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2-DE, two-dimension polyacrylamide gel electroplsisg
ANOVA Analysis of variance,

ASC ascorbate,

CAT catalase,
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GUSB-glucuronidase fusion proteins,
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NADPH Nicotinamide adenine dinucleotide phosphatiiced salt,
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POD peroxidase

PRPs Pathogenesis-related proteins,

PRX, peroxyredoxins;
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ROS, reactive oxygen species;
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SOD Superoxide dismutase,
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TEM, transmission electron microscopy;
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UV-B Ultraviolet-B radiation,

UVR8 UV-B photoreceptor 8,
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ABSTRACT

This thesis work focusses on the gamma-glutamylecyt plants, with the aim to address the
physiological significance of this cycle in plardagtation to the environment. It is composed of
three sections, where different approaches have 8eeeloped to understand different aspects of
the cycle. In consideration that alternative andhwveoging strategies may provide tools for
deciphering plant metabolism,two main approachesewadopted: the application of stress

conditions, and the use of mutants.

In the first work, integrated biochemical, immuntmxhemical, and quantitative proteomics analyses
were performed in leaves @éfrabidopsis thalianaggtknockout mutant (lacking apoplastic GGT1
isoform) and itscorresponding wild-type (WT). Thgtl knockout leaves exhibited an increased
ascorbate and GSH content, increased apoplastic @8tént, and enhanced protein carbonylations
in the low-molecular-weight range compared to WTot€ome data showed that disruption of
gamma-glutamyl cycle iggtl knockout-leaves was associated with the induafogenes encoding
four GSTs, a GSH peroxidase (GPX1), and glyoxylaseiggesting that GGT1 plays a role in redox
signaling. The disruption of the gamma-glutamylleyn theggtl mutant results in pleiotropic effects
related to biotic and abiotic stress response,oddiint metabolism, senescence, carbohydrate

metabolism and photosynthesis, with strong impbeet for plant’s adaptation to environment.

The objective of the second contribution wastousi@ded how thggtl mutant line responds when

it is exposed to an external oxidative stress by-RJvadiation. The response gftl knockout
Arabidopsisleaves to UV-B radiation was assessed by invdstgiachanges in extracellular
glutathione and ascorbate content and their redtate,s and in apoplastic protein
composition.Results show that, upon UV-B exposs@uble antioxidants are altered in both
genotypes. Rearrangements occur in their apoplastitein composition, both in the wildtype
under UV-B and in thggtl mutant in physiological conditions. This sugggmssnvolvement of
H,0O,, which may ultimately act as a signal. | argud thadative stress conditions imposed by UV-
B and disruption of the gamma-glutamyl cycle resulsimilar stress-induced responses, to some

degree at least.

Since the gamma-glutamyl transferase operates én etktracellular space, aim of the third
contribution was to better investigate the reaciovolvingLMW thiols (glutathione,cysteine and
cysteinyl-glycine), metals and enzymes related @SRnetabolism in the cell wall. Resultsindicate

that LMW thiolsexhibit quenching capacity for raaetoxygen species generated in the apoplastic
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spaceandpoint to a role for LMW thiols, which aretabolically related to each other in the

gamma-glutamyl cycle, in modulating redox reactiomplant cell walls.

RIASSUNTO

L’argomento della mia tesi di dottorato e stateidlo del gamma-glutammile nelle piante con lo
scopo generale di investigare il significato fisgico di questo ciclo nell’adattamento delle piante
all'ambiente. Il lavoro € composto da tre contiilsyterimentali, nei qualidifferentiapprocci sonatst
adottati per capire diversi aspetti del ciclo. Ql@rsi vogliono approfondire le conoscenze per
decifrare il metabolismo si possono usare straddigimative e convergenti, due sono i principali
approcci che sono stati adottati: sono stati impuitesgili stress ossidativi esterni per valutaredpasta

della pianta e si e fatto uso di mutanti.

Nel primo lavoro, sono state eseguite analisi broiie, immunocitochimiche e proteomiche in
foglie di Arabidopsis thalianadel mutanteggtl (mancante dell'isoforma apoplastica di GGT1) e nel
corrispondente wild-type (WT). Comparando lefoghdd-tipe con il mutanteggtl,quest’ultimo
presentava un incremento del contenuto di ascosbgtotatione, anche il GSH apoplastico risultava
aumentato e un cambiamento nelle carbonilaziorie daloteinea basso peso molecolare. | dati
proteomici evidenziavano che linterruzione dele@idel gamma-glutammile nelle foglie del mutante
gotl era associato con I'induzione di geni codificgnar quattro glutatione-sulfo-transferasi (GSTS),
una glutatione perossidasi (GPX1), e la gliossilasuggerendo che la proteina GGT1 ha un ruolo
nel redox signaling. Quindi l'interruzione del dallel gamma glutammile nel mutamggtl porta ad
effetti pleiotropici legati alla risposta a strebgotici e abiotici, altera il metabolismo degli
antiossidanti, la senescenza, il metabolismo ddiogdrati e la fotosintesi, con forti implicazioni

nell’adattamento delle piante all’ambiente.

L’obiettivo del secondo contributo era capire caimautanteggtl risponde quando € esposto ad un
stress ossidativo esterno, € stato scelto di Usaegliazione UV-B. La risposta del mutaggglalla
radiazione UV-B é stata valutata investigando i lwamenti nello spazio apoplastico della
composizione proteica e del contenuto di glutatienascorbato e il loro stato redox. | risultati
evidenziano che, I'esposizione all’'UV-B, altera ghtiossidanti solubili in entrambi i genotipi. |
riarrangiamentiche avvengono nella composizionéepra dell’apoplasto, nel wild-type sottoposto a
UV-B e nel mutantggtl in condizioni fisiologiche, suggeriscono un calgimento del perossido di
idrogeno (HO,), il quale potrebbe agire come segnale. Questpanta a dedurre che le condizioni
di stress ossidativo (imposte con I'UV-B) a l'imazione del ciclo del gamma glutammile,in una

certa misura, portano a una simile risposta indidtatress.Poiche la gamma-glutammil transferase
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agisce nello spazio extracellulare, scopo del teaatributo € stato investigare le reazioni che
avvengono tra i tioli a basso peso molecolare étjhiine, cisteina e cisteinil-glicina), i metallgk
enzimi legati al metabolismo dei ROS nella paret#utare. | risultati indicano che i tioli LMW
sono in grado di quenchare le specie attive dalieno generate nell’ apoplasto e evidenziano un
ruolo per i tioli, i quali sono metabolicamente redati tra loro nel ciclo del gamma-glutammile, nel

modulare le reazioni redox nella parete cellulare.

INTRODUCTION




GENERAL |NTRODUCTION

Climate changes are a selective force able to p@dupressure on natural populations. Effects of
global changes are multiple: e.g. shift in geogregdhdistribution, increase of parasites and/or
competitor species, alteration in life-cycle (grbwteproduction and senescence), loss of habitat
(change of sea-level rise, increased fire frequeldtered weather patterns, glacial recession),
extinction or extirpation of species (Mawdsleyal, 2009). In recent years, climate changes are
rapid and unpredictable and they are likely to nderplants’ capacity to adapt. Due to their sessil
life-style, plants must endure a range of biotic afiotic stress conditions and they develop a
modified tolerance to survive. Subsequently, thesavourable situations can cause a restricted
plant growth and development. Most notably, if wensider crop plants, these changes were
reflected in reduction of productivity, that cawserldwide economic costs (Nakabayashi and Saito
2015;Suzukiet al, 2014). To avoid damage from abiotic and biotictdes, plants adapt to the
changes in their environment by activating evolgetf-defense mechanisms. Adverse conditions
increase the formation of reactive oxygen specRkR®S), and consequently, plants develop
enzymatic and non-enzymatic antioxidant moleculBgzschkeet al, 2006). Understanding plant
responses to environmental changes is a need wleictands modern and novel strategies. This
research could represent a further step to helpiraptbve plant’s adaptation to the environment,
with important consequences on crop productivitgd amop-derived food quality and nutritional

value.
1.REACTIVE OXYGEN SPECIES

The formation of reactive oxygen species is a comroonsequence of an oxygen-containing
atmosphere; therefore, every organism, to suninas, developed some mechanisms to limit the
damages of ROS. This class of molecules includesoggn peroxide (bD,), superoxide anion
radicals (*Q), hydroperoxyl radical (*H&), hydroxyl radical (*OH), singlet oxygen (sJ0and other
highly oxidizing molecules. These molecules areegated from @ by energy transfer or electron
transfer reactions; the first step requires angnarput, but afterwards, it occurs spontaneously
(Karuppanapandiaet al, 2011). ROS exert their action by reacting witbasric molecules, which

in turn can be damaged or undergo redox modifinat{®asiet al,, 2015).

