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vi | Summary

SUMMARY

Nitric oxide (NO) is a signaling molecule that regulates various biological processes in plants.
NO accumulation and downstreaNO signaling plays an important role in plant defense
responses. -8itrosoglutathione reductase (GSNOR) is an enzyme that can metabolize the
physiological NO donor -Bitrosoglutathione (GSNO). However, an exact enzymatic source for
NO production during theefense response in plants is not known. Hence most of the studies to
understand NO mediated signaling in the plants have made use of chemicals that can donate NO
moiety. Reports on fumigating plants with NO gas to understand its effect on plant physiolog
and NO signaling are limited. In this context, we have performed atéwngfumigation of
Arabidopsis thalianawild type (WT) andGSNORknockout mutant &tgsnorKO) plants with
different NO concentrations (up to 3 ppm) to study its impact on plantigibgg and to
investigate the role of GSNOR ragulating phytotoxic effects of NO fumigatidRosettes of the
plantsgrown under ambient conditions developed red senescence phenotype due to anthocyanin
accumulationAccumulation of athocyanin was assoté with the nitrogen (N) deficiency in

the soil. Plants fumigated with NO showed delayed red senescence and reduced anthocyanin
accumulation in both WT anétgsnorKO plants. Though there was an increase in the
nitrosothiol content after NO fumigation, G®R accumulation and its activity remained
unaffected suggesting that this enzyme has no regulatory role under these conditions. Analyses
of transcriptome, proteome and metabolites showed that the plants fumigated with 3 ppm NO
used exogenous NO gas to cpemsate for the declining N metabolites received from the soil.
Class 1 norsymbiotic hemoglobin (GLB1) is known txidize NO into nitrate during hypoxic

stress. Our studies showed that not only GLB1 but also class -8yndriotic hemoglobin
(GLB2) can médiate oxidation of NO to nitrate during NCfumigation Moreover,generated

nitrate wasused by the plants for Massimilationwhich resulted inenhanced growth and
development.After NO fumigation, plants overexpressir@gLB1 and GLB2 genes showed

enhanced @pwth of rosette and vegetative shoot compared to WT controls.

To summarize, our studies suggested a new pathway for the plants termedfastiN®
pathway wherein NO accumulation is used for the growth and development of the plants via
improved Nassimiation. Careful engineering of plants can probably raisefiX@ion pathway

to an economically important trait for the biomass production and improved crop vyield.




vii | Abbreviations

ABBREVIATIONS

2D-DIGE
ANOVA
AP

atgsnorKO

BSA

C
bCA1l
bCaA
cDNA
CO,
Col-0
DAG
DMF
DNA
FDR
FW
GLB
GLB1
GLB2
GLB1-Ox
glb1-RNAI
glb2-KO
GLB2Ox
GO

GSH
GSNO
GSNOR
HPLC
IS

JA
MDHAR

NEM
NIAZ2

Two dimensional difference gel electrophoresis
Analysis ofvariance

Alkaline phosphatase

T-DNA insertion mutant of $itrosoglutathione reductase
Bovine serum albumin

Carbon

Betacarbonic anhydrase 1

Betacarbonic anhydras2

Complementary deoxyribonucleic acid

Carbon dioxide

Columbia0

Days after germination

Dimethylformamide

Deoxyribonucleic acid

False discovery rate

Fresh weight

Non-symbiotic remoglobin

Class 1 norsymbiotic hemoglobin

Class2 nonsymbidic hemoglobin

Plants overexpressingass 1 norsymbiotic hemoglobin

RNAI silenced mutant plants of class 1 reymbiotic hemoglobin

Knock-out mutant plants of class 2 regmbiotic hemoglobin
Plants overexpresgsirclass 2 norsymbiotic hemoglobin
Gene Ontology

Glutathione

S-nitrosoglutathione

S-nitrosoglutathione reductase

High-performance liquid chromatography

Internal standard

Jasmonic acid

Monodehydroascorbateductase

Nitrogen

N-ethylmaleimide

Nitrate reductase 2




viii | Abbreviations

NiR1 Nitrite reductase 1

NO Nitric oxide

NO, Nitrogen dioxide

NOA Nitric oxide analyzer

NOD Nitric oxide degrading dioxygenase
NOy Nitrogen oxides

O, Oxygen

PAL Phenyalanine ammonia lyase

PAR Photosynthetically active radiation
PAP1 Production of anthocyanin pigment 1
PAP2 Production of anthocyanin pigment 2
PBS Phosphate buffered saline

PCR Polymerase chain reaction

PFD Photon flux density

ppb Partsperbillion

ppm Partpermillion

RIN RNA integrity number

RNA Ribonucleic acid

ROI Reactive oxygen intermediate
RSNO Nitrosothiol

RT Room temperature

SA Salicylic acid

SAG12 Senescencassociated gene 12
SDSPAGE Sodium dodecyl sulfate polgeylamide gel electrophoresis
WAG Weeks after germination

TF Transcription factor

uv Ultraviolet

Ws Wassilewskija

WT Wild type




ix | List of Figures and Tables

LIST OFFIGURESAND TABLES

LIST OF FIGURES

Figure 1- Pathway leading to Shitrosothiol (RSNO) formation................ccevvvvvviiiccceereeeennns 3
Figure 2i Function of proteirS-nitrosylation in plant stress reSponse............ccccceeeeceeeennn. 6
Figure 3i Regulation of Snitrosylation signaling mechanisSm...........cccvviiiiiiceciiiiiiieee e 8
Figure 4i NO-dioxygenase activity by GLBL...........ooooiiiiiiiiiiii e 13
Figure 5i Plant growth chambersfdNO treatment...............ooovviiiiiiiiccc e 29
Figure 6- Schematic of Agilent microarray analySiS...........ccovvuiiiiiiiieemie e 35
Figure 7- Schematic representation of ZMGE analySiS..........ccooeveiiiiiiiiiiicccs 38

Figure 8- Measured NO concentrations in the fumigation chambers (Short treatment)..51
Figure 9i Phenotype of the plants fumigatedwdifferent NO concentrations................... 52
Figure 10 Measured NO concentrations in the fumigation chambers (Long treatment).53

Figure 111 Rosette phenotype of the plants fumigated with high NO concentratian.......53

Figure 121 Nitrate, nitrite and ammonia contents in the soil extracts............cccceeeeeeeeenens 54
Figure 13/ Estimation of total nitrogen (N) and carbon (C) content in the.sail................ 55
Figure 14i Total anthocyanin content in the leaf rosette extracts.............covvvvvicennnn. 56
Figure 15 Total nitrate, nitrite and ammonia levels in plant rosettes............ccccccvvvvieennnee. 57
Figure 16- Detection of RSNO levels and proteimfrosylation levels in plant le@s........... 58
Figure 171 Response of GSNOR to NO fumigation..................ouvvvicoeeiieeeeceicee e 59
Figure 18- Differential gene expression in NO fumigated plants............ccccceeeiiieeereeeeennnnn. 60
Figure 19- Pie chart GO enriched Zold regulated genes.............cccccuvviiiiiieemiiiiiiiiiiieeeee 61
Figure 20i Numbering of the differentially regulated protein spots iRRIGE cel................ 66
Figure 21i Three experiment groups showingvay distribution of accumulated proteins..66
Figure 22- Pie chart GO enriche®-fold regulated proteins (cellular components)........... 67
Figure 23- Pie chart GO enriched Zold regulated proteins (biological processes).......... 68
Figure 24- Phenylpropanoid pathway and regulated genes in the pathway..................... 69
Figure 25 PAL transcript analysis and enzyme actiVity..........ccccoeeeeeriiiiccceee s 71

Figure 26/ Quantification of total kaempferol and quercetin content in rosette leaves....72
Figure 271 Quantification of SinapiniC acCid...............couiiiiiiiicien e, 73
Figure 281 RNA content in the plants treated with NQ............cccoiiiiiiiieeeiiieeee 74




x | List of Figures and Tables

Figure 291 Regulation of senescenessociated genes (MICrOaITay)..........ueeeeeeeeeeeeeeeeunnns 75
Figure 30i Semi RFPCR analysis 0BAGL2........coouviiiiiiiiiiiiie e 75
Figure 31- Protein content in the plants treated with NO.............ccooviviiiiee e, 76
Figure 32 Quantiication of chlorophyll a and b pigments in rosette leaves using HRLC76
Figure 33/ Quantification of carotenoidigments using HPLC.............cccooeiiiiiiiiieenn e, 77
Figure 34- Proposed pathway for aerial NO fixatian..............cccccuvvvvimmmniiciiiiiiiiiiiieeeeeeeee £ 8
Figure 35/ Transcript analysis of theLB1, GLB2, NIAZAndNiR1genes............ccccevvvvvvnnnnnn 79
Figure 36/ Phenotype of the plants with alter@&dlB expression fumigated with NO gas....80
Figure 37- Detection of RSNO levels in plant leaves with alte@d expression................ 83
Figure 38- Detection of nitrite content in plant with altered GLB expression................... 84
Figure 39- Detection of nitrate content in plants with altered GLB egpion....................... 84
Figure 40- Detection of ammonia content in plants with alteBd expression................... 85
Figure 41i PAL activity assay in planbsettes with altere@GLB expression.............ccc........ 86
Figure 42 Secondary metabolite content in plants with alt€&sé® expression.................... 87
Figure 43- Hemoglobin mediated incorporation of NO inteassimilation pathway............. 97
Figure 44i Antagonist role of hemoglobin during defense respanse..............ccccvvucemnnenn. 98

