by thiol/disulfide exchange to regulate starch biosynthesis and 

degradation cycle (Glaring et al., 2012). One protein identified in the study was 

limit dextrinase (AtLDA) which is involved in the hydrolysis of the α-1,6 linkages 

during starch degradation. It has previously been identified as redox-sensitive in 

vitro in spinach (Schindler et al., 2001) and wheat (Repellin et al., 2008). And the 

loss of its activity by CuCl2 could be recovered by the treatment of DTT (Glaring 

et al., 2012). The cysteine residue (Cys285) identified in the study was further 

predicted to form a disulfide bond with Cys743 by DiANNA 

(http://clavius.bc.edu/~clotelab/DiANNA/), further hinting its activity regulation 

by oxidation–reduction reaction.  

5.2.3.2.2 Photosynthesis 

Chloroplasts are key players in plant defense, as the loss of integrity of PSII may 

lead to the HR-associated oxidative burst; thus, plant have evolved sophisticated 

redox regulation systems to protect cell from the potential oxidative damage 

caused by pathogen attack. Many redox-sensitive proteins in chloroplasts regulate 

enzyme activity by reduction of regulatory disulfides in target enzymes. Five 

proteins involved in photosynthesis were found redox-regulated during the 

pathogen infection. Among them, three proteins were reduced, including outer 

envelope protein of a 80 kDa rubredoxin-like superfamily protein and low PSII 

Accumulation 3; and two were oxidized including high chlorophyll fluorescence 

101 (HCF101) and hydroxypyruvate reductase. Rubredoxins are [1Fe-0S] proteins 

in which one iron atom is coordinated by four conserved cysteine residues 

forming an almost regular tetrahedron. The identified cysteine residue (Cys102) is 

the first conserved cysteine within one loop of the protein (Day et al., 1992). Most 

studies have shown that rubredoxins act as electron carriers in a variety of 

biochemical processes including detoxification of reactive oxygen species (Kurtz, 

2004; Fritsch et al., 2011) and fatty acid metabolism (Calderon et al., 2013). The 

http://clavius.bc.edu/~clotelab/DiANNA/
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identified rubredoxin-like protein is a membrane-bound rubredoxin that is found 

exclusively in PSII-containing organisms and is essential for PSII assembly or 

stability (Calderon et al., 2013). The protein HCF101 has been shown to be 

essential for the accumulation of the membrane complex PSI and the soluble 

ferredoxin-thioredoxin reductases (Schwenkert et al., 2009) which play an 

important role in redox regulation in chloroplasts. The cysteine residue 

(underlined) identified is present in the highly conserved P-loop domain of the 

plant HCF101 (ISNIIAVSSCK), although it is not essentially required for Fe/S 

cluster-binding (Schwenkert et al., 2009). This might indicate that there has been a 

change-of-function for this domain in the defense response though oxidative 

modifications.  

5.2.3.2.3 Others 

Many proteins that were identified as redox-sensitive proteins are classified into 

many other biological processes, such as proteolysis, transport, translation, 

development and stress responses. UV RESISTANCE LOCUS 8 (UVR8), whose 

abundance was also found to increase under the treatments, was identified as 

redox-sensitive, as well as EARLY-RESPONSIVE TO DEHYDRATION 4. 

UVR8, a UV-B photoreceptor that mediates UV-B photomorphogenic responses is 

located in both nucleus and cytosol. Under UV-B radiation, URV8 protein 

converses from a homodimer to a monomer that interacts with downstream 

signaling components (such as CONSTITUTIVELY PHOTOMORPHOGENIC 1 

(COP1), ELONGATED HYPOCOTYL5 (HY5) transcription factor) to regulate 

target genes expression (Binkert et al., 2014; Huang et al., 2014). Although 

recently studies have demonstrated that two arginines in the protein (R286 and 

R338) play pivotal roles in dimer-stabilizing, the mechanism of quickly 

regeneration of dimeric UVR8 after UV-B exposure in vivo is unclear (Heilmann 

and Jenkins, 2013; Huang et al., 2014). The identification of UVR8 reduction 

during pathogen infection provides a possibility that the rapid conversion between 

dimer and monomer may be caused by thiol/disulfide exchange. Other proteins 
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identified in the study include four proteins participating in proteolysis or protein 

folding, three proteins in redox regulation and two proteins in translation. 