Compared to @ *O, is a highly reactive molecule (Mittler, 2002; Haill, 2006) and can interact
with target biomolecules; the preferred ones atdbliobond moieties, such as polyunsaturated fatty
acids (PUFAs) or guanine bases of DNA. In biologgsstems, *@is produced either by UV-B
radiation or, in chloroplasts, due to chlorophylbposensitization (Bischadt al, 2003).



*O; is a short-lived ROS (half-life of approximatelyu$), it can not cross membranes and it is
usually quickly dismutated to J,. <O, can also react with *NO and give rise to peroxieit
(OONO).

*HO; molecules are formed from,Oby protonation; they can cross biomembranes aact reith
PUFAs thus initiating lipid auto-oxidation (HalliWweand Gutteridge, 2006). 4, is a relatively
long-lived molecule (half-life, 1 ms), moderatelgactive and can diffuse short distances. By
travelling across membranes,®4 can act as signal messenger in the stress respdafiavell,
2006; Molleret al, 2007).

*OH is the most reactive oxidant in the ROS famépgd it is not considered to have signalling
function. «OH reacts with all biomolecules (lipidsd DNA, pigments, proteins). Plant cells can not
scavenge this highly reactive ROS and its prodactio excess induce programmed cell death
(PCD), (Vranoveet al, 2002; Manoharast al, 2005; Karuppanapandiat al, 2011).

When exposed to biotic and abiotic stress, an asen ROS concentration is often reported in
plant cells, but they are also result from normatabolic activity. Several metabolic pathways
induce ROS generation in different cellular commpants such as chloroplasts (during
photosynthesis), mitochondria (by electron transporerobic respiration), peroxisomes, cytosol,
vacuoles, endoplasmic reticulum and plasma membréme oxidoreductase enzymes and metal
catalyzed oxidation) (Corpat al, 2001; del Ricet al, 2002; Mittler, 2002; Asada, 2006; Navsit
al., 2007).

1.1 ANTIOXIDANTS SYSTEM IN PLANT

Cells have evolved a complex array of differentldmacal strategies to ameliorate the harmful
effects of ROS: one system is the prevention ondarewe of ROS formation, another way is
scavenging ROS by enzymatic and non-enzymatic psese (e.g. low molecular weight
antioxidants) to maintain and control low concetntres inside the cell (Nakabayashi and Saito
2015). Various enzymes are involved in ROS-scavaygnost notable are: superoxide dismutase
(SOD) , catalase (CAT), ascorbate oxidase, gluiathiperoxidase (GPX) reductase (GR) and
sulfo-transferase (GSTs). Superoxide dismutase {Sf@falyzes the conversion of two superoxide
anions into a molecule of hydrogen peroxide@k) and oxygen (€. In the peroxisomes, the
enzyme catalase converts@®4 to water and oxygen, and thus completes the detation initiated

by SOD. Glutathione peroxidases is a group of s@herenzymes, which also catalyze the
degradation of hydrogen peroxide. Glutathione reaBes convert oxidised glutathione to reduce

form.
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There are also a number of small molecules thainamved in ROS detoxification: ascorbic acid,
glutathione, tocopherols are the main non-enzymeitoxidants. However, there are also many
secondary compounds (e.g. flavonoids, phenolic sa@idd other phenols, alkaloids, nitrogen
compounds, aminoacids and amines, carotenoids lalodophyll derivatives). They quench free
radicals and ROS directly or by activation of secayieg defense systems controlled by cascades
system (Gill and Tuteja 2010).

Ascorbic acid is a water soluble molecule capableducing ROS, while vitamin E{tocopherol)

is a lipid soluble molecule that has been suggdasi@tay a similar role in membranes. Glutathione
plays an important role in the intra- and extrdulat defense against the negative effects of
reactive oxygen species. Reactions with ROS madscakidize glutathione, but the reduced form
is regenerated in a redox reaction by an NADPH-déeet reductase. The ratio of the oxidized
form of glutathione (GSSG) and the reduced formH{8 a dynamic indicator of the oxidative

stress of an organism.
1.2 OXIDATIVE STRESS IN PLANT

In plants, various environmental perturbations oedwxidative stress, such as salinity, drought,
high light intensity (HL), wind, heat, UV-B radiat, chilling, wounding, ozone ¢ herbicides,
parasites, heavy metals and pathogens. The overgirod of ROS results in an imbalance between
the accumulation and the removal of these moledunléissues and by plants antioxidant systems.
This condition leads to non-specific damages tororaolecules such as DNA, proteins and lipids
(Apel and Hirt, 2004; Munne-Bosch and Alegre, 20B4ruppanapandiaat al, 2006a,b,c, 2008,
2009, 2011). One of the most known indicators effiresence of free radicals is lipid peroxidation.
Unsaturated fatty acids, in cellular membranes, aammmon target for these molecules. Lipid
peroxides are unstable and decompose to form a lesngeries of compounds, which include
reactive carbonyl compounds, such as malondialdehiese injures can potentially result in cell

death, and in the worst case lead to the organeathd

To check free radical formation, and consequetigydresence of oxidative stress, it is common to
investigate on antioxidants systems: they providermation on cellular redox state, and influence
gene expression of defense response associatediwitb and abiotic stimuli (Foyer and Noctor
2005). In the cytosol, redox homeostasis is maethithanks to a pool of low molecular weight
antioxidants, mainly glutathione, ascorbate andpberol. The ability of these molecules to act as
redox buffers in plant cells is one of their im@ort function: glutathione reacts through its tlfiel

SH) group and interacts with a number of other ks in a series of redox reactions to scavenge
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damaged species, and one of its main partner lzegte (GSH-ASC cycle). Ascorbate (or vitamin
C) is synthesized in high concentrations in plais¢ and in addition to GSH contributes to redox
buffering of hydrophilic molecules. Tocopherols (gramin E), due to its nature, is an important

liposoluble redox buffer (Foyer and Noctor 2005).
1.3 ROSAS SIGNALS

Redox regulation has been demonstrated to be iaslalv different processes, not only in stress-
regulated gene expression and disease resistanicalsb in stomatal closure, organ development
and control of the plant architecture, hormone &ligg, and signal transduction (Pottetsal,
2010). Recent works provide evidence that ROS hawte in cell signalling, and they are involved
in the regulation of various developmental and piggical processes and in pathogen defense
(i.e., the HR - hypersensitive response), includipgptosis, gene expression, and the activation of
cell signalling cascades (Guan and Scandalios,;Z08@t al, 2000; Mittleret al, 2004; Foyer and
Noctor, 2005; Vellosilloet al, 2010). In many plant metabolic processes, ROSaadliffusible
signals and secondary messengers in signal tratnsdyzathways (Foyer and Noctor 2005). It
should be noted that ROS can serve as both intrd-irgtercellular messengers. This evidence
highlights in plants a delicate balance between R®&luction and scavenging, that allows
coexisting with different functions (Karuppanapardet al, 2011). Their combined action as
metabolism signals and stress factors constitplast redox homeostasis, in which ROS and
antioxidants acts as a metabolic interface (Foyet octor 2005). Of course, not all reactive
oxygen species have the same potential to actgaslsig molecules, only ROS that are able to
cross biomembranes are likely to be implicated. tNfaeresting from this point of view is;B, for

a number of reasons: it is produced by differemtyare systems; its half-life is relatively long; and
it is present and tolerated in higher concentraiompared to other ROS. Moreover,(4 can
transmit redox signals through the vascular sygteng distance) or in the apoplast (short distance)
(Foyer and Noctor 2005).

In plants, as in animals, a common mechanism toigetf ROS as a relatively stable product is by
the oxidation of thiol-containing domains; thiol idation plays a key role also on protein
phosphorylation controlled by kinase pathway (Kovtt al, 2000; Gupta and Luan, 2003; Rentel
et al, 2004; Waszczakt al, 2015; Reczek and Chandel 2015).Glutathione redfpustments are
as important as enhanced ROS pools in signallimgig€enet al, 1999; Mouet al, 2003; Ballet
al., 2004; Gomez=t al, 2004; Evanst al, 2005). Glutathione pool is oxidized and increased
catalase-deficient plants (Noctet al, 2002a; Rizhskyet al, 2002). Moreover, different works

demonstrated a relationship between salicylic azathlase, ascorbate peroxidase, and glutathione
12



in oxidative and reductive steps during plant—pgéminteractions (Vanacket al, 2000; Mouet
al., 2003). GSH status influences also cytosolic oalcconcentration (Gomest al, 2004; Evans
et al, 2005), which is known to increase together witbRproduction in early events of pathogen
responses (Dangl and Jones, 2001; Lecoum¢ak, 2002).