LIST OF TABLES

Table 11 List of plant lines used in this StUAY...........cccouuiiiiiiiiicee e 16
Table 2i Growth conditions for the plant growth chambers for NO treatment................. 30
Table 3i Reaction mix and steps involved in cDNA synthesis...........ccccvvviiiieeniiviiieeenee. 32
Table 4i PCR reaction mix and CYCler Program...........cccoeeeeeeeeeeeeiniiiiieseee e e e e e e e eeeeseeeeseeens 32
Table 5- Voltage and running parameters for first dimension isoelectric focusing........... 40
Table 6i Voltage and running parameters for second dimension electropharesis........... 41
Table 7i Typhoon scanning parameters for-BIIGE gelS........cccccceeeeeeeiiiivvviceeieeee e 41
Table 8- List of pathways influenced by NO treatment in WT plantS...............cceeevveeeennn. 63
Table 9- List of pathways influenced by NO treatmentigsnorKO plants................c........ 64
Table 10i Differential regulation pattern of the identified pro®in.............ccccceeeiiiiiccennnnnnd 65
Table 117 Growth parameters in the NO treated plants.............cccccuvvimmmnnniiiiiiiiiieeee, 81

Table 12i Ratios between 3 ppm and ambient NO fumigated plants.................cccoeeeennn. 85




xi | List of Figures and Tabléstroduction

LIST OF SUPPLEMENTARFIGURES

Supplementary Figure- Regulated genes in the phenylpropanoid pathway................... 119
Supplementary Figurei2Regulation oPAL3andPAL4genes (Microarray).........cceeeeeen... 119
Supplementary Figure-3Rosette size of the NO treated plants.............ccccovvvveeeeeeeeeee, 120
Supplementary Figurei4Rosette fresh weight of NO treated plants................ccccceev e, 120
Supplementary FigureiSRosette dry weight of NO treated plants............ccooooviviiiiceeen. 121
Supplementary Figurei6Vegetative shoot stem thickness of NO treated plants............ 121
Supplementary Figurei7Shoot length of NO treated plants..............cccovvvvviieeeee e, 122
Supplementary Figurei8Number of shoots on NO treated plants..............ccccvieceennnn. 122
Supplementary Figure-9Regulation ofPAPLtranscript (microarray).........ccccevvvvreeeererinn 123
Supplementary Figure X(Regulation obCAlandbCA2transcripts (microarray)............. 123
Supplementary Figure I1Regulation oMDHAR transcripts (microarray)..................uee... 123
Supplementary igure 121 Vegetative shoot of NO fumigated plants..................cccevveeeee. 124

LIST OFSUPPLEMENTARY TABLE

Supplementary Table-1List of DIGE gels with dyes assigned to each gi@s.................... 113
Supplementary Table-2.ist of regulated proteins (2ZDIGE).......cccccoeeeieeiiiiiiiiieeenee e, 114
Supplementary Tablei3Protein and transcripts with simileggualtion............................... 118




1 | Introduction

1 INTRODUCTION

1.1 Nitric oxide signaling in plants

Nitric oxide (NO) is a gaseous free radical involved in many diverse biological pathways
mediating multitude of physiological functions in plants and arsmal Unt i | |l ate 198/
considered only as an air pollutant, however in 1987 for the first time it was reported as a
signaling molecule in animal$égnarro et &, 1987algnarro et al., 1987Palmer et al., 1997

On the other hand, in plants, NO was merely considered as-paobyct during nitrate
assimilagion. Nevertheless, in 1996 for the first time it was detected as a gas emitted from pea
foliage. The rate of emission of NO was found to be close to that of ethiiégrestingly both

NO and ethylene affect the rate of senescence and maturation s (beshem & Haramaty,

1996. First evidences for the signaling function of NO in pg&aname in simultaneously from

two independent works involving plant defense respo(i3emer et al., 1998elledonne et al.,

1999. Since then, studies have revealed the ubiquitous signaling nature of NO in regulating
variety of physiological processes in plants like germinatiBethke et al., 20094b stomatal
closure(Neill et al., 2002 GarciaMata et al., 2008 flowering (He et al., 2004 senescence
(Corpas et al., 20045uo0 & Crawford, 2005 woundng responsegHuang et al., 2004 and

abiotic stressefCorpas et al., 20)1This astonishinly ubiquitoussignalingbehavior of NOis
scrutinized by plants through controlled regulation of NO bioactivity at different levedsngan

from controlled NO production to sispecific reactivity and finally, the NO turnover

1.1.1 Upstream signaling andduction ofNO synthesisn plants

Signaling pathways involving extracellular adenosine triphosphate, phosphatidic acid, cyclic
nucleotidephosphate, calcium and mitogentivated protein kinases are all known to act as
upstream regulators of endogenous NO production in plants during variousrekaess
response$Sueldo et al., 201@aupels et al., 201 Ma & Berkowitz, 201). However, €orts to

identify the mechanism through which thegestreamsignaling events regulate NO production

are hampered due to the fact that an exact enzymatic source of NO production is yet to be
revealed in plantsRecently, Gaupels et. alhave speculatd the possible upstreamcellular
signaling processewith respectto NO production based on thgmnosition in relation to NO

productionin the signaling cascade and their influenceNO production(Gaupels et al., 20)1
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Though an exact enzatic source for NO productiom not known,several oxidative and

reductive pathwaybkave beersuggestedGupta et al., 201)a

1.1.2 Uniquenitric oxidebiochemistryof NO

Stress related responses are often associate@dmiitisrease in the steagyate levels of cellular
NO in plants The wique chemistry of NO allows it to exist in three redelated forms, all with
different biochemical properties; the reduced nit@nion (N(5), the NO radicalNO) and the
oxidized nitrosonium cation (NQ each with different oxidation state for the nitrogen at@m

+1, +2 and +3, respectivefArnelle & Stamler, 19956 NO canreact withthiols in the cellular
thiol pool covalently and reversiblyo from Snitrosothiols (RSNO) in a processgenerally
termed as itrosylation.S-nitrosylation is the main means of mediating NO signal®gjular
cysteine thiol pool comprises of free cysteine, glutathi@®8H), peptidesand proteins with
redoxsensitive cysteineesiduethat aresusceptible to NO modification.gdn Snitrosylation
theyyield Snitrosocysteine (CySNQJ-nitrosoglutathiondGSNO)and Snitrosylatedpeptides
and proteinsrespectively(Gow et al., 1997Keszler et al., 2000 An exactin vivo reaction
mechanism describing the formationRENOfrom NO is yetunknown However, he intrinsic
biochemistry of NO suggests multiple reaction pathways faitr8sylation mechanisms with
evidences supported by variousvitro studies NO (reducel form of BNO) can exist in two
chemical forms; high energy singlet form and low energy triplet form, with zero or two unpaired
electrons respectivelLipton et al., 1998 In mammals, neuronal nitric oxide synthase produces
high energy singleNO that reacts with thiols to form-Sitrosothiols(Schmidt et al., 1996
However, it is not clear whether this one step procegbat leads to direct RSN@rmation
Conversely,dw energy triplet Nf)may react with dioxygen to form peroxynitrifieipton et al.,
1998 which can indirectly influencé&-nitrosylation (Balazy et al., 1998van der Vliet et al.,
1998. Various @mthwaysthathave beersuggested based on timevitro studies are summarized
in Figure 1. In oxidative pathway, a pH dependent conversion of nitrite {N@to dinitrogen
trioxide (N2O3) (Figurel - pathway marked in redhatfacilitates RSNO formatiofGuikema et

al., 2009 has been suggestethe apoplast of planis acidicin natureandtherefore itmight be
mediating this pathway in RSNO formatigivu et al., 2000 Bethke et al., 2004aDirect
oxidation ofE N ©y oxygen (Q)dependsonthe oncentrati on of,(Figweai | abl
1A 1 reactions highlighted with green arrow8Yink et al., 1994Goldstein & Czapski, 1996
ENO bur st i sassaciatedyppenamerion irsplafidesikan et al., 20QZeidler et al.,
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2004 and thus it is possible thatn der t hese condi ti opnacurstoi dat i c
counteract exceed.i.nTherelaremamyimschanigmpropeded in Radical E N O
mediated pathway (see the legend Fafure 1B). Peroxynitrite OONO_) mediated RSNO

formation is interesting because it is often formed during stress conditions from accumulating

free radicalsE N @nd O,E. RSNO formationfrom OONO is possibleby a direct electrophilic

attackon thethiolate anion(FigurelB i reactions highlighted with black arro\ian der Vliet et

al., 1999 or through an intermediate thiyl radical formati@figure 1B 1 reactions highlighted

with blue arrow)Goldstein et al., 199&eszler et al., 2000

:ﬁ Oxidative pathway}\ (PBj_1 Radical-mediated pathway }—\
'NO, < ‘NO » RSN'-OH
4