ASPARTIC PROTEASE IN GUARD CELL 1(ASPG1) which was identified as 

the target of thioredoxin (Trx) in two proteome studies (Marchand et al., 2004; 

Marchand et al., 2006) was reduced under avirulent pathogen infection, indicating 

that the protein takes part in the defense response through a Trx-dependent 

oxidative modification manner, though its function in disease response remains 

elusive. Besides, a thioredoxin superfamily protein was also reported to be 

S-nitrosylated in Arabidopsis undergoing hypersensitive response 

(Romero-Puertas et al., 2008). 
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Table 5.1 Up- or down-regulated proteins in the infected leaves of different 

treatment. 

Protein IDa) Protein description Functional categorization Localization Ratio(T/C) 

Pst DC3000 

avrRpm1-1h     

AT3G20670.1 HTA13 histone H2A 13   DNA binding nucleus 0.31  

AT1G12800.1 Nucleic acid-binding, OB-fold-like protein   RNA binding plastid 1.91  

AT5G35170.1 adenylate kinase family protein   nucleotide binding plastid 0.54  

AT3G58140.1 phenylalanyl-tRNA synthetase class IIc family protein   RNA processing plastid 3.55  

AT3G12145.1 FLR1 Leucine-rich repeat (LRR) family protein   trancription factor binding extracellular 2.13  

AT3G61050.1 
NTMC2TYPE4 Calcium-dependent lipid-binding (CaLB domain) 

family protein   
transcriptional regulator plasma membrane 3.02  

AT5G57290.1 60S acidic ribosomal protein family   translation cytosol 0.54  

AT2G40290.1 Eukaryotic translation initiation factor 2 subunit 1   translation cytosol 0.33  

AT2G39990.1 EIF2 eukaryotic translation initiation factor 2   translation cytosol,nucleus 2.00  

AT5G52560.1 ATUS UDP-sugar pyrophosphorylase   metabolism cytosol 0.41  

AT1G12900.1 GAPA-2 glyceraldehyde 3-phosphate dehydrogenase A subunit 2   metabolism plastid 0.53  

AT5G17380.1 
Thiamine pyrophosphate dependent pyruvate decarboxylase family 

protein   
metabolism peroxisome 0.56  

AT2G45790.1 ATPMM phosphomannomutase   metabolism 
cytosol, 

mitochondrion 
0.51  

AT5G48810.1 ATB5-B cytochrome B5 isoform D   
metabolism, response to 

bacterium 

endoplasmic 

reticulum 
1.83  

AT1G08110.1 lactoylglutathione lyase family protein / glyoxalase I family protein   metabolism,response to Cd cytosol 2.13  

AT4G35630.1 PSAT phosphoserine aminotransferase   amino acid biothynsis plastid 0.43  

AT2G22780.1 PMDH1 peroxisomal NAD-malate dehydrogenase 1   fatty acid metabolism peroxisome 1.85  

AT3G63170.1 ATFAP1 FATTY-ACID-BINDING PROTEIN 1   fatty acid metabolism. plastid 1.82  

AT4G29010.1 AIM1 Enoyl-CoA hydratase/isomerase family   fatty acid metabolism. peroxisome 15.74  

AT4G17090.1 CT-BMY chloroplast beta-amylase   starch catabolic process plastid 1.81  

AT5G12040.1 
Nitrilase/cyanide hydratase and apolipoprotein N-acyltransferase 

family protein   
nitrogen metabolism plastid 3.67  

AT2G20270.1 Thioredoxin superfamily protein   redox plastid 0.45  

AT2G35010.1 ATO1 thioredoxin O1   redox mitochondrion 0.39  

AT4G16155.1 dihydrolipoyl dehydrogenases   redox cytosol 1.90  

AT3G04120.1 GAPC glyceraldehyde-3-phosphate dehydrogenase C subunit 1   redox cytosol 2.03  