2. GLUTATHIONE FUNCTIONS IN PLANTS

Glutathione (GSHy-glutamyl-cysteinyl-glycine) is a tripeptide, theam and most abundant low
molecular weight thiol and one of the major nonteno antioxidant molecules in plant cells. It is
involved in a plethora of metabolic pathways andldgical functions: e.g. it regulates protein
function, flowering and lateral root growth, cellividion, mRNA translation, xenobiotic
detoxification, sulphur nutrition and storage, gkl redox state and signalling; moreover it is a
precursor of phytochelatins (Pottetsal, 2010) (see Fig.1). All these functions make dhitme a
node point for regulation of plant development aesponses to the environment (Nocgbral,
2011). GSH can move through plasma membrane, aocdube of its thiol (-SH) moiety, it is
involved both in short and long distance sulphansport by xylem and phloem fluids. Indeed,
cysteine amine group is linked to the carboxyl grofithe glutamate to form a gamma peptide that
can not be cleaved by proteases.

— Reduced 5 peroxydes and
Detoxyfication and transport storage and free radical
of xenobiotics (herbicides, franiclocation Fatabolic
pollutants)
redox state regulation
Cell division
Chilling and drought

response

Anthocyanin Qf'. Gena

{;
accumulation \ﬁv ‘ transcription
,-&"
LY

Flowering

Differentiation of Y _,L.. mMRNA translation
tracheary element P

Enzyme activity

Growth of lateral roots

Hormone
NO translocation modification and
transport
S nutrition Synthesis of phytochelatins
regulation (heavy metal binding
peptides)

Fig. 1: An overview of glutathione functions.
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2.1 GLUTATHIONE HOMEOSTASIS

The subcellular distribution of glutathione in pigms important for plant growth and development
(Kocsyet al, 2013). Its concentration, inside cells, occursvieen 3 and 10 mM and varies due to
different tissue and developmental stage of plérgsstek and Saito 1999). Glutathione is involved
in the regulation of sulphur metabolism in plantsconstitutes the main non-protein sink for

reduced sulphur, being the major sulfur reserwapfiva and Rennenberg2004).

The contribution of GSH to cellular homeostasidesnonstrated by the use Af thalianamutants

in several functional genomic studies, that indicatcorrelation between a decreased glutathione
content and a series of damaging events. Amongrsythitbey include auxin transport and
metabolism disruption, camalexin content decreas&, apical meristem developmental failure,
increased sensitivity to cadmium, loss of apicaho@nce and reduced secondary root production,
and enhanced sensitivity to pathogens (Blcetnal, 2007; Pivatoet al, 2014). Environmental
stress conditions provoke alterations in subcellglatathione contents, therefore GSH is used also
as stress marker. These information are helpfulnderstand the role of this metabolite during

stress condition in plants(Zechmann, 2014).

The ratio of GSH-GSSG is the central indicator @lludar redox state: notably GSSG is
accumulated in oxidative stress, whereas glutathios in its reduced form (GSH) under
physiological condition (Pivateet al, 2014). Moreover, in plants glutathione cooperatgsh
ascorbate in the so called ascorbate—glutathionk ¢¥ig 2)to detoxify reactive oxygen species
(ROS) by direct chemical interaction. Ascorbatexaized by ROS to monodehydroascorbate and
dehydroascorbate (DHA), whose reduction is couptedylutathione oxidation (then GSSG is
enzymatically reduced by glutathione reductase @®)ce glutathione is deeply connected to
ascorbate, knowing the amount of ascorbate anatbione and their redox states (reduced vs.

oxidized) is very important in the study of plaesponses to stress (Zechmann, 2014).

Ascorb d d Gl i dq d Gl e d d

H,0, metabolism regeneration of ascorbate peroxide metabolism

NAD(P)*  NAD(PH NADP*  NADPH

DHA GSH
:A M
/ Asc GSSG

GSSG
o MDHA —=* osh asd GSH

H,0, H

o H,0. H,0 H,0. H,0
5 ROOH ROH ROOH ROH

14



Fig. 2:Ascorbate—glutathione cycle (from Foyer &lattor 2011).

2.2 GSH:PHYSICO-CHEMICAL PROPERTIES AND BIOCHEMICAL MECHANISMS OF REACTION

Glutathione is linked at the-carboxyl group of glutamate to the amino groupcgsteine: this
property confers stability to the molecule (prot=masresistance) and allows programmed
degradation by amino acid transferases. Insides @8BH is predominantly maintained in its
reduced form by glutathione reductases, that aesemt in cytosol, plastids, mitochondria, and
peroxisomes (Halliwell and Foyer, 1978;Sméhal, 1989; Edward®t al, 1990; Jiméneet al,
1997; Chewet al, 2003; Kataya and Reumann, 2010).

Oxidized glutathione is produced by the formatidraaisulfide bond between the cysteine thiol
moieties of two glutathione molecules. The reveesibdox reactions of cysteine ensure many GSH
functions. In general, oxidized forms includes eitldisulfides with another glutathione molecule
(GSSG) or with a different thiol to form mixed disdes. ROS are the molecules mainly involved
in GSH oxidation, that serves as scavenger orfgaalinucleophile. Glutathione oxidation can also
be catalysed by enzymes, that redue®4or peroxides to water or to the corresponding lato
(Pivato et al, 2014), or that oxidize glutathione for ascorbetgeneration (dehydroascorbate
reductase, DHAR) (Foyer and Mullineaux, 1998).

Glutathione forms conjugates with a vast array oflagenous electrophilic species and with
xenobiotics, acting as a detoxification agent (Wand Ballatori, 1998; Dixon and Edwards, 2010).
In particular, with nitric oxide (NO) it forms a opgate (GSNO) which is receiving particular
attention for its physiological significance asr&tliing molecule (Lindermayet al, 2005).

Therefore, in its oxidized/reduced forms, glutati@aonstitutes a redox buffer that on the one hand
guarantees cellular redox homeostasis, and ontkiee band it participates in signalling processes.
A clear example of this double function is the rattion between glutathione and proteins: on the
one hand oxidized protein thiols can be revertethéir reduced state thanks to glutathione (redox
homeostasis), on the other hand the linkage betwaéathione and proteins (glutathionylation)
can act as signalling process (e.g. it can corctivity of transcription factors) (Mejer and Hell
2005).

2.3 GSHBIOSYNTHESIS AND CATABOLISM

Glutathione biosynthesis is similar between plaartsl other organisms (Rennenberg and Filner

1982; Meister 1988; Noctat al, 2002b). The tripeptide is formed from Glu, Cysl &ly by two

ATP-dependent enzymes (namely GSH1 and GSH2). ifstestep occurs in the plastid with the
15



synthesis ofy-glutamylcysteiney-Glu-Cys). This intermediate molecule is exportedhe cytosol
and/or cloroplast where the addition of glycinewsc(Pivatoet al, 2014). Notably, the-Glu-Cys
synthetase (GSH1) is the rate limiting enzyme oHG8oduction: the increase of glutathione
contents was shown both by artificial elevatiorcgéteine content by exogenous supplementation
and by the overexpression of genes and enzymesvet/an cysteine synthesis (Gullnet al,
1999; Harmset al, 2000; Bloemet al, 2004 and 2007; Zechmaeh al, 2007 and2008; Noji and
Saito, 2002; Wirtz and Hell, 2007).

In plant cells there are two alternative degradatgathways for GSH. In the cytosol ya
glutamylcyclo-transferase (GGCT) pathway opera@skéma-Ohtsiet al, 2008), meanwhile in
apoplast and vacuoleglutamyltransferase/transpeptidases are activel(&& 2.3.2.2) (Ohkama-
Ohtsuet al, 2007a,b; Toliret al, 2013;Masiet al, 2015). The two degradation pathways coexist
and operate independently of one another, and thavefore distinct physiological significance and
regulation. Indeed, the gamma glutamyl cycle iacfional to the recovery of extracellular
glutathione, while thg-glutamylcyclo-transferase/5 oxoproline pathwaytipgrates to the control

of cytosolic glutathione homeostasis.

2.4 Y- GLUTAMYL CYCLE IN PLANTS

The existence of the extracellular enzyme gammtaglul-transferase (GGT; E.C. 2.3.2.2)
degrading GSH has been reported in plants as masi(Martinet al, 2007; Meister and Anderson
1983). This is a crucial enzyme in the gamma-glytarycle, consisting of intracellular glutathione
synthesis, extrusion to the extracellular spacerandvery by gamma-glutamyltransferase (GGT)
and cys-glydipeptidase (DP). The degradation in$o constituent amino acids has now been
demonstrated both in animals (Fig. 3) (Meister anderson 1983) and also in plants (Marin
al.,2007; Ferrettet al, 2009). Amino acids are then taken up and glutathis reassembled inside
the cell. GSH/GGT-dependent processes have beerrilwis of pivotal importance in redox
homeostasis in modulation of health and stress itondin evolutionarily distant organisms
(Pennacchiet al, 2014.
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Fig. 3: They-glutamyl cycle as it operates in animals. Extriatat GSH is hydrolyzed by GGTs
and dipeptidase to amino acids and dipeptides. rEsalting amino acids and dipeptides are
transported into the cell, thus making them avé&ldor a wide range of functions including
intracellular synthesis of GSH and protein synthésiracellularly, GSH also serves as substrate for
glutathione S-transferase-catalyzed conjugatiostie@s. Glutathione S-transferase conjugates of
many xenobiotics are exported and hydrolyzed by &&id MBDs prior to excretion (from Martin
et al, 2007).