2NO,~ "NO A
+ 1
k 2H IZOZ i ( RS— 1[202 024 RSH
2HNO "NO RSH -
2 2 N 1 — OONO 0.~
v)\ / NO,
‘NO v y H*
' NO, > +
"0 N0, " OH' % 5oNOH 0, <> H
RS~ * RS_\L,
K no,” / NO OOH_ /
* 4 " 4
RSNO 2RSNO RSNO RSNO RSNO

|

c /}» 2GS ~ + Fe?* I
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Due tothe high affinity of iron for NO they form coordinate complexaswn asiron-nitrosyl
complexesThough they are known to mediate RSNO formation in animals, a similar pathway is
yet to be revealed in plantBigure1C) (Kim et al., 2000Simontacchi et al., 20)2

1.1.3 ProteirS-nitrosylation and its impact on plant physiology as a signaling process

NO mediates majority of its signaling processes wait®sylation of proteinsAnalysis of
GSNOtreated cell cultures, N@eated plants, infected plants and plamtdergoingHR showed

that most of the physiologically important proteins in plants are targets-nafroSylation
(Lindermayr et al., 200RomercPuertas et al., 200&1aldonadeAlconada et al., 201Yun et

al., 201). Until now, majority of the identified proteins were those involved in stress related
defense responseBigure 2 shows some of the importantrBrosylated proteins involved in
stressrelated responses and the potential role of this modification in regulating biological

processes.

In Arabidopsis AtRBOHD (NADPHoxidase) activity is required for the pathogaduced
reactive oxygen intermediates (RQdjoductionand disease resssice (Torres et al., 2002
Interestingly, durindHR the activity ofAtRBOHD is inhibited by $itrosylation of its cysteine
residue (Cys890Q)Yun et al., 201} (Figure2). Salicylic acid EA) binds toSA-binding protein 3
(SAPB3)and ativates its carbonic anhydrase activity and thereby positively reguthte plant
defense response:rgrosylation of SABP3s known toreduce its SA binding ability resulting
in the reduction of thecarbonc anhydrase GQA) activity of the enzymgWang et al., 2009
(Figure 2). Both thestudes (Snitrosylation of AtRBOHD and SABP3mphasizehe negative

or a feedbackregulatoryrole of NOin defense response.

Non-expressor of pathogen related proteins NIPRJ) is a transcriptional cactivator of
pathogen related gene 1 (PRBndogenous NPRL1 is located in the cytoplasm in an oligomeric
status. Upon SAdependent activation NPR1 dissociates into its monomers, which are
translocated into the nucle@8lou et al., 2003Pieterse & Van Loon, 2004S-nitrosylation of
NPR1 facilitates its oligomerization, which keeps it in the cytosol and is essential for NPR1
homeostasis upon SA inductighada et al., 2008 The monomerization of NPR1 is catalyzed

by thioredoxin TRX5h, which reduce NPR1 and allows itstranslocation into the nucleus. But
surprisingly, inArabidopsismesophyll protoplasts nuclear localization of NPR1 is promoted by

GSNO (Lindermayret al., 201). Together, these studies suggest thait®sylation might be
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serving as an intermediate of oligomeric and monomeric forms makingréukxk transition
easier Figure?2). Inside the nucleus NPRI interacts wittettranscription factor TGA1 (TGACG
motif binding factor) and activatd3R1gene expressiofDespres et al., 2003Both NPR1 and
TGA1L are Snitrosylated when tieged with GSNO resulting in enhanced DNA binding of the
NPR1/TGA1 compleXLindermayr et al., 2010

Glycine decarboxylase complex (GD@®)a key enzyme invekd in plant metabolic process.
Upon inhibition it switches its function to ROI production that induces cell deatimieri et al.,
2010. Inhibition of theGDC activity is a part ofstressrelated response @&rabidopsisto the
bacterial elicitor hairpirand can resultin ROI accumulation and cell deatRPalmieri et al
2010. Snitrosylation/Sglutathionylation of GDC inhibited its metabolic enzyme activity
(Palmieri et al., 2020(Figure 2). Another importantmetabolic enzyméehat was identifiedo
undergoS-nitrosylationis Glyceraldehyde3-phosphate dehydrogenase (GAPDOMHIndermayr

et al., 200%. In rat cells S-nitrosylated GAPDH interacts with the E®igitin-ligase Siah1l,
translocates into the nucleus and mediates cell (8ath et al., 2008 Though the reatment of
the enzyme with GSNO inhibite@nzymatic activity of GAPDH in plants its nuclear
translocation function is not proven y&ligure2). S-adenosylmethionine synthetase (SAMS) is
an enzyme that catalyzes the biosynthesis -aidéhoglmethionine (SAM), a precursor of
ethylene. Amongthe three known isoforms of SAMS, SAMS1 can be regulated by S
nitrosylation(Lindermayr et al., 200§ Figure2).

Tyrosine nitrationis another pastranslational mechanism mediated by N6terestingly, S
nitrosylation can also regulate tyrosine nitratiddefense related responses in plants are
accompanied by OONO accumulati¢Baito et al., 2006Gaupels et al., 20)1In plants
however, detoxification of OONO is carried out jpgroxredoxin Il E (PrxIl E). During HR
response Prxll E getS-nitrosylatedand its activityareinhibited (RomerePuertas et al., 2007
(Figure 2). This allows the accumulation of peroxynitrite which caediate tyrosine nitration.
Consequently, higher tyrosine nitrate levels can be found in plants undergoing bioti(Ssiress

et al., 200%. In sunflowermildew interaction, susceptible cultivars with increased levels of
RSNO showed increased tyrosine nitrate levels whereas resistant cultivars @@dhalatet al.,

2009. Moreover, enhanced RSNO levels are accompanied by accumulation of nitrated tyrosine

residues in sunflower after mechanical woundi@gaki et al., 2011b This correlation between
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RSNO levels and tyrosine mation is again seen in sunflower plants stressed with high
temperatur€Chaki et al., 2010a

Programmed cell death Tyrosin

nitration
Ethylene
ONS y
o M2 Polyamine
\ Prxll E Transmethylation
. \/ ONS ‘
Salicylic N
SABP3 |« >
Activity D )\NK Rl
ONS
H? ONS.I 1 Pathogen-
® "~ NPR1 VONS RBOHD |——>|| induced ROI
3 production
GAPDH
Nucleus
NPR1 DNA Programmed
X binding cell death
HS | SH ;I;ONS
1
N ~TGA1 - DNA - PR1 gene
( i '\!PR‘: binding expression
HS SH

Figure2i Function of proteirs-nitrosylaion in plantstress response

Stressinduced accumulation of nitric oxide species can inhibit, activate or alter the function of proteins
through Snitrosylation. The activity of SABP3 (important mediator of SA signaling), Mc9 (cysteine
protease activity),Prxll E (detoxying peroxynitrite ¢ regulate tyrosine nitration), SAMS1 (enzyme
involved in ethylene and polyamine synthesis and transmethylation reactions) and RBOHD (synthesis of
pathogenrinduced ROI) is inhibited by -nBrosylation. Furthermore, GDdnhibition induces
mitochondrial ROI production and cell deathiNBrosylation of mammalian GAPDH mediates its nuclear
localization and induces cell death. Plant GAPDH can alsenite$y/lated, but its role in cell death is

not yet known. Monomer to oligmer transition of NPRI is proposed to be mediated mit®sylation

and reversible transition by thioredoxin and induce PR1 gene expression. Moreovdredti@ent
enhances the DNA binding activity of the NPR1/TGA1 complex

Plant metacaspases are cyst@rpendent proteases, which contain a specific cysteine residue
that can serve as a nucleophile for the substrate to mediate peptide bond hydnapsiepsis
has nine metacaspases groups that are classified into two types based on their difféhence in

N-terminal region(Coll et al., 201D In Type Il metacaspase 9 (MG3e cysteine residueat
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the active siteare known to bes-nitrosylaed. Consequentlyaubprocessing and proteolytic
activity of MC9 are suppressd@elenghi et al., 2004Figure?2).