AT4G35000.1 APX3 ascorbate peroxidase 3   redox peroxisome 1.82  

AT4G37925.1 
NDH-M subunit NDH-M of NAD(P)H:plastoquinone 

dehydrogenase complex   
oxidation reduction plastid 2.43  

AT2G25450.1 
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily 

protein   
oxireductase cytosol 0.41  

AT2G44100.1 ATGDI1 guanosine nucleotide diphosphate dissociation inhibitor 1   protein transport plasma membrane 2.21  

AT3G08530.1 Clathrin, heavy chain   protein transport cytosol 2.42  

AT2G10940.1 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S lipid transport extracellular 0.51  
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albumin superfamily protein   

AT5G47200.1 ATRAB1A RAB GTPase homolog 1A   transport 
endoplasmic 

reticulum,golgi 
1.92  

AT2G16950.1 TRN1 transportin 1   transport nucleus 2.07  

AT1G01790.1 KEA1 K+ efflux antiporter 1   transport plastid 2.52  

AT4G36760.1 ATAPP1 aminopeptidase P1   transport,metabolism peroxisome 7.19  

AT4G30920.1 Cytosol aminopeptidase family protein   proteolysis plastid 0.55  

AT5G08260.1 scpl35 serine carboxypeptidase-like 35   proteolysis vacuole 0.55  

AT5G07030.1 Eukaryotic aspartyl protease family protein   proteolysis extracellular 0.31  

AT3G52500.1 Eukaryotic aspartyl protease family protein   proteolysis extracellular 3.20  

AT5G26360.1 TCP-1/cpn60 chaperonin family protein   protein folding cytosol 0.39  

AT5G61780.1 Tudor2 TUDOR-SN protein 2   response to Cd nucleus 3.45  

AT2G26560.1 PLA2A phospholipase A 2A   response to pathogen cytosol 9.15  

AT3G27890.1 NQR NADPH:quinone oxidoreductase   
response to pathogen and 

salt 
mitochondrion 2.22  

AT2G29450.1 ATGSTU5 glutathione S-transferase tau  5   response to oxidative stress cytosol 0.56  

AT1G64790.1 ILA ILITYHIA   response to pathogen vacuole,golgi 2.83  

AT5G63860.1 UVR8 ultraviolet-B receptor UVR8 response to UV cytosol,nucleus 1.90  

AT3G21055.1 PSBTN photosystem II subunit T   photosynthesis plastid 0.57  

ATCG00430.1 PSBG photosystem II reaction center protein G   photosynthesis plastid 3.50  

AT5G53140.1 Protein phosphatase 2C family protein   protein dephosphorylation mitochondrion 0.57  

AT1G48630.1 RACK1B_AT receptor for activated C kinase 1B   root development cytosol 0.47  

AT4G34490.1 ATCAP1 cyclase associated protein 1   
actin organisation and 

development. 

cytosol,plasma 

membrane 
0.29  

AT5G66040.1 STR16 sulfurtransferase protein 16   aging peroxisome 1.93  

AT2G45060.1 unknown unknown nucleus 0.52  

AT5G39570.1 unknown unknown 
nucleus,plasma 

membrane 
2.71  

Pst DC3000 avrRpm1-3h 
    

AT1G56190.1 Phosphoglycerate kinase family protein   metabolism plastid 0.45  

AT1G12900.1 GAPA-2 glyceraldehyde 3-phosphate dehydrogenase A subunit 2  metabolism plastid 0.53  

AT5G47840.1 AMK2 adenosine monophosphate kinase   Purine metabolism plastid 0.53  

AT1G76680.1 OPR1 12-oxophytodienoate reductase 1   fatty acid metabolism cytosol 0.53  