3. GAMMA -GLUTAMYLTRANSFERASES IN ARABIDOPSIS

In Arabidopsis thaliana  four gamma-glutamyltransferase genes (At4g39640,
At4939650,At1g69820 and At4g29210) have been ifledtbased on homology with animal GGTs
(EC 2.3.2.2) (Martiret al, 2007). GGT1 and GGT2 proteins are associated télcell wall and
the plasma membrane, respectively, whereas GGTS wateseem to have a function, and GGT4
occurs only in vacuoles (Ohkama-Ohtsual, 2007a,b; Ferrettet al, 2009; Destrcet al, 2011,
Tolin et al, 2013). GGTs cleave the amide bond linking;t#oarboxylate of glutamate to cysteine,
are involved in hydrolysis and turnover of glutate and assist in degrading GSH conjugates. In
particular, GGT1 and GGT2 control cellular glutatie uptake and long-distance transport. GGT4
is localized inside vacuole and cleaves glutathi8rmnjugates (Grzaret al, 2007). Martin and
colleagues (2007) used plants containing GG@tucuronidase fusion proteins to investigate
temporal and spatial enzyme localization (Fig.49s&ts demonstrated that GGT1 and GGT4 are
coexpressed in most organs/tissues. Their expres&s highest at sites of rapid growth (such as
the rosette apex, floral stem apex, and seeds)haydshowed pinpoint locations where glutathione
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is delivered to sink tissues as cysteine supplBBT2 displayed short and limited expression

mainly in immature trichomes, developing seeds, @oitkn.

& ey e |

Fig. 4: Histochemical localization of GGT1 activityplants expressing a GGT1:GUS fusion.

A, GUS activity was highest at the shoot apex andhe vascular tissue of the hypocotyl and
cotyledons. B, Enlargement of the shoot apex wiadS expression was strongest showed that
activity was particularly high at the base of imuorat trichomes. C, 11-d-old seedling showed
differential, age-dependent staining of leaves.reésgion was high at the rosette apex but absent in
the older leaves or was restricted to the majanstdd, GUS activity was high in the floral shoot of
27-d-old plants at bolting. Cross sections of anegéhted floral stem at the base (E) and apex (F),
respectively, showed staining was strongest aaplex. G, cross section through a leaf and the stem
at the base of a mature rosette showed activity mnthe vascular tissue. H, GUS activity was
present throughout roots of mature plants. |, Flbtals and nearly all parts (J) of mature flowers
showed GUS activity. J, The pistil stained priorféatilization and the ovary (silique) wall (K)
stained at all stages after fertilization. L, Remlowf the seed coat showed GUS activity in the

mature embryo (from Martet al, 2007).
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4. THE APOPLASTIC SPACE

All plant tissues can be divided into two main camments: symplastic (located in the inner side

of the plasma membrane) and apoplastic space €kaathe outer side, extracellular) (Fig. 5).

Plasimma

Plasmodesmala TR 5 +
O, . i i, ¥ e "y =
R 5 :

Coll wal = CaBparian slrip

[y =Apoplast

Ty -
.___:} Symplast

Fig. 5:Apoplast and symplast in plant cell.

Plasmodesmata are symplastic connection of celisctimsist of microscopic channels used for the
transport of small molecules (Giraldo and Valentl20 The apoplastic route facilitates the
transport of water and solutes across a tissueganothis process is known as apoplastic transport
It is also a site for cell-to-cell communication.

The apoplast includes the cell wall, with its ifiteillar and intermicellar space, and the xylem,
with its gas and water-filled intercellular spa&aftelmacher 2000:). It contains proteins and other
molecules involved in plant cell’s sensing and altyng of biotic and abiotic stress (Dietz, 1997;
Agrawalet al, 2010).

It is at the interphase between the cell and thereal environment, where fast fluctuations occur
due to different stresses, such as salinity (Heteaet al, 2001), ozone (Jaspeet al, 2005)
drought (Huet al, 2005), UV-B radiation (Pristoet al, 2013) and pathogens (Delauneisal,
2014). As a consequence, many molecules in thelagiapspace change their redox state and
concentrations.

Any external environmental condition is sensed bg plant thanks to the generation of an
extracellular signal, which is transmitted to thener compartments and, following specific
transduction pathways, induces plant response adjust cell metabolism to the new condition.
Many players are required for this system: spegénes expression, post-transcriptional and post-

translational regulation, hormones and cell reguta{Masiet al, 2015).

During local oxidative stress, hydrogen peroxidd amperoxide anion can diffuse through apoplast
and transmit a warning signal to neighbouring celts addition, a local alkalinization of the
19



apoplast due to such stress can travel within ragad the rest of the plant via the xylem and

trigger systemic acquired resistance.
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OBJECTIVES

Plants growth and composition result from a compieterplay of genotypic features and
environmental and nutritional factors. With the ldaan to improve crop production and plant-
derived food quality, many scientists worldwide atadying the physiological determinants of

plant adaptation to environmental stress conditions

The appearance of reactive oxygen species (RO3nisinavoidable consequence of life in
oxygenic atmosphere, but their production is enbdnainder unfavourable environmental
conditions. In living cells, antioxidants act tont@ast free radicals and permit to control andtlimi
damages caused by toxins, medications, stressitipoll poor diet, trauma, infections and radiation
(Halliwell and Gutteridge, 2006).Oxidative stressnditions negatively affect plant growth and

development, and accelerate scenescence.

In recent years, a great number of nutritionistd aonsumers have also shown an increasing
interest towards food therapeutic value, long sHiéd and consequently on natural plants
antioxidants (Sreeramulet al, 2013). Plant foods, due to their antioxidant\aitj help to stay

healthy and prevent disease (Kaur and Kapoor, 2001)
All these considerations point to the importancstatlying antioxidants metabolism in plant cells.

A major soluble antioxidant in plant cells is asmie,and human diet relies on plant food intake for
correct supply.Another main non-proteic antioxidamtGSH, mainly localised intracellularly;
however, it is also found in the apoplast, wheres iinvolved in the so called gamma-glutamyl

cycle.

An interesting peculiarity of the cycle is thabitcurs between inside and outside the cell: GSH is
synthetized in the cytosol, carried out trough plasmembranesto the extracellular space and here
it is cleaved by gamma-glutamyltransferase (GGT)ptoduce cysteinyl-glycine (cys-gly) and

glutamate.

A major aim of my thesis was to better clarify et gamma-glutamyl cycle is involved in

mechanisms that regulate redox responses and @andxevels in plants.

To do so, | decided to investigate: i) what are rtietabolic consequences of thgil mutation at
proteomic level; ii) howArabidopsis thalianaggtinutants respond to oxidative conditions; iii)
what are the signals arising in the apoplast, wimgl LMW thiols and cell wall components, that

might mediate the redox responses.
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ABSTRACT

The existence of a gamma-glutamyl cycle consistingtracellular GSH synthesis, extrusion to the
apoplastic space and recovery by gamma-glutamyttesase (GGT)-assisted degradation into its
constituent amino acids, has been demonstratethimsp To address the significance of this cycle
in plant cells, we performed integrated biochemidahmunocytochemical, and quantitative
proteomics analyses in thgrabidopsis thaliana ggtknockout mutant (lacking apoplastic GGT1
isoform) and its corresponding wild-type (WT). Toetl knockout leaves exhibited an increased
ascorbate and GSH content, increased apoplasticd®8tdnt, and enhanced protein carbonylations
in the low-molecular-weight range compared to Whe Tombined iTRAQ and LC-MS/MS based
guantitative proteomics approach identified 70 g@irg (out of 1,013 identified proteins) whose
abundance was significantly different in leaveg@ifl mutant compared to WT, with a fold change
>1.5. Mining of the proteome data for GSH-associajedes showed that disruption of gamma-
glutamyl cycle inggtl knockout-leaves was associated with the inductiogemes encoding four
GSTs in thephi class GSTF2 GSTF6, GSTF9, and GSTH1@& GSH peroxidaseGPX1), and
glyoxylase II. Proteins with a lower abundance camed to the WT are involved in chloroplast
functions, carbohydrate/maltose metabolism and te¢ige storage protein synthesis. Present
findings suggest that GGT1 plays a role in redgxaiing. The disruption of the gamma-glutamyl
cycle in theggtl mutant results in pleiotropic effects related totib and abiotic stress response,
antioxidant metabolism, senescence, carbohydratabmiesm and photosynthesis, with strong

implications for plant’s adaptation to environment.
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1. INTRODUCTION

Climate changes are so rapid and unpredictableecent years that they are likely to override
plants’ capacity to adapt, resulting in restricpdaint growth and development, and consequently in
reduced productivity. Developing crop plants witmadified tolerance to abiotic and biotic stresses
is therefore a necessity, which demands moderrelrstkategies to gain a thorough understanding
of how plants respond to environmental changesinbitally, plants adapt to the changes in their
environment and avoid damage from abiotic and difatctors, by activating evolved self-defense

mechanisms.