1.2 Regulation of NO signaling

Besides its ginaling functions,NO can also be aleleterious free radicaWith its unique
chemistry,NO can react with a wide variety other cellularfree radicalgFigure 1), which in

turn can modify unspecific cellular targets and dangsgoaffect the cellular processes. Thus, it
is important to regulate NO levels through its metabolism. As a signaling mechanism, it is also
important to regulate -8itrosylation by reversing the modificatioRemoving NO moiety from

the Snitrosylated cytine residue of the proteins, known as denitrosylation, is very important
for proper regulation of protein-§trosylation.Although it is known thaseveral enzymesan
mediate  denitrosylatign mainly  S-nitrosoglutathione  reductase @ (GSNOR) and
thioredoxn/thioredoxin reductase akeaownto have significant role in mediating denitrosylation

in animals(Figure 2)(Benhar et al., 2009.opezSanchez et al., 20L0A similar role of their
counterparts in plants, especially that of GSNORnexely emerging and is of considerable
interest.Non-symbiotic hemoglobirin plants is shown tenetabolizethe accumulated NQOn

stressegblants(lgamberdiev et al., 20)1

1.2.1 Requlation of shitrosylation by GSNOR

Glutathione GSH) is an importantregulator of rdox status and redox signaling processes in

plants (Reviewed by Foyer and Noctor 20IN® can Snitrosylate the cysteine residue of GSH

to form GSNO Figure 3 1 reaction pathway A). Though the reaction mechani$sn68NO
formation is still debablg it is now known that GSNO can function as a physiological NO
donor and can mediate the transfer of NO group to modify proteins that are functionally
important in plantsKigure3 i reaction marked inside trianglejearch for an enzyme that can
mediate metabolism of GSNO has led to the identification of GSNOR that is conserved in almost
all theliving systems including plan{tiu et al., 2001 Sakamoto et al., 200Diaz et al., 2008
GSNOR was classified to class Il alcohol dehydrogeriag#d) and was originally found to
function as glutathione dependdatmaldehyde dehydrogenase (FALDH) in plants. FALDH has
been a well characterized enzyme in several plant sp@gémsga & Koivusalo, 1979 Martinez

et al., 199% before its GSNOR activity was discoverghkamoto et al., 20Q0Achkor et al.,

2003 Diaz et al., 2008 GSNOR metabolizeGSNO withNADH as an electron donoFigure3
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T Reaction pathway B(Wilson et al., 2008 Thus, GSNOR is associated with the removal of
NO through GSNO metabolism. This is evidenttie GSNORknockout (atgsnorKO) and
overexpression lines &rabidopsisplant that showed increased and reduced nitrosothiol levels
respectively(Feechan et al., 20D5GSNOR, however, cannot metabolizenfrosylated moiety

of proteins or peptide@d.iu et al., 2001

Se=S
T

NADPH 0

SH

® Hh e
8- gty —— 2
LN
e

B)

NH,  HO  \ap: @ Gt
GS(0)OH <= GS(O)NH, ~—— GSN(H)OH »GSSG + NH,OH

Figure31 Regulation of Shitrosylation signaling mechanism.

RSNO pool comprises chirosylated proteins and GSN@side the trianglejormed by incorporation

of NO to their thiol moiety (reactions markel) and by transferring NO grps between each ther
through transnitrosylation GSNO from the RSNO pool is metabolized and removed by GSNOR (reaction
marked as B).-8itrosylated proteins on the other hand might be regulated by denitrosylation mediated

by Trx (reaction marked as Cki@zed Trx is further recycldry TrxR (reaction marked as. D)

HNO HNO

NADH

There is an equilibrium that exists between low molecular weightr&sothiols like GSNO and
S-nitrosylated proteins and peptidéeth & Stamler, 2001 This equiibrium allows regulation

of GSNO metabolism by GSNOR to indirectly regulataitosylated proteinsHigure 3 i
reaction marked inside the triangle).dtgsnorKO mutant plants, an increase in low molecular
weight nitrosothiolgesulted in a corresponding increase in the levels of high molecular weight

S-nitrosothiols that is assumed to include proteins which is a clear indication of indirect effect of
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GSNOR regulation of protein-fitrosylation(Liu et al., 2001Liu et al., 2004Yun et al., 201}

GSNOR is receiving increasing attention farile inplant stress responses. Physiological role

of GSNOR is evident from thatgsnorKO plants that showed delayed and stunned growth
phenotype and altered flower developmérmde et al., 2008Holzmeister et al., 20)1Atgsnor

KO plants showed a reduced cell death phenotype after treatment with paraquat, a herbicide that
is known to induce cell death phéype in wild type plants via generation of reactive oxygen
intermediates (ROIJChen et al., 2009 Interestingly, both wild type andtgsnorKO plants

showed sameelels of ROI accumulation after paraquat treatni€hien et al., 2009 Lack of
sensitivity of theatgsnorKO plants to increased ROI can be due to altered celR@¥NO
homeostasis, which is very important for plant defense resp(dsksdonne et al., 2001

AtgsnorKO mutants, challenged with avirulerRseudomonas syringae pv. tomato (Pst)
DC300Q showed low levels of salicylic acid accumulation that resulted corapromised
disease resistanggeechan et al., 200%un et al., 2011 However, these plants with high
cellular RSNO levels showed an increased cell death iddbgehypersensitive response
(CDHR) through a pathway independent of SA and ROI produ¢¥an et al., 201L On the
other hand, even though SAduced defense is compromised, increased CDHR rate prevented
avirulent oomycete patigens to complete its life cyclérun et al., 2011 These evidences
highlight two different rolesof GSNOR during defese response; positive regulator of -SA
induced defense and negative regulator of CBhtRiced defense responses. Conversely,
GSNORtranscrips and GSNOR activity ilirabidopsisand tobaccaespectivelywere shown to

be up regulated when treated with @8az et al., 2003 These studies indicate the possibility of
a mutual regulatiobetween GSNORNd SA during plant defense.

Interestingly, in another study aatgsnorKO plants, there was no difference in the level of
disease resistance against Pseudomeyasgae pv. tomato (PspC3000 with respect to the

wild type plants(Holzmeister et al., 20)1However, here the knoabut plants usedvere from
different background ecotype d@frabidopsis thalianaplants andthe procedures to inoculate
them were also different. These aamy results have raised the questions on how GSNOR
regulates disease resistance in various ecotypes. On the contrary, plants with GabcHe
expression (antisense technology) have affirmed the negative regulatory role of GSNOR during

disease resistanagainst oomycetefRusterucci et al., 2007 Further studies are required to




10 | Introduction

show how this enzyme is regulated at transcript and protein levels during tetlepgthogen

invasions.

Transcripts of GSNOR however, were down regulated transiently and systemically during
woundinduced responses rabidopsisplants(Diaz et al., 2008 In tobacco plants, wound
induced dowrregulation ofGSNORs mediated by jasamic acid (JA) signaling pathwapiaz

et al., 2003 In Arabidopsis GSNO accumulation is required to activate thed@&pendent
wound responses, whereas the alternativandl@pendent woundignaling pathway did not
involve GSNO. Furthermore, it was shotirat GSNO acts synergistically with salicylic acid in
systemic acquired resistance activatiispunya et al., 20)2Plant stress responses indd by
wounding are often associated with nitrosative stress and tysogiagon (Chaki et al., 2011b
Stress experiments in sunflower plants have demonstrated that‘wolweed nitrosative stress

is medated by dowsregulation ofGSNORexpression levels resulting in decreased activityaand
correspondingncrease in cellular RSNO leve{€haki et al., 2011b In pea plants wounding
enhanced RSNO levels, buirprisingly GSNOR activity also increas¢@orpas et al., 2008