AT3G19450.1 CAD4 CINNAMYL ALCOHOL DEHYDROGENASE 4 
metabolism, defense 

response 
cytosol 1.94  

AT4G08870.1 ARGININE AMIDOHYDROLASE 2  
metabolism, defence 

response 
mitochondrion 3.99  

AT4G17600.1 LIL3:1 Chlorophyll A-B binding family protein   transcription regulation  plastid 0.54  

AT1G29880.1 glycyl-tRNA synthetase / glycine--tRNA ligase   translation mitochondrion 0.57  

AT3G18490.1 Eukaryotic aspartyl protease family protein   proteolysis extracellular 1.85  

AT2G26740.1 ATSEH soluble epoxide hydrolase   
response to auxin and water 

loss 
cytosol 2.01  

AT3G04120.1 GAPC glyceraldehyde-3-phosphate dehydrogenase C subunit 1   defense response  cytosol 2.25  

AT2G21250.1 NAD(P)-linked oxidoreductase superfamily protein   oxioreductase cytosol 2.26  
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AT5G39570.1 unknown unknown 
nucleus,plasma 

membrane 
9.21  

AT1G16080.1 unknown unknown plastid 4.54  

Pst 

DC3000-3h     

AT2G25970.1 KH domain-containing protein   RNA binding nucleus 0.55  

AT3G53110.1 
LOS4 P-loop containing nucleoside triphosphate hydrolases 

superfamily protein   

transcription, response to 

temperature 
cytosol,nucleus 2.54  

ATCG00770.1 RPS8 ribosomal protein S8   translation plastid 2.07  

AT3G08740.1 elongation factor P (EF-P) family protein   translation plastid 2.24  

AT1G43170.1 ARP1 ribosomal protein 1   translation, development  cytosol 0.55  

AT5G53850.2 haloacid dehalogenase-like hydrolase family protein   metabolism cytosol 0.57  

AT5G49810.1 MMT methionine S-methyltransferase   metabolism cytosol 0.48  

AT4G12060.1 Double Clp-N motif protein   tryptophan catabolic process plastid 0.56  

AT5G18170.1 GDH1 glutamate dehydrogenase 1   amino acid metabolism mitochondrion 0.47  

AT4G35630.1 PSAT phosphoserine aminotransferase   serine biosynthesis plastid 0.50  

AT1G12050.1 fumarylacetoacetase, putative   tyrosine catabolism. vacuole,golgi 0.47  

AT4G35260.1 IDH1 isocitrate dehydrogenase 1   metabolism mitochondrion 1.86  

AT3G12290.1 Amino acid dehydrogenase family protein   metabolism cytosol 1.88  

AT1G17745.1 PGDH D-3-phosphoglycerate dehydrogenase   
L-serine biosynthetic 

process 
plastid 3.55  

AT1G11840.1 ATGLX1 glyoxalase I homolog   metabolism cytosol 2.76  

AT2G43560.1 FKBP-like peptidyl-prolyl cis-trans isomerase family protein   photosynthesis plastid 0.41  

AT3G21055.1 PSBTN photosystem II subunit T   photosynthesis plastid 0.50  

AT5G53490.1 thylakoid lumenal protein-17.4  photosynthesis plastid 0.54  

AT2G39470.1 PPL2 PsbP-like protein 2   photosynthesis plastid 0.55  

AT4G04950.1 thioredoxin family protein   redox cytosol 1.83  

AT4G29670.1 ACHT2 atypical CYS  HIS rich thioredoxin 2   redox plastid 2.31  

AT4G35000.1 APX3 ascorbate peroxidase 3   redox peroxisome 3.12  

AT2G25450.1 
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase superfamily 

protein   
oxireductase cytosol 0.36  

AT3G61220.1 SDR1 SHORT-CHAIN DEHYDROGENASE/REDUCTASE 1 oxidation reduction cytosol 2.13  

AT5G61780.1 Tudor2 TUDOR-SN protein 2   response to salt stress nucleus 2.63  

AT4G04020.1 FIB fibrillin   response to ABA plastid 2.04  

AT5G24770.1 ATVSP2 vegetative storage protein 2   response to oxidative stress extracellular 2.14  