There is now a wealth of evidence to indicate timany adverse environmental factors
affecting plants at the cellular level take effettjeast in part, by promoting oxidative stresS].1
These effects are mediated by changes in the ¢évrelctive oxygen species (ROS) in the apoplast
- a complex structure surrounding plant cells. Toke and properties of extracellular gamma-
glutamyl transferase/transpeptidase (GGT, (5-Laghyt)-peptide:amino-acid 5-glutamyl
transferase; EC 2.3.2.2.) in oxidative stress Hmaen widely studied in animal cells [4], and more
recently in plants [5-10]. The GGT is an ectoenzypnamoting cleavage of the gamma-glutamyl

moiety of GSH and gamma-glutamyl-related compounds.

GGTs exist in all organisms and in multiple isofstraharing the characteristic of being extra-
cytosolic. In animals, they are located on the psnembrane (PM) with the catalytic site facing
outwards [4]. InArabidopsis thalianathe two isoforms GGT1 and GGT2 are reported|ypégsiic,
where GGT1 is cell-wall bound [10] and GGT2 is P8&aciated; GGT4 is vacuolar and assists in
degradation of the GSH conjugates [6,9]. A fousthform, GGT3 is believed to be non-functional

because it contains a truncated sequence [8].

While GGT is known to promote GSH degradation tsteyylglycine (cys-gly) and glutamic

acid, the significance of this reaction in planttab®lism is largely unclear. This step is parthaf t
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gamma-glutamyl cycle consisting of the extrusionG8H to the extracellular space, degradation
into its constituent amino acids, followed by th@absorption by means of amino acid transporters.
In mammals, this cycle has been correlated withoziotative responses involving GSH and has
been implicated in intercellular and inter-orgarsteyne delivery [11]. The GGT knockout mice

exhibit abnormal growth and die prematurely, witBimonths of birth [12].

In plants, the involvement for GGT in antioxidamisponse remains poorly characterized.
Under photo-oxidative stress induced by ultravidieexposure, cys-gly content in leaves was
reported to increase throughout the period of exygoto radiation [13]. In another study aiming to
isolate genes involved in protection against oxigatiamage, a cDNA fromrabidopsisencoding
a putative GGT was isolated and its expressioneiasy conferred an enhanced tolerance to the
thiol-oxidizing drug diamide [14]. While the vacaolAtGGT4 has been demonstrated to drive the

metabolism of GSH-conjugates, the functions ofapeplatic isoforms are less clear.

A functional genomics approach using knockout miutlmes has indicated no clear
phenotype inggtlA. thalianalines, apart from a shorter life cycle represertigcearly flowering
and premature senescence [15,8]. This phenotypeintepreted as the result of a difficulty in
adapting to the environment, the shorter life cybeng an escape mechanism similar to the
strategy adopted by plants that survive in harsiditions, e.g. drought [16]. It should be noted
that, in terms of their dependence on cysteineaisity, animal cells behave very differently from
plant cells: the former rely on external GGT fotrawellular cysteine availability, whereas plant
cells have an autonomous capacity for cysteineyhtbgsis. The GGT mutations may therefore
have less dramatic effects on plants than on asimal
With an aim to shed light on the metabolic readpnesits due to the mutation in tggtl knockout,
we applied biochemical, immunocytochemical and tjtetive proteomics approaches on leaf
proteins from theggtl and wild-type (WT) plants. For the quantitativeog@omics, we utilized

iITRAQ isobaric tags for relative and absolute quanbn in combination with liquid
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chromatography tandem mass spectrometry (LC-MS/MSa high mass accuracy Orbitrap mass
spectrometer. Our results indicate that the gamiuamyl cycle is part of the cell's coordinated

response to the environment.

2.MATERIALS AND METHODS

2.1 Plant materials

After 4 days of stratification at 4°C in the daskeds fronA. thalianalL. ecotype Columbia (Col-0)
and aggtl knockout mutant line were sown on soil and growm igreenhouse. Thygtl knockout
mutant (ecotype Columbia) was identified in the amaitcollection [17] established at the Salk
Institute, and is available from the Nottinghain thaliana Stock Centre (http://nasc.nott.ac.uk;
polymorphism SALK_080363). Leaf samples were haaest the fully-expanded rosette stage,
approximately one week before bolting, and stored88°C until use. For proteome analysis,

samples were obtained after pooling leaves fromn@ependent plants per genotype.

2.2 Electron microscopy/immunogold labeling of asebate and GSH

Sample preparation for electron microscopy and imogold labeling of ascorbate and GSH was
performed as described previously [18,19]. Fixatdbrieaves was performed for 90 minutes in a
mixture of 2.5% paraformaldehyde and 0.5% glutddeiayde dissolved in 0.06 M phosphate
buffer (pH 7.2). Samples were then washed for 6@uibes in buffer and dehydrated for 20 minutes
at each step in increasing concentrations (50%,, 7886 90%) of acetone. Infiltration was
performed with LR-White resin (30%, 60% and 100%ndon Resin Company Ltd., Berkshire,
UK) and the samples were polymerized for 48 hots0e£C. Sections with a thickness of 80 nm
were blocked for 20 minutes with 2% bovine serutualine (BSA) dissolved in phosphate
buffered saline (PBS, pH 7.2). Subsequently theyeweated for 120 minutes with the primary
antibodies (anti ascorbate rat polyclonal 1gG, Abcplc, Cambridge, UK and anti GSH rabbit

polyclonal 1gG, Millipore Corp., Billerica, MA, USAdiluted 1:300 (ascorbate antibody) and 1:50
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(GSH antibody) in PBS containing 1% BSA (for ase@teblabeling) and 1% goat serum (for GSH
labeling). After three short rinses in PBS sectiagse incubated for 90 minutes with 10 nm gold-
conjugated secondary antibodies (goat anti rat fizgGascorbate, goat anti rabbit IgG for GSH,
British BioCell International, Cardiff, UK) dilutedl: 100 (for ascorbate labeling) and 1:50 (for GSH
labeling) in PBS. Sections were finally rinsed wdlstilled water. At least 20 (vacuoles and
peroxisomes) to 60 (all other cell compartmentstiseed cell structures of a minimum of 15
different cells from at least four different sangpfger plant were analyzed for gold particle density
The data were statistically evaluated with the M#vimtney U test using Statistica (Stat-Soft,

Tulsa, OK, USA, 2002) and presented as the numbgold particles per pih
2.3 Soluble antioxidant extraction

Frozen leaf samples (250 mg) from at least fivédgjcal replicates were ground with a mortar and
pestle to extract soluble antioxidants with 0.1 8Itdnd 1 mM EDTA. Following centrifugation at
10,000 g for 10 min, extracts were rapidly testeddscorbate and low-molecular-weight (LMW)

thiol levels.
2.4 Extracellular washing fluid extraction

A vacuum infiltration procedure was used for apepf@otein extraction [20]. Briefly, one gram of
leaf tissue was washed in chilledg® and then submerged in 100 ml chilled vacuumtrafibn
buffer (50 mM KPi, pH 6.1) containing 5 M N-acetysteine (NAC) in a vacuum desiccator. A
vacuum was applied for 10 min at a pressure of P8 ksing a vacuum pump to remove the gas
from the apoplastic spaces. Excess buffer was rechébom the WTandgtl mutant leaves. Each
leaf was then positioned vertically in a 20 ml sge. The syringes were placed in centrifuge tubes
and centrifuged at 200 g for 20 min at 4°C. Apojtasxtracellular washing fluid (ECWF) extracts
were collected from the bottom of the tubes. NAGwaed as a tracer and internal standard. It

elutes in a chromatographic region devoid of offesaks, several minutes after the elution of GSH,
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which is usually the last endogenous thiol compotmcemain visible in chromatograms. ECWF

extracts were then used to measure the LMW thidlamtorbate content.
2.5 Ascorbate content