The same phenomenon was observed during cold fespas et al., 2008Although these
results appear to be contradicting, they can perhaps explain the dual regulatory phases of cellular
levels of GSNO by GSNOR,; first, GSNO levels can be regulated by regul&SNOR
expression and second, increasing GSNO accumulation can induce GigNE€Rexpression
and its protein activity to counter the effeEurthermore, GSNOR is regulated in pea plants
during cadmium stress, both on activity and transcript Ié®atroso et al., 2006 However, a
pathway that regulates GSNOR under cadmium stress is not known. Cadmium treatment also
induced SA, JA and ethylene levels in peartd&RodriguezSerrano et al., 200&ccompanied

by a decrease in th&@SH content(Barroso et al., 2006

Gene silencing studies in tobacco plants have demonstrated the significant role of GSNOR in
plantherbivore interaction(Wunsche et al.,, 20)1 Silencing GSNOR compromised plant
defense against herbivore with a decrease in the accumulation of JA and efilersehe et

al., 2011). However, this silencing did not affect transcriptional regulation of all the secondary
metabolites that are regulated by JA signa(Myinsche et al., 2A) implying the specificity of
GSNOR in mediating defense response against the herddanduca sextaGSNOR is also
required for thermo tolerance. It has been observedtgahorKO were highly sensitive to hot

temperatureglLee et al., 2008 This heat sensitivity was associated with increased NO species in
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these knoclout plants. NGoverproducing mutants and witgipe plants treated with NO donors
were also sesitive to high temperaturgtee et al.,, 2008 Consequently, thermo tolerance was
restored inatgsnorKO plants when treated with chemicals that scavenge NO. Furibe,
expression of heahockproteins that are essential for thermo tolerance was not affected in
atgsnorKO plants(Lee et al., 2008 Interestingly, neither expssion nor activity oilGSNOR

was altered in wildype plants due to heat stredee et al., 2008 This study suggests that
though GSNOR do not regulate heat stresponse in plants, its activity to regulate cellular

RSNO levels is essential for thermo tolerance.

1.2.2 Denitrosylation mediated by Trx/TrxR system

The thioredoxin/thioredoxin reductase (Trx/TrxR) system, present in almost all organisms,
consists of oxidizedral reduced forms of Trx, TrxR and NADPH/NADg.illig & Holmgren,

2007). In animals, Trx/TrxR system was recently proved to mediate denitrosy(@erhar et

al., 2008 Benhar et al., 20)0(Figure 3 i Reaction pathway C and D). Unlike GSNOR,
Trx/TrxR system is proposed to mediate denitrosylation -ofitt®sylated poteins directly
(Figure3 1 Reaction pathway C and D). In a recent revigwas been mentioned thatx from
plantspossess in vitro denitrosylation activi($poel & Loake, 2011 Also, thioredoxin (TRX

5h) is a positive regulator of Sikduced defense response in plafiiada et al., 2008 probably

by denitrosylation.

1.2.3 Non-symbiotic hemoglobin: An enzyme thadtoxify nitric oxide

Hemoglobins are proteins with globular stiwre containing heme as a prosthetic group. Heme is
a large porphyrin ring with ferrous iron @gin the center that can bind to diatomic ligands such
as Q, NO, and carbon monoxide (CO) and also to membrane lij@dpta et al., 2011b
D'Angelo et al., 2004 F€* contains six coordination sites, of which four are coordinated to
pyrrole nitrogen atoms and thiéh site is coordinated to the proximal histidine residugHof

the protein. Sixth site is reversibly coordinated to a distal histidine residig (Fgure4A).
Sixth coordination varies in the hemoglobins of differengamisms and thus hemoglobins can be
grouped pentacoordinated or hexacoordinated based on the occupiecbérelination sites
(Igamberdiev eal., 201). Pentacoordination leaves the sixth coordination site Bfffee and
facilitatestheligandbinding Figure4A).
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In plants, there are mainly three classes of hemoglplgeserally called as notsymbiotic
hemoglobns (GLBs) Class Inon-symbiotichemoglobins (GLB1) have high affinity for oxygen
because of the equilibrium (or low hexacoordinate equilibrium constan}, detween
pentacoordinated and hexacoordinateédBs (lgamberdiev et al., 20)1 Upon binding the
coordination of Qis stabilized by protein conformational changes through the hydrogen bonds
formed between ki and hydrogen atoms of porpity ring. This makes dissociation of the O
difficult and encourages reaction of NO with, Q(lgamberdiev et al., 20)1 Class 2non
symbiotc hemoglobin (GLB2), on the othdrand,hasvery low affinity for O, because it is
completely hexacoordinated in the physiological conditioRsis preventsthe coordination
between @and Fé". Interestingly, symbiotic hemoglobin that protect anaeroliiogen fixing
bacteria from @by scavenging it have evolved from GLBRupta et al., 201)bThe third ¢ass

of GLB known as Class 3 hemoglobin is a truncdd version withleastaffinity for oxygen.

In plants,the primary function of GLB1 is related to N@etoxificationrather than @transport.
Hypoxia induces NO burst in the plants and the resultingdNsXidized to nitrate by oxLB1

(FE"), which in doing so is oxidized to GLB1 (£ (Figure4B) (Perazzolli et al., 2004 The

rate limiting step in this process is the recycling of GLBL*{F®o GLB1 (Fé") by cytosolic
monodehydroascorbate reductase (MDHAR) with ascorbate as a reducing agent and NADPH or
NADH as the electron accep (Figure4B) (Igamberdiev et al., 2006lebelstrup et al., 2007

NO mealolism of GLB1 is associated witbonditions related to hypoxia like flooding, early
stages ofseed germination and in meristatic tissue with rapidly depleting oxygen
(lgamberdiev et al., 20)1 Nitrate formed is reduced to nitrite by hypoxia induced nitrate
reductase. Under hypoxia planitochondria cannot support oxygenic respiratidmder these
conditions they switch to anaerobic ATP dygis with NADH and NADPH as electron donors
and nitrite as a terminal electron acceptor producing NO. Resulting NO is recycled to produce
nitrate by GLB1 (Stoimenova et al., 2007 Thus GLB1 can clearly respond to the NO
accumulation during hypoxia amxidize them to nitrate. Besides the NO metabolic function, the
effect of direct coordination of NO to deoxyGLEE" in a process called NO scavenging and
NO reaction with cysteine residue to formn@rosohemoglobin arstill being investigated.
These studiesvill enable one tourther understand the influenoé GLB1 in NO signaling in
addition to NO metabolism during hypoxign Arabidopsis thaliangoverexpession ofGLB1

and GLB2 reduced NO emission suggesting their role in NO detoxificgtitebelstrup et al.,
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2012. The same plants lines also showed a reduced NO accumulation during pathogen induced
defense respons@sliur et al., 2012 NO accumulation is essential for the pathogen induced NO
signaling in plants. However, only GLB1 plant lines showed enhanced susceptibility to the
pathogens(Mur et al., 2012 Wild type Arabidopsis plants downreglate GLB1 expression

during pathogen induced respon@dur et al., 2012 This is a clear indication of plants

regulating NO signaling through the expressioGbB1l
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Figure4i NO-dioxygenase activithy GLB1.

(A) Hexacoordinatedand pentacoordinated GLB1{gis inequilibrium. Pentacoordination enhances
the ligand (oxygen) binding. Coordinated oxygen can react with NO resulting in nitrate formation
thereby reducing GLB1(FEto oxyGLB1(B8 (B) Reduced GLB1{Helue to NO conversion to nitrate is
oxidized to GLRE€") by ascorbate redox coupling.

1.3 Impact of nitrogen containing air pollutants in plants

NO, inside the plartasgreat physiological significance due to its signaling abilitseis outside
it hasvarying effects a the plant physiologyThe exhaust fnm industries and automobiléss

resulted in the increase soncentration of nitrogen oxides (W@ mainly NO and N@in the
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atmosphereFoliar uptake of atmospheric pollutants is suggested to have significant impact on
plant physiology(Stulen et al., 1998 While the foliar uptake ofitrogen dioxide NO,) and
ammoniais rapid through the leaf stomata, uptaké@f is rather very low. This is probably due

to theinternal resistance from plant and due to the lipophilic nature of®@en et al., 1998
However, accumulation of nitrite in the apoplast has been repdterdiamigating plantswith

NO gas(Stulen et al., 19981In addition, treatment of fruits vegetables and flowers withNgwv
concentrations has resulted timeir delayed senescence and maturatioeshem et al., 1998
Moreover, leafdisc expansion assay showed a concentration dependent expansion of pea leaf
foliage disc upon NO exposure in an oxygen free environrflesghem et al., 19981t was
observed that the expansion of the leaf disc started after fumigating it with NO gai i (Bi