AT1G73230.1 Nascent polypeptide-associated complex NAC   response to salt stress nucleus 0.38  

AT1G66240.1 ATATX1 homolog of anti-oxidant 1   metal ion transport plasma membrane 0.37  

AT1G72160.1 Sec14p-like phosphatidylinositol transfer family protein   transport cytosol 0.53  

AT3G15980.1 Coatomer, beta' subunit   transport cytosol 5.87  

AT2G16950.1 ATTRN1 transportin 1   transport nucleus 8.43  

AT4G30920.1 Cytosol aminopeptidase family protein   proteolysis plastid 0.42  

AT3G18190.1 TCP-1/cpn60 chaperonin family protein   protein folding cytosol 2.49  

AT4G24820.1 
26S proteasome, regulatory subunit Rpn7;Proteasome component 

(PCI) domain   
champerone cytosol,nucleus 0.57  
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AT5G44340.1 TUB4 tubulin beta chain 4   cytoskeloton cytosol 2.03  

AT1G20960.1 emb1507 U5 small nuclear ribonucleoprotein helicase, putative   development nucleus 1.97  

AT5G42080.1 ADL1 dynamin-like protein   cell division, development cytosol 1.86  

AT1G12310.1 Calcium-binding EF-hand family protein   unknown cytosol 0.49  

AT2G44310.1 Calcium-binding EF-hand family protein   unknown nucleus 2.13  

AT1G64790.1 ILA ILITYHIA   unknown vacuole,golgi 7.08  

AT5G01650.1 Tautomerase/MIF superfamily protein   unknown cytosol 0.48  

AT1G62780.1 unknown unknown plastid 0.57  

AT3G20680.1 unknown unknown plastid 0.54  

AT5G39570.1 unknown unknown 
nucleus,plasma 

membrane 
4.45  

a) Proteins regulated in both DC3000 and avrRpm1 treated samples are marked 

in bold.  
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Table 5.2 The list of putative redox-sensitive peptides upon pathogen infection 

Protein IDa) Protein description Functional categorization Localization Peptide sequence 
Normalized 

ratio 

Pst DC3000 avrRpm1-1hr 
    

AT1G78060 Glycosyl hydrolase family protein metabolism extracellular K.TLLGNYAGPPCK.T 9.22  

AT5G38530 TSBtype2|tryptophan synthase beta type 2 metabolism plastid R.AVEPSACPSLTK.G 1.98  

ATCG00470 ATPE|ATP synthase epsilon chain ATP synthesis plastid M.TLNLCVLTPNR.L 3.63  

AT1G68010 ATHPR1|hydroxypyruvate reductase photorespiration peroxisome R.WINLLVDQGCR.V 2.44  

AT1G73060 LPA3|Low PSII Accumulation 3 photosynthesis plastid K.QTDGSFACVAESPTR.F 0.48  

AT1G30360 ERD4|Early-responsive to dehydration stress protein (ERD4)  stress response plasma membrane K.TGFCGLVGK.Q 2.89  

Pst DC3000 avrRpm1-3hr 
    

AT2G32810 BGAL9|beta galactosidase 9 metabolism vacuole R.GSCDGFSIGK.C 0.12  

AT4G31840 ENODL15|early nodulin-like protein 15 metabolism extracellular K.LDQAGPVYFVSGTEGHCQK.G 2.25  

AT5G63860 UVR8|Regulator of chromosome condensation (RCC1) family protein cell division, response cytosol,nucleus K.VVQVSCGWR.H 0.47  

AT3G18490 ASPG1|Eukaryotic aspartyl protease family protein proteolysis extracellular K.SLTCSAPQCSLLETSACR.S 0.55  

AT1G02305 Cysteine proteinases superfamily protein proteolysis vacuole R.TAWSQCTSIGR.L 2.32  

ATCG00470 ATPE|ATP synthase epsilon chain ATP synthesis plastid M.TLNLCVLTPNR.L 1.91  

AT4G01310 Ribosomal L5P family protein translation plastid K.IVVNCGIGDAAQNDK.G 2.03  