The ascorbate content was determined spectrophtioally by measuring the absorbance at 265

nm, according to the Hewitt and Dickes method [21].
2.6 LMW thiol content

Prepared extract (50.) was derivatized with SBD-F fluorophore (SigmadAth, St. Louis, USA).
LMW thiols were separated by isocratic HPLC using imethod described in Masi et al. [13] with

some adaptations. The mobile phase was 3% methmadblmM NH, -formiate, pH 2.9.
2.7 Carbonylated proteins analysis

Proteins were extracted from leaves ofglgél mutant and WT plants using extraction buffer A (20
mM Tris pH 8.0, 3 M NaCl, 1 mM EDTA, and 1% SDS)arratio of 1.5 (w/v). Extracted proteins
were subsequently precipitated with acetone. THietptus obtained was then resuspended in a
solution (5 M urea, 2 M thiourea, 2% CHAPS, and®.dmpholites) compatible to two-dimension
polyacrylamide gel electrophoresis (2-DE). Colldctsupernatant was subjected to protein
guantification using the modified Lowry total protekit (Sigma-Aldrich, St. Louis, USA),
according to the manufacturer’s instructions. Ta@tein (100 pg) from each sample was loaded
onto IPG strips (7 cm, 3-10 pH range) (GE HealtbcBro-Science AB, Uppsala, Sweden) for
isoelectric focusing (IEF). After IEF, the stripeesg incubated with 10 mM DNPH solution (to
derivatize the carbonylated proteins) in 10% TFAloived by two washes with a washing solution
(8 M urea, 20% glycerol, 1% SDS, and 0.5 M Tris HAH 6.8). Treated IPG strips were then

subjected to 2-DE using a 12% SDS-PAGE.
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The 2D gels were then subjected to Western blotysisa where the protein spots were
transferred onto a nitrocellulose membrane (usiogfer mini-VE transblot apparatus, Amersham
Biosciences, Piscataway, USA) and saturated wahrt#?BS blocking buffer (Triton X100 0.1% in
PBS pH 7.4, plus 3% skimmed milk) for 1 h at rocemperature (RT). The membranes were
incubated with rabbit anti-DNP antibodies (Seratadg Corporation, Norcross, USA) (dilution
1:20,000) in T-PBS plus 3% milk for 1 h at RT, @lled by washing with T-PBS. The membranes
were incubated with secondary antibody (anti-godtr@bbit, dilution 1:50,000) for 1 h at RT. The
peroxide-luminol reaction was used to detect cressting proteins; the chemiluminescent reaction
buffer was mixed with chemiluminescent reagent mat&o of 2:1 (v/v) (Sigma-Aldrich, St. Louis,
USA). Membranes were incubated in the prepared thenmescent solution for 5 min at RT and

developed in a dark room.

2.8 Statistical analysis

Data from at least five replicates were submittedn analysis of variance (ANOVA). The Tukey
honest significant difference multiple comparis@recedure was used to discriminate between

means. A p < 0.05 was considered significant foc@hparisons.

2.9 Total leaf protein extraction for iTRAQ labeling and MS analyses

Leaves (0.5 g) were homogenized in liquid nitrogefine powder. Leaf powder was suspended in
an extraction buffer (50 mM HEPES pH 8, 1% Triton108, 1M NaCl, 1mM
phenylmethanesulfonylfluoride, 1 mM benzamidine)thwithorough mixing, followed by
centrifugation at 10,000 rpm for 15 min at 4°C.tle collected clear supernatant, cold acetone was
added to precipitate proteins at -20° C overnight] centrifuged at 12,000 rpm for 15 min at 4°C.
The protein pellet thus obtained was used for protgiantification using the modified Lowry

method, as described above, for iTRAQ labeling.

41



2.10 iITRAQ labeling

The principle behind the method is described insRes al. [22]. Labeling was done with an
ITRAQ® Reagents Multiplex Kit (AB Sciex, MA, USA)The iTRAQ experiment was performed
on protein samples derived from pooled leaves éctdld from 10 independent plants of egghl
mutant and WT) as described above. Two technigdiceges were carried out with tag swapping
for each pooled sample. Protein content from eashpte (WT andggtl mutant leaves) was
carefully quantified using the bicinchoninic aciBGA) method (Sigma-Aldrich kit, St. Louis,
USA). 500ug of proteins from each sample were precipitateti wold acetone and kept overnight
at -20 °C. The protein pellets were resuspendeah iTRAQ-compatible buffer (TEAB 0.5 M, SDS
0.1%) to a final concentration of 24&g/uL. To avoid any variability in the precipitation é&n
resuspension processes, protein content was gedndijlain using the bicinchoninic acid method.
100 ug of each sample was reduced, alkylated and dijegth trypsin, according to the iTRAQ
manufacturer’s protocol. To check the digestioncefhcy, 1ug of each sample was analyzed by
LC-MS/MS (details of the instruments and instrunaénnhethods are given in the following
section).Control and mutant samples were split tnto identical 50ug aliquots and labeled with
different iTRAQ tags: the WT sample was labelechwégs 114 and 116, whereas ¢jgtl mutant
sample with tags 115 and 117. Before labeling,achesample, trypsin-digested BSA (2.5 pmol)
was spiked as an internal standard for monitoradgeling efficiency. The labeling procedure was
completed as specified in the ITRAQ manufacturestqrol. Prior to mixing the samples in a
1:1:1:1 ratio, 1ug of each labeled sample was analyzed separatelyCbMIS/MS to test labeling
efficiency. The resulting data were checked againstdatabase as explained below, setting the
iITRAQ labeling as a variable modification. All thpeptides were correctly identified as being
iITRAQ-modified at theN-terminus and at each lysine residue. The sampégs then pooled and

dried under vacuum.
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2.11 Strong cation exchange fractionation

Strong cation exchange (SCX) chromatography wakmeed on a SCX cartridge (AB Sciex,
MA, USA). The labeled samples were dissolved in 5Q0of buffer A (10 mM KHPO,, 25%
acetonitrile, pH 3) and loaded onto the cartridgmag a syringe pump with a 2@/min flow rate.
The cartridge was washed 3 times with 5Q00f buffer A. Peptides were eluted in a stepwise
manner with increasing concentrations of KCI infeufA. The labeled peptides were eluted in 8
fractions (50QuL per fraction) with the following concentrationsKCl in the buffer A: 40, 60, 80,
100, 130, 170, 200, and 350 mM. The volume of eaattion was reduced under vacuum to
remove acetonitrile. Samples were desalted usirgdattridges (Sep-Pack, C18, Waters, Milford,
MA, USA) according to the manufacturer’s instruogo Samples were finally dried under vacuum

and kept at -20°C until MS analysis.
2.12 LC-MS/MS analyses

Samples were resuspended ipO#D.1% formic acid and Lg of each fraction underwent LC-
MS/MS analysis. The MS analyses were conducted aithiTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific, Pittsburgh, CA, USA) ptad online with a nano-HPLC Ultimate 3000
(Dionex-Thermo Fisher Scientific). Samples werelkxhonto a homemade 10 cm chromatographic
column packed into a pico-frit (75 mm 1.D., 10 mip, tNew Objectives) with C18 material
(ReproSil, 300 A, 2uim). Peptides were eluted with a linear gradienaagtonitrile/0.1% formic
acid from 3% to 50% in 90 min at a flow rate of 280min. According to the method described by
Kocher et al. [23], the instrument performed a &dan at high resolution (60000) on the Orbitrap,
followed by MS/MS scans on the three most intenss with CID fragmentation on the linear trap.
MS/MS scans were performed on the same ions with Ff@gmentation on the Orbitrap (with a
resolution of 7500) to obtain low mass range dattalsle for protein quantification. The peptides

reliably identified in each sample were inserte@mexclusion list that was used to perform (under
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the same chromatographic and instrumental conditianrsecond LC-MS/MS run for each sample

fraction.