4 ppb) concentration. It reached a maximum of 50% expansion®d?1180 ppb). However on
further increase oNO concentrationthe expansion decreased andateed @6 at 10° M (300

ppm) (Leshem et al., 1998 NO concentrationabove this limitreduced the leaf disc size
(Leshem et al., 1998Some of the earlier studies, however, have shown contrasting results on
the effect of exposing plants toONgas. Continuous exposure of the plants to 200 ppb NO gas
induced phytotoxic effects in their leav@§ellburn, 1990. Additionally, NO as an air pollutant
exhibited inhibitory effects on plant growth and developmeiMeighbour et al., 1990
Fumigation of Arabidopsis thalianaplants expressing bacterial NO degrading dioxygenase
(NOD) with 4 ppm NO gas initiated senescence process in the early growth and developmental
stages of the planinterestingly, fumigation of plants with NO gas the lae growth and
developmental stages attenuated the senescence process suggesting NO as a negative regulator of
senescencéMishina et al., 200/ However, not much is known about the impact of NO

fumigation on plants at moleaurllevels, especially on the endogenous NO signaling processes.
1.4 Aim of this study and strategy

Nitric oxide is an inorganic biomolecule with major signaling functiongplants An exact
erzymatic sourcehat producedNO inside the plants is not known yé&this hascaud lot of

limitationsto study thesignaling mechanisms induced by NO accumulation during steésed
responsesUse of ¢iemical NO donors like GSNO arsbdium nitroprussidéo compliment
controlledNO production and to induce NO signalihgvefaced the challenge ohspecific side
effectsfrom these chemicalsThere are no reports so far on effectsNdd accumulation by

fumigaing plantswith NO gas. Howeveisome of theearlier studieso see the effeaf NO gas
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fumigationon plant phymlogy haveproduced mixed results frobveneficialantioxidant effects
to deleteriougphytotoxic effects.

The first aim of this study was tovestigatethe effectof controlled and continuous N@as

fumigation on plant physiologyNO is known to be involed in almost all the physiological
processef plants and the bottom line of the above strategy to studythe general effects of
the exogenously applied N@stresy on these processeérabidopsis thalianaplants were
selectedor our study because ntosf the NOrelated mechanisms knowill date have resulted

from the studies based on thiscdtyledonous model plant

Our second aim was to study the role of GSNOR in regulating physiological processes during
NO stressGSNORIs a single copy gene iirabidopsisthat encodes for an enzyme capatiie
metabolizingGSNQ GSNO is a physiological NO donor thatcumulates and mediates NO
signaling when there is an accumulation of N@®ide the plantsPlants carrying a -DNA
insertionin the GSNORcoding regio (atgsnorKO) encoded a defective enzyme that failed to
metabolize GSNO.We fumigated both WT andatgsnorKO plants from Wassilewskija
background Such experimentvould help us to understand the toxic effectdN@ during its
accumulation in the absencé @SNOR (inatgsnorKO plants) and effectively compare them
with WT plants to study the protective function of GSNOR through contro@&iNO

metabolism.

The strategy was to fumigate plants with different concentrations of NO gas throughout their
growth perod andto study theirdifferential effects atphenotypic andnolecular level At the
molecular levelwe designedhe experiments t@nalyze the changes in thranscriptomidevel
(microarray), proteomiclevel (two dimensional difference gel electropleisg and metabolic

level (targeted metabolites and secondary metabotifeabe NO fumigated plants.
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2 MATERIALS

2.1 Plant material

The plants used in this studyd their sources have been suwanped in the Tablel. The ®eds

were wed on soil mixed with sand (5:1 proportion) i& 8m x6 cm x 55 cm (length x breadth

x height) plastic pots. Five seeds per pot were sowed and the pots were arranged in rectangular
trays. The tays were covered with thin plastic foils and were subgedd seed stratification

(incubation at 4C for at least 72 hours in the dark) before moving them to the growth chambers.

Tableli List of plant lines used in this study
Species Ecotype Plant line Source of the seed

Arabidopsighaliana Wassilewskija Wild-type Lindermayr C, HMGU, BIOP
Arabidopsighaliana Wassilewskija atgsnorKO Lindermayr C, HMGU, BIOP
Arabidopsighaliana  Columbia0 Wild-type Lindermayr C, HMGU, BIOP
Arabidopsighaliana Columbia0  atgsnorKO Lindermayr C, HMGU, BIOP
Arabidopsighaliana  Columbia0 glbl-RNAi  Hebelstrup K, MBG, Aarhus Univ.
Arabidopsighaliana ~ Columbia0 GLB1-Ox  Hebelstrup K, MBG, Aarhus Univ.
Arabidopsighaliana ~ Columbia0 glb2-KO Hebelstrup K, MBG, Aarhus Univ.
Arabidopsighaliana Columbia0 GLB20Ox Hebelstrup K, MBG, Aarhus Univ.
Arabidopsighaliana  Columbia0 NIA2-KO SALK_088070c
Arabidopsighaliana  Columbia0 NiR1-KO SALK_046068c

2.2 Chemicals and solutions

Name/Description Company

Acetic acid (glacial) Merck (Darmstadt)

Acetone Merck (Darmstadt)

Acetonitrile Carl Roth GmbKIKarlsruhe Germany
Agar Difco LaboratoriesDetroit, Germany
Agarose Biozym, Oldendorf Germany
Ammoniumbicarbonag Carl Roth GmbHKarlsruhe Germany
Ammoniumpersulfae GE Healthcare, Munich, Germga
Ascorbic acid Sigma Taufkirchen Germany

b-Mercaptoethanol Merck, Darmstadt Germany
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BCIP

Bio-Rad poteinassay (BradforeReaget)
Bovine serum albumin

Brij 35 (30%)

Bromophenol blue

2-Butanol

CHAPS

Complete mini EDTAfree protease inhibitor
cocktail

Coomassie Brilliant Blue G250
Dipotassium hydrogn phosphate
Dimethylformamide (DMF)
Disodium hydrogen phosphate
DMSO

dNTPs

DryStrip Cover Fluid

DTT

EDTA

Ethanol

Formaldehyde (37%

Glycerol

Glycine

GSNO

lodine

lodoacetamide

IPG Buffer pH 311 NL

IPG Buffer pH 47 NL
Isopropanol

Lysine

Magnesium chloridehexahydrate
Methanol

NADH

NADPH

Sigma Taufkirchen Germany

Bio-Rad Laborataes Munich, Germany
Sigma Taufkirchen Germany

Skalar Germany

Merck, Darmstadt Germany

Merck, Darmstadt Germany

Sigma Taufkirchen Germany

Sigma Taufkirchen Germany

Merck, Darmstadt Germany
Merck, Darmstadt Germany
Sigma Taufkirchen Germany
Merck, Darmstadt Germany
Sigma Taufkirchen Germany
Invitrogen, Germany

GE Healthcare, Munich, Geany
GE Healthcare, Munich, Germany
Sigma Taufkirchen Germany
Merck, Darmstadt Germany
Sigma Taufkirchen Germany

Carl Roth GmbHKarlsruhe Germany
GE Healthcare, Munich, Germany
Enzo life sciencesUSA

Sigma Taufkirchen Germany
Bio-Rad Laborataes Munich, Germany
GE Healthcare, Munich, Germany
GE Healthcare, Munich, Germany
Merck, Darmstadt Germany
Serva, Heidelberg, Germany
Merck, Darmstadt Germany
Merck, Darmstadt Germany
Sigma Taufkirchen Germany
Sigma Taufkirchen Germany
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NBT

NO gas(15%- NO, 85% Nitraen)
Nitrogen gas

Oxygen gas

PageRuler® prestained protein ladder
Phenylalanine

Ponceau

Potassiunchloride

Potassium ferricyanide
Potassiumodide

Potassium sodium tartrate

Rotiphoresecrylamide gel solution (30 % (w/v)

acrylamide, 0,8 % (w/vbisacrylamide )
Skim milk powder
Sodiumcarbonate

Sodium dloride
Sodiumdodecylsulfate

Sodium ritrate

Sodium ritrite

Sodium nitroprusside

Sodium hiosufatepentahydrate
Silver nitrate

Sulphanilamide

TEMED

Thiourea

Tris

Triton™ X-100

TRIZOL

Tryptore

Urea

Sigma Taufkirchen Germany
Air Liquide, Duesseldorf, Germany
Linde, Munich, Germany
Linde, Munich, Germany
Fermentas, UK

Sigma Taufkirchen Germany
Sigma Taufkirchen Germany
Sigma Taufkirchen Germany
Merck, Darmstadt Germany
Sigma Taufkirchen Germany
Merck, Darmstadt Germany

Carl Roth GmbHKarlsruhe Germany

Sigma Taufkirchen Germany
Merck, Darmstadt Germany
Merck, Darmstadt Germany

GE Healthcare, Munich, Germany
Merck, Darmstadt Germany
Merck, Darmstadt Germany
Sigma Taufkirchen Germany
Sigma Taufkirchen Germany
Merck, Darmstadt Germany
Sigma Taufkirchen Germany
Merck, Darmstadt Germany