AT1G54500 Rubredoxin-like superfamily protein photosynthesis plastid K.FAVLNTGIYECR.S 0.48  

AT4G19880 Glutathione S-transferase family protein unknown plastid R.YICGNTLTETDIR.L 1.98  

AT1G21670 unknown unknown extracellular R.FGPSCSIQDFK.T 2.21  

Pst DC3000-3hr 
     

AT5G27540 MIRO1|MIRO-related GTP-ase 1 development mitochondrion R.YAAGAVDCPGSPK.S 2.96  

AT5G19620 ATOEP80|outer envelope protein of 80 kDa development plastid R.GLVCENANVLPSK.F 0.15  

AT3G10380 SEC8|subunit of exocyst complex 8 development cytosol K.VAAAGAIICQK.L 0.31  

AT3G52960 Thioredoxin superfamily protein redox response plastid K.KTILFAVPGAFTPTCSQK.H 2.08  
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AT2G27680 NAD(P)-linked oxidoreductase superfamily protein oxidation reduction plastid R.MAQLCELTGVK.L 1.95  

AT5G08280 HEMC|hydroxymethylbilane synthase metabolism plastid R.AFLETLDGSCR.T 0.51  

AT5G51970 putative sorbitol dehydrogenase metabolism cytosol K.AVGICGSDVHYLK.T 0.51  

AT4G32520 SHM3|serine hydroxymethyltransferase 3 metabolism plastid R.AVMEAVGSCLTNK.Y 1.92  

AT3G13750 BGAL1|beta galactosidase 1 metabolism extracellular K.FASFGTPEGTCGSYR.Q 2.01  

AT3G13750 BGAL1|beta galactosidase 1 metabolism extracellular K.SGACSAFLANYNPK.S 2.04  

AT2G32810 BGAL9|beta galactosidase 9 metabolism vacuole R.GSCDGFSIGK.C 0.27  

AT5G63800 BGAL6|Glycosyl hydrolase family 35 protein 
metabolism, beta-glucosidase and 

galactosyltransferase activity 
extracellular K.VQISCGGTKPIDLSR.S 3.50  

AT3G06510 SFR2|Glycosyl hydrolase superfamily protein 
metabolism, beta-glucosidase and 
galactosyltransferase activity 

plastid K.ETPCSAEEAEAADKK.A 4.35  

AT1G78060 Glycosyl hydrolase family protein metabolism extracellular K.TLLGNYAGPPCK.T 8.58  

AT1G78060 Glycosyl hydrolase family protein metabolism extracellular R.VNGIPSCADPNLLTR.T 8.59  

AT1G78060 Glycosyl hydrolase family protein metabolism extracellular K.AGMDVNCGSYLQK.H 6.04  

AT5G04360 ATLDA|limit dextrinase metabolism plastid K.LETCYANDPYAR.G 2.04  

AT1G05850 ATCTL1|Chitinase family protein metabolism plasma membrane K.YPCSPGAEYYGR.G 2.36  

AT2G42910 Phosphoribosyltransferase family protein 
metabolism, nucleotide biosynthetic 

process 
cytosol K.LLDHYPTVVCTK.V 2.50  

AT4G31840 ENODL15|early nodulin-like protein 15 
metabolism, acetyl-CoA metabolic 
process 

extracellular K.LDQAGPVYFVSGTEGHCQK.G 3.23  

AT4G24220 VEP1|NAD(P)-binding Rossmann-fold superfamily protein metabolism peroxisome K.NEAFNCNNADIFK.W 2.16  

AT2G40290 Eukaryotic translation initiation factor 2 subunit 1 translation cytosol R.VSEEDIQTCEER.Y 2.69  

AT4G01310 Ribosomal L5P family protein translation plastid K.IVVNCGIGDAAQNDK.G 3.08  

AT3G52500 Eukaryotic aspartyl protease family protein proteolysis extracellular R.YLCSGCDFSGLDPTLIPR.F 3.65  