2.13 Data analysis

The raw LC-MS/MS files were analyzed using Prote@mseoverer 1.2 (Thermo Fisher Scientific,
Pittsburgh, USA). The software was connected toasddt Search Engine server, version 2.2.4
(Matrix Science, London, UK). The spectra were cleed against arA. thaliana database
(downloaded from TAIR version dated February 201th 83,596 entries and 13,743,691 residues)
concatenated with a database of contaminant peot@immonly found in proteomic experiments.
Enzyme specificity was set to trypsin with 2 missézhvages. Peptide and fragment tolerance was
set to 10 ppm and 0.6 Da, respectively. Methyltysteine, 4-plex iTRAQ at thil-terminus and
Lys were set as fixed modifications, while methi@nioxidation was selected as a variable
modification. Based on the search against the spomding randomized database, false discovery
rates (FDR) of 5% and 1% were calculated by thée®roe Discoverer. The data were pre-filtered
to exclude MS/MS spectra containing less than kpea with a total ion count below 50. Were
considered as positive hits all proteins identifemad quantified with at least two independent
peptides with a high degree of confidence (FDR 1%d)e quantification was performed
normalizing the results on the median value ofnadlasured iTRAQ reporter ratios. The list of
guantified proteins was exported to Excel for fartfiltering and statistical analyses, which were
conducted after removing from the final list theoteins that showed a discordant trend in the
replicates. A ratio of mutant to W* 1.5 (fold change> +50%) was set as the threshold for
increased content, while a ratio of WT to mutanl.5 was taken to indicate decreased protein

content.
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2.14 Bioinformatics analysis

The QuickGO web-based browser, provided by the dtiBOA group, was used to analyze Gene
Ontology (GO) terms and annotations. The GO-temetional annotation was done using DAVID

[24], which relies on a modified Fisher's exgetalue to cluster GO-terms in functional annotation
groups, establishing whether the term is over-msreed in a given proteomic data set. DAVID
generates an enrichment score (ES) for each clusédined as the geometric mean of all the
enrichmentp-values for each annotation term associated wighggne members in the background
group [25]. An ES higher than 1.3 is consideretisgtteally significant (1.3 is equivalent value

< 0.05).
3.RESULTS

Consistent with previous findings [15], tlggtl mutants exhibited no obvious phenotype, rather
only a shorter life cycle, presumably due to a gaindifficulty in adapting to the environment. On
average, thggtl knockout plants flowered three to four days eatl@an the WT, followed by a

premature senescence.
3.1 Soluble antioxidant content in leaves and in thleaf apoplastic space

Total ascorbate content, on a total leaf conteishbavas approximately 35% higher iggtl
mutants (2.71+0.28mol per g FW) than in WT (1.99+0.22mol per g FWH). Theggtl knockout

leaves also carried higher total GSH, but not dysapntent compared to WT (Table 1).

Leaf ECWF

GSH Cys-Gly GSH Cys-Gly

Col-0  855.72 (£44.61)  5.03 (x0.14) 8.59 (x 1.19) 0.8D(23)

ggtl-  1183.25 (+37.69) *  4.76 (+0.21)  13.74 (+ 3.64)* 0.11(+ 0.05)*
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Table 1GSH and cysteinylglycine content measured by chtographic separation and
guantitation of their SBD-derivatives. Analyses &earried out on total leaf extracts and on leaf
extracellular washing fluids (ECWF) obtained froggtl mutant and WT plants. Values are
calculated as the mean of at least 5 different ex@ats and are expressed in nrfgell) FW. * and

** indicate significance at the 0.05, 0.01 levékonfidence, respectively

The LMW thiols were measured in the ECWF. Contatmmalevel of the extracts identified by the
infiltration-centrifugation technique was assesd®d means of malic dehydrogenase activity
measurements, and was consistently below 2% (dstahown). The quality of the extracts was
also indirectly confirmed by the absence/gC, a precursor in GSH biosynthesis and metabblical
restricted in the cytoplasm, which was not deteatetie ECWF. Our results point to a higher GSH
content, and a drop in cys-gly content (approximyateone tenth) irggtl mutant compared to WT

extracts, which is due to the loss of apoplasticTG@Gtivity.

NAC was used as a tracer and internal standardisnstudy (Supporting Figure S1). When
leaves were infiltrated with ajgM NAC solution, the resulting concentration of NACthe extract
after centrifugation was approximatelydl, as a result of dilution with the fluid alreadyigting
in the apoplast. This result suggests that theahctancentration of the metabolites measured in the
apoplastic space could be approximately 5 timekdrigunder normal physiological conditions, in
fact, the leaf apoplast is filled with air, whick replaced by the buffer solution during the
infiltration step. This evidence may enable a bet&finition of the apoplastic redox potential for
the GSH/GSSG couple, since redox potential dependsSH concentration and the GSH/GSSG

ratio.
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Figure S1.Representative chromatograms showing separatiowemolecular weight thiols from
WT andggtl mutant ECWF extracts. Leaves were infiltrated vintfiltration buffer (50 mM KCI
KPi, pH 6.1) containing uM NAC. Following infiltration and centrifugation,06uL of ECWF
were derivatized with SBD-F for chromatographicaation. Green line: NAC containing buffer

solution; red line: ECWF frorggtl mutant leaves; black line: ECWF from WT mutanviesa

3.2 Ascorbate and GSH labeling

Subcellular changes in ascorbate and GSH labeliege vinvestigated by transmission electron
microscopy (TEM) in leaves of thggtl knockout and WT plants (Fig. 1). The distributioh
ascorbate and GSH specific gold labeling in the W®aves (Fig. 1a, ¢c) was much the same as

observed in previous studies [18,19], but compantrspecific changes were observable in
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ggtimutant (Fig. 1b, d). The ascorbate content wasifggntly higher in plastids (118%),
peroxisomes (60%) and cytosol (44%), and remaindédeasame levels as in WT in the other cell
compartments. The GSH contentggtl mutant was significantly higher in mitochondrieB%2),
while remaining unchanged in nuclei and peroxisqrbes significantly lower in plastids (-62%)
and cytosol (-28%). Most strikingly, GSH-specifiabkling was common in thggtl mutant

apoplast (Fig. 1d), but not seen in control (Fig). 1
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Figure 1. Subcellular localization of ascorbate and GSH awvés of theggtl knockout and WT
plants. Transmission electron micrographs (uppeelsd and quantitative analysis (lower graphs)
show the overall distribution of gold particles bduo ascorbate (left panel) and GSH (right panel)
in leaf cells of WT (a, c) andgtl mutants (b, d). Values are represented as meahsstaindard
errors and document the amounts of gold partickes8 to GSH per square micrometer in different
cell compartments of mesophyll cells. Significanffedlences were calculated using the Mann—

WhitneyU test; *, ** and *** indicate significance at the@b, 0.01 and 0.001 level of confidence,
48



respectively.n > 20 for peroxisomes and vacuoles amd> 60 for all other cell structures.
Abbreviations: Ns, non significance; nd, not degd¢tC, chloroplasts with or without starch (St);
CW, cell walls; IS, intercellular spaces; M, mitociria; N, nuclei; Px, peroxisomes; V, vacuoles,

scale bar= 0.5um.

3.3 2-DE analysis of carbonylated proteins

Proteins may undergo cleavage by hydroxyl radicais, side chain modifications such as tyrosine
hydroxylations and nitrations, and methionine osteine oxidation (by hydroxyl radicals or
hydrogen peroxide). However, one of the most commodifications involves carbonyl formation,
which has been widely used as an indicator of dixidalamage in several organisms and has been
shown to increase in older tissues [26, 27]. Thes@mce of oxidative damage on proteins under
conditions of oxidative stress is revealed by détgccarbonyls through the immunodetection of
coupled dinitrophenylhydrazine (DNPH). The greamssgvity of immunodetection enables the

detection of even minute amounts of modified pratei

We characterized the oxidized proteome in leaves @. The 2-DE combined with Western
blotting allowed us to detect carbonylated protspots as 2,4-dinitrophenylhydrazone (DNP)-
derivatives. There were several spots of greatensity in the LMW range, suggesting that protein

carbonylations increased in tggtl knockout leaf.
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Figure 2. Detection of carbonylated proteins. 2-DE coupledhWestern blot analysis detects

carbonylated proteins in leaves of the WT (A) ggtil knockout (B) plants.

3.4 The iTRAQ and MS-based identification of diffeentially-accumulated proteins

The LC-MS/MS analysis of iTRAQ-labeled peptidesutesd in identification of 1,013 proteins. Of

which, 70 proteins were found to accumulate difiéiedly with fold changes of 1.5 betweemgtl

mutant and WT (Tables 2 and 3) and 1% FDR. 46 prethowed a higher abundance (fold change

> 1.5, measured aggtl/Col-0 ratio), while 24 showed a lower abundanadd(fchange> 1.5,

measured as Col@gtlratio) (Tables 2 and 3, respectively). The fudt bf identified proteins and

peptides is provided as a supporting material. saghowing the quality of the quantitative results

obtained in the experiment are reported in Supphtang Figure S2.

UniProt Locus Ec;;g(:il_o/
ID/AC name .
ratio

Description

% #

Localization®
Cov. Pep.