GE Healthcare, Munich, Germany
GE Healthcare, Munich, Germany
Sigma Taufkirchen Germany
Invitrogen, Hilden, Germany
Difco Laboratories, Detroit, Germany
GE Healthcare, Munich, Germany
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2.3 Kits, enzymesantibodiesand reaction systems used

Name/Description

Company

ExtractN-Amp E Pl ant Kit s,
RNeasy® Plant Mini Kit, No. 74903
RNeasy® Mini Kit, Nb. 74104

RNasefree® DNase set, No. 79254

Low Input Amp Labeling Kit, OneColor, No.
51902305

RNA Spikeln Kit, One-Color, No. 51885282
Gene Expression Hybridization Kit, No. 518852
Gene Expression Wash Buffer Kit, No. 518853:
RNA 6000 Nano Assay Kit, No. 50671511
Stabilization and Dryig Solution, No. 5185979

Superscript 1| Reverse Transcriptase, No.
18064014

RiboLockE RNaselnhibitor, No.EO0381
Tag DNA Polymerase

Phusion® High Fidelity DNA Polymerase, No.
MO0530S

6x Loading Dye
Disposible P10 Desalting Columns, No.
17085101

2-D CleanUp Kit, No.80648451

CyDye DIGE Fluor, minimal labeling kit (5
nmol), No. 25801065

Anti-GSNORIgG (rabbit), polyclonal, No.
AS09647

Anti-Rabbit I9G (FAAP, S3731
Anti-biotin, HRRIlinked Antibody, No. 7075

SuperSignal® West Pico Chemiluminescent
Substrate, No. 34077

SigmaAldrich, Germany

Qiagen GmbH, Hilden, Germany
Qiagen GmbH, Hilden, Germany
Qiagen GmbH, Hilden, Germany

Agilent Technologies, Germany

Agilent Technologies, Garany

Agilent Technologies, Germany
Agilent Technologies, Germany
Agilent Technologies, Germany
Agilent Technologies, Germany

Invitrogen, Karlsruhe, Germany

Thermo Scientific, Bonn, Germany

Agrobiogen, Hilgertsausen,
Germany

New England Biolabs, Frankfurt,
Germany

MBI Fermentas, St LeGRot,
Germany

GE Healthcare, Germany
GE Healthcare, Germany

GE Healthcare, Germany

Agrisera AB, Vannas, Sweden

Promega, Mannheim, Geany

Cell Signaling Technology,
Frankfurt, Germany .

Thermo Scientific, Bonn, Germany
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2.4 Buffers and solutions

For DNA gel electrophoresis
50x TAE running buffer
2.0 M Tris base

5.71% (v/v) glacial acetic acid
50 mM EDTA

For Glycine-SDS polyacrylamide gel electrophords according to Laemmli
Protein extraction buffer
100 mM Tris/HCI (pH- 8.0)
10 mM EDTA
1 mM MgChL.H,O
1 mM L-Ascorbc acid
12 mM 2mercaptoethanol (freshly added)
1 Complete mini EDTAree protease inhibitor/ 10 ml buffer (freshly adde
Coomassie R250 staining solution
0.25% (w/v)Coomassiarilliant Blue R-250
0.50% (v/v) Ethanol
10% (v/v) GQacial aceticacid
Coomassie R250 destaining solution
0.50% (v/v) Ethanol
10% (v/v) Qacial acetic acid
10x SDS running buffer
0.25 M Tris
2 M Glycine
1% (w/v) SDS
Resolving gel buffer
1.5 M Tris/HCI (pH- 8.8)
0.4% (w/v) SDS
Resolving gel buffer
1.5 M Tris/HCI (pH- 6.8)
0.4% (w/v) SDS
6x sampleloading buffer
0.1 M Tris (pH- 6.8)
20% (v/v) Glycerin
4% (w/v) SDS
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4 mM DDT
0.2% (w/v) BPB

For transfer and immunodetection of proteins
TBST buffer

0.5% (w/v) Tween 20 in TBS buffer
TBS buffer

10 mM Tris/HCI (pH 7.4)

150mM Sodium chloride

1 mM Magnesium chloride
Coomassie R250 destaining solution

0.50% (v/v) Ethanol

10% (v/v) Glacial acetic acid
Blocking buffer

4% (w/v) Skim milk powder

1% (w/v) BSA

in TBST buffer
Alkaline phosphate buffer

0.1 M Tris/HCI (pH 9.5)

0.1 M Sodium chloride
Blotting buffer

40 mM Tris base

40 mM Tricine

0.04% (w/v) SDS

20% (v/v) methanol
BCIP solution

5% (w/v) BCIP in 100% DMF
NBT solution

5% (w/v) NBT in 70% DMF
PonceauS-staining

1% Ponceau stain powder
2% glacial acetic acid

For two dimensional difference gel electrophoresis (2DIGE)

Protein extraction buffer
100 mM Tris/HCI (pH- 8)
10 mM EDTA
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1 mM Magnesium chloride hexahydrate

1 mM L-Ascorbic acd

12 mM 2mercaptoethanol (freshly added)

1 Complete mini EDTAfree protease inhibitor/ 10 ml buffer (freshly add¢
Labeling Buffer

7 M Urea

2 M Thiourea

30 mM Tris/HCI (pH - 8.5)

4% CHAPS
Rehydration Buffer

7 M Urea

2 M Thiourea

2% (w/v) CHAPS

0.5% (v/v) IPG Buffer (pH 4/)

0.8% (w/v) DDT

0.002% (w/v) Bromophenol blue
2x Lysis Buffer

7 M Urea

2 M Thiourea

4% (w/v) CHAPS

0.04% (w/v) Bromophenol blue

2% (w/v) DTT (freshly added)

2% (v/v) IPG Buffer (pH 4) (freshly added)
4x SDS Gel Buffer TrisHCI (Tris -HCI pH 8.8)

1.5 M Tris/HCI (pH 8.8)

0.4% (w/v) SDS

Homogenous MonomerSolution (12.5%)
Acrylamide solution (30% (w/vacrylamide 0,8% (w/v)bisacrylamide) -
209 ml
0.375 M TrisHCI (pH 8.8)- 125 ml

TEMED-250 ¢ |

Milli -Q water- 164 ml

10% (w/v) Ammonium persudite- 2 ml (Added just before gel casting)
Equilibration Buffer for Immobiline DryStrips

6 M Urea

2% (w/v) SDS

50 mM Tris/HCI (pH- 8.8)
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0.02% (w/v) Bromophenol blue
30% (v/v) Gycerol
10x SDS Running Buffer
0.25 M Tris
1.92 M Glycine
1% (w/v) SDS
Agarose sealing solution
0.5% (w/v) Agarose NA

0.02% (w/v) Bromophenol blue
10% (v/v) 10x SDS running buffer

For Silver staining and mass spectrometric analysis (MS MADI TOF)

Fixation solution

50% (v/v) Methanol

12% (v/v) Acetic acid
Sensitizing solution

0.8 mM Sodium thiosudite
Silver staining solution

11.8 mM Silvemitrate

0.028% (v/v) Formaldehyde
Developer solution

0.57 M Sodium carbonate

0.03mM Sodium thiosulite

0.05% (v/v) of 37% Formaldehyde
Stop solution

0.5% (v/v) Glycine
Storage solution

20% (v/v) Ethanol

2% (v/v) Glycerol
Silver destaining solution

10 mM Potassium ferricyanide

100 mM Sodium Thiosudite
Trypsin stock solution

0.1% (w/v)Trypsin

1 mM Hydrochloric acid
2.5mg/ml Matrix Solution

HCCA
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Peptide Standa

For nitric oxide

70% (v/v) Acetonitrile

0.1% (v/v) Trifluoroacetic acid

Vortexed vigorously and ultrasonicated for several minutes.
rd (for MALDI target calibration)

MALDI Peptide Calibration Standard Il (Lyophilized)

30% (v/v)Acetonitrile

0.1% (v/v) Triluoroacetic acid
Total volume 125l

analyzer (NOA)

Tri -iodide Solution (for nitrite and nitrosothiol estimation)

Vanadium Chlo

10x PBS Buffer

Glacial acetic acid - 35ml

lodine - 325mg

Milli -Q water - 10ml

Potassium iodide - 500mg
ride (for nitrate estimation)

Vanadium chloride - 400mg

1 M HCI - 50ml

Filter sterlized

1.37 M Sodium chloride
268 mM Potassium chloride

809 mM Disodium hydrogen phosphate dihydrate
176 mM Potassium dihydrogen phosphate