AT1G55490 CPN60B|chaperonin 60 beta folding plastid K.MSVEFDNCK.L 2.17  

AT4G12830 HCF101|protein high chlorophyll fluorescence 101 assembles [4Fe-4S] clusters plastid R.ASDKPLTSCGPYK.M 6.38  

AT3G24430 HCF101|protein high chlorophyll fluorescence 101 assembles [4Fe-5S] clusters plastid R.ISNIIAVSSCK.G 3.03  

AT1G73060 LPA3|Low  PSII Accumulation 3 photosynthesis plastid K.QTDGSFACVAESPTR.F 0.55  
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AT1G30360 ERD4|Early-responsive to dehydration stress protein (ERD4) unknown plasma membrane K.TGFCGLVGK.Q 2.14  

AT5G65810 unknown unknown golgi K.ITGDYSCTAEVQR.A 
2.96  

a) Proteins regulated in both DC3000 and avrRpm1 treated samples are marked in bold. 
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Fig. 5.1 Experimental workflow of reciprocal nitrogen isotope labeling. 

Arabidopsis (Col-0) plants were grown in the media with either 
14

N-containing 

or >98% 
15

N-enriched KNO3 and NH4NO3 as sole nitrogen sources. In replicate 1, 

plants grown in 
14

N medium were pathogen infected, whereas plants labeled with 

15
N were treated as mock; in replicate 2, labeling was reversed. Following sample 

collection and mixing in equal ratios, proteins were extracted, biotin-HPDP tagged, 

digested, enriched and analyzed by LC-MS/MS.  
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Fig. 5.2 H2O2 accumulation in Arabidopsis leaves after Pst DC3000 avrRpm1 

and Pst DC3000 treatment (spraying with bacterial suspension of OD600=0.2). a, 

control; b-d, 1hr (b), 2hr (c), and 3hr (d) after treatment with Pst DC3000 

avrRpm1; e-g, 1hr (e), 2hr (f), and 3hr (g) after treatment with Pst DC3000.  
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Fig. 5.3 Ratio distribution of cysteine-containing peptides and total proteins. 

The log2-transformed ratios of 1:1 mixture of untreated 15N-labeled and normal 

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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Fig. 5.4 Subcellular localization of pathogen-responsive proteins.  
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Chapter 6 General conclusions and perspectives 

Biotic and abiotic stresses are major causes of yield loss in crop production.   

Understanding the mechanism of the plant stress response will help to improve 

crop stress tolerance. The cellular redox status has increasingly been recognized 

as an important signal in mediating stress response pathways. However, how 

redox signals are perceived and transduced into physiological responses in plants 

remains elusive. Identification of redox-sensitive proteins is a key step for 

studying molecular mechanisms of redox signaling and its role in mediating 

biological pathways in plants.  

In my study, OxiTRAQ was developed to detect redox-sensitive proteins and 

cysteines in a complex protein mixture. In this approach, reversibly oxidized 

cysteine thiol groups are labeled by a cleavable biotinylated thiol-reactive reagent. 

The biotin-tagged cysteine-containing peptides are affinity-purified and quantified 

using iTRAQ technology. The OxiTRAQ method combines the advantages of 

both the cysteine-containing peptide enrichment technique and the iTRAQ 

quantitative method for studying redoxomes. Enrichment of biotinylated peptides 

and subsequent removal of the biotin tag enhance detection sensitivity and up to 

eight samples can be quantified in a single MS analysis. Although this method 

was developed using Arabidopsis, it can be applied to other experimental 

materials. OxiTRAQ provides a sensitive, inexpensive, site-specific, and 

quantitative proteomic method for studying redox proteomes. 

Using OxiTRAQ method, more than one hundred proteins that underwent 

oxidative modifications in the H2O2-treated Arabidopsis cells were identified. 

Many of these proteins, including several transcription factors, were not identified 

by previous redox proteomics studies. Furthermore, putative redox-sensitive 

proteins were also identified and quantified in the Arabidopsis cells with two 

inducers of plant immunity, salicylate and flg22 that are known to affect cellular 

redox homeostasis. Some of these redox-sensitive proteins were identified from 
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one of these two treatments whereas others were found oxidized in response to 

both treatments, suggesting overlapping and distinct pathways in the salicylate- 

and flg22-mediated redox control. The salicylate treatment apparently caused 

more pronounced perturbation of cellular redox homeostasis than the fl22 

treatment since a larger number of oxidized proteins were identified from the 

salicylate-treated cells. Among the redox-sensitive proteins identified in the study 

include many regulatory proteins such as chromatin remodeling proteins, 

transcription factors, mRNA processing proteins, and those involved in translation 

and post-translational modifications.  

For further understanding the role of redox signaling in plant defense response, 

in vivo metabolic labeling proteomics method combined with modified 

biotin-switch technique was used which can decrease experimental variations as 

different samples can be pooled together for joint processing at the early step. The 

proteins changes in total abundance and post-translational oxidative modifications 

were identified in Arabidopsis seedlings upon virulent and avirulent pathogen 

infection. Among the changed proteins, most of the metabolic enzymes and all the 

proteins involved in photosynthesis were downregulated, while proteins 

participating in redox regulation and stress response were upregulated. The 

redox-sensitive proteins identified in the study involved in various biological 

processes, including primary metabolism, photosynthesis, translation, proteolysis 

and redox regulation.  

Comparing the redox proteome data with published transcriptome data, the 

results showed that a substantial portion of genes which have functions in defense 

response, transcription and cell signaling were induced, also a potion of proteins 

in these categories showed redox-regulated in posttranslational modification at 

early stage. This defense response implies that the early responsive 

redox-sensitive proteins may sense the stress signal and regulate the protein’s 

function and/or mediate relevant genes transcription for further long-time 

protection. Transcriptome analysis generated a number of unknown genes and 

many genes were suppressed by H2O2, while a few unknown proteins were 
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identified and were reduced in proteomics study. Therefore, to obtain a global 

picture of redox regulation in stress response, systems biology technique in 

different level can be used together.  

The identification of the target proteins of oxidative stress is the first step for 

understanding the connection between oxidative stress and its physiological 

consequences. The global protein/peptide data collected from redox proteomics 

experiments will provide a useful starting point for concise analyses of the role of 

protein redox modifications in the complex cellular networks and will be helpful 

for understanding the role of oxidative stress and redox signaling in plant stress 

response.  

As a complement to large-scale protein identification by shotgun proteomics 

methods, multiple reaction monitoring (MRM), a targeted mass spectrometry 

technique, can be developed as a verification tool in a targeted manner to quantify 

virtually any specific cysteine or protein. Besides, this method can also be used for 

comprehensively assessing the dynamic changes in site-specific oxidation states 

of targeted regulators in signalling network under numerous oxidation conditions. 

Furthermore, a new method called SWATH MS (Sequential Window Acquisition 

of all Theoretical Mass Spectra), which combines the advantages of shotgun 

proteomics and MRM that a large number of proteins can be measured in per 

LC-MS/MS run, has been developed recently. It will become a more effective tool 

for redox-sensitive proteins quantification in the future.  

In addition to identifying redox-sensitive proteins involved in the biotic stresses, 

abiotic stresses, such as drought, salt, and temperature stresses, mediated by stress 

hormone ABA, can also be used to identify proteins that undergo oxidative 

modifications. To obtain a deeper insight into the redox signalling in plants, 

specific organelles, such as mitochondria, chloroplasts, and nuclei etc, can be 

purified for redox-sensitive proteins identification under certain redox-perturbing 

treatments.  

The identified putative redox-sensitive proteins that more likely function in 

regulating physiological responses to biotic and abiotic stresses will be selected 
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for further functional characterization. Site-directed mutagenesis in the 

redox-sensitive cysteine residues can be employed to determine the protein’s 

redox-regulated functional roles. And other molecular and genetic tools can be 

used for more in-depth analysis of the roles of the proteins in regulating oxidative 

stress responses.  
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