For enzyme activity assay

GSNOR activity extraction buffer

0.1 M Tris/HCI (pH 7.8)
0.1 mM EDTA

0.2% (v/v) TritonXx100
20% (v/v) Glycerol

GSNOR activity buffer

20 mM Tris/HCL (pH 8)
0.5 mM EDTA
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PAL activity extraction buffer
0.1 M Tris/HCI (pH 8.8)
0.1 mM EDTA
12 mM 2mercaptoethanol
PAL activity buffer
100 mM Tris/HCI (pH 8.8)
0.5 mM EDTA

For Biotin switch assay
HENT buffer

100 mM HEPEBS

10 mM EDTA

0.1 mM Neocupine

1% (v/v) Triton X100
HENS buffer

225 mM HEPES

0.9 mM EDTA

0.1 mMNeocuproine

2.5% (w/v) Triton %100

2.5 Oligonucleotide primers for the polymerase chain reaction

Oligonucleotides for polymerase chaimeaction

5'- AATGATGAGCAAGCACTGATG - 3' (von Saint Paul et al.,

SAG12For 2017
SAG12Rev g'o-lC]:)GTAGTGCACTCTCCAGTGAA— 3'(von Saint Paul et al.,

Actin-For 5'- TGGAATCCACGAGACAACCTA-3
ActinRev  5'-TTCTGTGAACGATTCCTGGAC- 3'
GLBl-For 5'-TCCAAAGCTCAAGCCTCACGCA-3'
GLB1-Rev  5'- AGCCTGACCCCAAGCCACCT-3
GLB2For  5'- ACTGGAGATAGCACCAGCAGCA-3
GLB2Rev  5'- AGTGAGGGTCAATAACGCCGC- 3
NIA2-For 5'- GCCGAACTCGCCGACGAAGA- 3
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NIA2-Rev  5'- CCGTGACCTCCACACGGGTG 3
NiR1-For 5'- AGTGGCTTGGTCTCTTTCACCGT 3
NiR1-Rev 5'- TCAGGCAACACAACACCACGGA- 3
PALI-For 5'- TGACCATTGGACAAGTGGCTGCG 3
PALI-Rev  5'-CGGCTCTTGTGGCGGAGTGT3'
PALZ2For 5'- GTGAATCTTGGCGGAGAAACACTGA- 3’
PALZRev  5'- CGGATTGCGGCAGTGTGTGA 3

2.6 Instruments and accessories

Name/Description Company
Autoclave(D-150) Systec
Balance (LC 620S) Sartorius
Balance (A 210 P) Sartorius
Balance (L 2200 P) Sartorius
Bioanalyzer (2100) Agilent
Camera (Powershot G2) Canon
Centrifuge (Beckman J21) Beckmann Coulter
Centrifuge (Beckman L-B5) Beckmann Coulter
Centifuge (5145 D) Eppendorf
Centrifuge (5810 R) Eppendorf
Centrifuge (Biofuge 28 RS) Heraeus
Centrifuge (Microcentrifuge 220r) Hettich
ChemStation 1100 HPLC gradient system Agilent
Electrophoresis System SE250 Pharmacia
Ettan DALT cassette rack GE Healhcare
Ettan DALT gel caster GE Healthcare
Ettan DALTsix Electrophoresi$System GE Healthcare
Ettan IPGphor 3 GE Healthcare
Ettan IPGphor 3 Isoelectric Focusing System GE Healthcare
Gel Caster (SE215) Hoefer

Gel Documentation (Benchtop 2UV Transillurator &

PhotoDocIT Imaging Scanner uvp
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Hamiltongast i ght syringe
High Resolution Microarray Scanner
Hybridization Chamber gasket slides
Hybridization Chamber, stainless
Hybridization oven

Hybridization oven rotator

Immobiline DryStips pH 4-7 (24 cm)
Immobiline DryStrips Reswelling Tray (IEF)
Immobiline DryStrips, pH 4 7 (IEF)

lon chromatography (ICS 1500 )
IPGphor Cup Loading Strip Holder

Paper electrode (IEF)

pH Meter (IKA-Combimag Ret)

Power Supply (EPS 601)

Power Supply (E 802)

Protein Transfer Unit (SemiPhor semidry transfer unit)

Proteomics Analyzer with TOF/TOF 4700
Loadingcup (IEF)

Low fluorescent glass plates

Low Input Quick Amp Labeling Kit, On€olor
NA 1500

NanoDrop1000 UM-VIS Spectrophotometer

Nitric oxide analyzer
Plastic contaiers for the equilibration of Immobiline

DryStrips

Power supply EPS 601 (2DIGE electrophoresis)
Scanner (Image Scanner 1)

SGE MicroVolume 10G-L syringes (2625QJ)
Shaker (Reax2)

Sieve 250 Micron (31.031.0031)

Skalar colorimetric analyzer (1100105)

Slide staining dish, with slide rack (121)

( 2 50 ¢ Hamilton

Agilent

Agilent

Agilent

Agilent

Agilent

GE Healthcare
GE Healthcare
GE Healthcare
Dionex

GE Healthcare
GE Healthcare
Jahnke &Kunke
GE Healthcare
Consort

Hoefer

The Applied Biosystems

GE Healthcare
GE Healthcare
Agilent
Carlo-Erba

NanoDrop Technologies

Sievers 280i
GE Healthcare

GE Healthcare
GE Healthcare
Sigma
Heidolph
Retsch

Skalar
Thermo Shandon
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Spectrophotometer (Ultrospec 3100 pro) Amersham

Stabilzation and Drying Solution (5185979) Agilent

Thermal Cycler (Hybaid PCR express) Thermo Life sciences
Thermoblock (Thermomix Comfort) Eppendorf

Tin Container (3.3 x 5 mm) IVA (SA76980502)
Typhoon trio 9100 Amersham Biosciences
Vernier Caliper Kincrome

Vortexer (VortexGenie 2) UniEquip

2.7 Software and website/webtools

DeCyder 2D Differential Analysis Software v6.5 (GE Healthcar GE healthcare

DiscreteAccessoftware (Skalar) Skalar

Agilent's Scan Control software (Agilent) Agilent

Feature extramn software v10.7 (Agilent) Agilent

Geneéspring GX Agilent

2100 Expert Agilent

Mascot Version: 2.2.06 Matrix Science

Mapman 3.5.1R2 GABI pd (MPI)
Genevestigator NEBION and ETH Zurich
Sievers NOAnalysis GE Healthcare (Sievers)
Vector NT19.1.0 Invitrogen

ProteinPilot ABSciex

Gasanalytik Ansyco

http://www.ncbi.nlm.nih.gov/tools/primeslast/- Primer designing
http://lwww.arabidopsis.org/tools/bulk/go/index.js@O enrichment analysis
http://arabidopsis.info/ Seed ordering
http://www.currentpotocols.com/WileyCDA/ Protocol search
http://lwww.expasy.ch/ Proteininformation and analysis
http://www.ncbi.nlm.nih.gov/Structure/cblast/cblast.cgrotein structure blast
http://scholar.google.com/Literature and patent search of schglartticles
http://www.protocolonline.org/- Protocol search




29 | Methods

3 METHODS

3.1 Treatment of Arabidopsis thaliangplants with NO

Arabidopsis thaliangplants were treated with various concentrationsiitric oxide (NO) in
specially designed exposure chaml&igure5) under controlled conditiondable?2). The NO
levels inside these chambers wemntinuously monitored usinghemiluminescencedetection
method sensitive to as low as 1 ppb of N@ays carrying pa with sowed seedsere subjected

to stratification at 4°C for at least 72 hours ithe dark. Trays were then covered with thin
transparent plastic foils and transferred into NO exposure chambers. Covered trays provide high
humidity which enablesiniform seed germination. All the chambevsre supplied with ambient
air that was directly drawnfrom the campus of Helmholtz Zentrum Munich, Germany. After 5
days, plastic covers were removed and ambient air drawn into the chaasenixed with
gaseous N@f requiredconcentratioa The diambes and NO treatment facilitiesere provided

by the Research unit of Environmental Simulation in Brepartmentof Biochemical Plant
Pathology (BIOP) at Helmholtz Zentrum Munich, Germany.

Figure5i Plant growth chambers for NO treatment.

A big plantgrowth chamber contains four smakposurechambers eachdesigned to provide specific
gaseous environment for the plants. All the chambers were equipped with ventilators ensuring uniform
circulationof air inside the chambers. Aivascontinuously withdrawn from all the chambers to detect
NO andotal nitrogen oxide NOX levelsin the chamber

































































































































































































































































