P46422 At4902520 3.4
P28493 Atlg75040 2.8

P42760 At1g02930 2.5

GSH S-transferase F2

Pathogenesis-related protein 5

GSH S-transferase F6
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47.64 9, C, A ERIG, PM,V
38.08 7 A CW ExV

28.37 6,CVA c, M,V



QILJIR2

Q9STT3

Q9XI136-2

P31168
QILK72

023138

Q96262

Q9ST7E4
Q9SMU8
QIFKK7
P43082
QocsL4
049292
080858
P42763
QOILVI9
022160
P31169
081826
Q93W28
BIDG18
P52032
QILEV3
Q92Q80
Q9X193
Q8L7R2
Q9LZP9

P42799

At3g15356

At3g47800

At1g15340

At1g20440
At3g16530

At1g22840

At4g20260

At5g14780
At3g49120
At5057655
At3g04720
At1g53580
At1g77090
At2g30930
At1g76180
At3g17810
At2g44920
At5g15970
At4g27230
At4g15545
At1g20620
At2g25080
At5g10860
At2g03440
At1g13930
At2g17265
At3g62410

At5g63570

2.3

2.2

21

2.0

2.0

2.0

1.9

1.8

1.8

1.8

1.8

1.7

1.7

1.7

1.7

1.6

1.6

1.6

1.6

1.6

1.6

1.6

15

15

15

15

15

15

Lectin-like protein 22.51 7 QW
ﬁ;Bg:loigi(;O/TZS\]?_lBO, Aldose 1-epimerase- 503 5> ERIG
Dehydrin COR47 OS 14.34 3 RICE
AT3g16530/MDC8_16, Lectin-lijgeotein 25.72 8 ACW,N
Probable cytochrome c 18.42 &M,V
2:(’)1:8(?0260 protein, Endomembrane-associate;o%'11 13 ¢ PM
Formate dehydrogenase 19.27 COM
Peroxidase 34 25.78 9 A CWME
Xylose isomerase 18.24 8 ERIG,
Hevein-like protein 14.62 3 tkmown
HydroxyacylGSH hydrolase 3 68.1 2 M
PsbP domain-containing pratein 5.77 2 C
Expressed protein 37.8 5 C,PM
Dehydrin ERD14 2541 4 CM,P
Putative dehydrogenase 12.91 L

Thylakoid lumenal 15 kDa profe 18.75 4 C

Stress-induced protein KIN2 339 2 C,N,PM
Probable histone H2A.3 19.85 8l
AT4g15540/d13810w, expresseten 10.98 3 not known
AT1G20620 protein, Catalase 3 38.97 17 not known
Phospholipid hydroperoxide @8kbxidase 1  28.39 6 C

CBS domain-containing prot€BSX3 12.14 3 M

Nodulin-related protein 1 25.6 4  not known

At1g13930/F16A14.27, unchazdzed 36.77 5 C

Homoserine kinase 1 4.86 2 cC,

CP12 domain-containing progein 26.72 4 C

Glutamate-1-semialdehyde ihamutase 1 20.25 7 AC
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049304

Q9sSw21
F4ION7
P42761
Q56WK6
QOLINO
Q8VXZ7

Q9M2D8

065660

At1g23130

At4g25050
At1g75750
At2g30870
At1g72150
At3g26450
At3g56310

At3g61260

At4939730

QI9SVG4-2 At4g20830

QILWS57

080852

QI9XFT3-2

Q42589

082291

At3g23400

At2g30860

At4921280

At2¢38540

At2g35490

15

1.5

15

15

15

15

15

15

15

15

15

15

15

1.5

At1g23130/T26J12_10, Polyketide

cyclase/dehydrase and lipid transport-like proteir% 5 2 notknown

Acyl carrier protein 20.44 3 C

Gibberellin-regulated protgin 34.02 4 not known

GSH S-transferase F10 30.23 @®W,C,c, ER/IG

Patellin-1 39.97 25 A C,c, ER/IG,PM,V

Major latex protein, putative 33.55 5  not known

Alpha-galactosidase 9.15 3 W

Uncharacterized protein At3f&1 41.98 7 ¢ PM,V
ﬁzﬁ?;gg?ps;ggﬁqulg_lzo’ Dehydration stress- 1713 3 C.cPMV

Isoform 2 of Reticuline oxidase-ljk@tein 8.33 5 Ac CW, Ex, M, PM,V

Probable plastid-lipid-asstezdgprotein 6 31.69 9 C,N,PM

GSH S-transferase F9 40.00 A&, C,c,PM,V
I?’s,_ciform 2 of Oxygen-evolving enhancer protein43.50 10 C

Non-specific lipid-transfeotein 44.07 6 A C,CW,EXx,

Probable plastid-lipid-asgedarotein 3 9.57 3 C

Table 2List of proteins whose content is increasedggtl mutants. Proteins are listed in

decreasing fold-change order, as defined by gge/Col-O ratio. The UniProtKB and TAIR

accession ID are provided. Abbreviations: Cov.,etage; Pep., peptide; A, apoplast; CW, cell

wall; C, chloroplast; c, cytosol and/or plasmodesnad/G, endoplasmatic reticulum/Golgi

apparatus; Ex, extracellular region; M, mitochaody N, nucleus; PM, plasma membrane; and V,

vacuole.

. Col-0/
UniProt Locus 0tl Description % # Localization?
ID/IAC name rga%io P Cov. Pep.
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pP21218 At4927440 2.7 Protochlorophyllide reductase B 14.21 7 C

049195 At5g24780 2.6 Vegetative storage protein 1 18.15 7 VvV
F4Kll6 At5g24770 2.2 Vegetative storage protein 2 15.38 4  not known
F4K410 At5g13650 2.1 Elongation factor family protein 4.89 2 not ko

Isoform 2 of DEAD-box ATP-dependent RNA

Q8L7S8 At5g26742 1.9 5.35 4 C,N

helicase 3
P25853 At4g15210 1.8 Beta-amylase 5 2851 11 ¢
F4HRB4 Atlg45201 1.7 Triacylglycerol lipase-like 1 protein 4.91 2 thmown
Q9SJL8 At2g36880 1.7 S-adenosylmethionine synthase 3 23.59 8 ¢, PM
Q9LUT2 At3g17390 1.7 S-adenosylmethionine synthase 4 21.12 8 CWVM,V
P19456 At4g30190 1.6 ATPase 2, plasma membrane-type 25.11 22 ¢, BRGV
Q8RY94 At4g18440 1.6 Adenylosuccinate lyase 334 18 C

Xyloglucan endotransglucosylase/hydrolase

Q39099 At2g06850 1.6 protein 4

7.09 2 A CW,C, Ex

QI9XFS9 At5g62790 1.6 1-deoxy-D-xylulose 5-phosphate reductoisomerakk 74 6 C
P56804 AtCg00330 1.5 30S ribosomal protein S14 29 3 C,c

5methyltetrahydropteroyltriglutamate-

©50008 At5g17920 1.5 homocysteine methyltransferase

3595 29 C,c ER/G,PM,V

Q9LK36 At3g23810 1.5 Adenosylhomocysteinase 2 18.97 11 ¢, ER/G, VM,
Q6NQAS8 At1g14250 1.5 AT1G14250 protein 10.45 4 \%

FA4KFA3 At5g03360 1.5 DC1 domain-containing protein 1.12 3 not known
P24636 At5g44340 1.5 Tubulin beta-4 chain 17.57 8 CW,C,c, ERIG

Armadillo/beta-catenin-like repeat-containing

Q94K48 At39g62530 1.5 7.24 2 C,ER/IG,M,N

protein
P59259 Atlg07660 1.5 Histone H4 50.49 5 N
Q8LPR9 At1g06950 1.5 Protein TIC110 5.31 5 C
Q9CA67 Atlg74470 1.5 Geranylgeranyl diphosphate reductase 17.56 8 C
P16127 At4g18480 1.5 Magnesium-chelatase subunit chll 20.05 8 C,CwW
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Table 3. List of proteins whose content is decreasedygnl mutants. Proteins are listed in
decreasing fold-change order, as defined by theO@ujtl ratio. Rest is the same as mention in

Table 2.
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Figure S2.The graphs show the quality of the quantitativedatd the reproducibility obtained for

the ITRAQ experiment.

Proteins showing significantly different abundamtenutantvs WT leaves were subjected to
GO annotations. Their localization is shown in Esb? and 3, and graphically presented in Fig. 3a
and b. The biological processes in which the pnstare involved are listed in Tables S2 and S3
(Supporting Material), and also presented as pats in Fig. 3c and d. Notably, a considerable
number of the proteins whose abundance was inadeaseuding those with the highest fold
change, localize in apoplast. This observatioroissstent with the DAVID analysis. The DAVID
functional annotation tool enables a given set mitgins to be classified in clusters of protein

groups that are significantly enriched by compariseith the background data set (i.e., all
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identified proteins). An algorithm calculates th8 Br each cluster (see Materials and Methods).
DAVID analysis identified four clusters with a sifioant ES for proteins with increased level and

two clusters for proteins with decreased level.
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Table S2. Biological processes of proteins whosentent is increased.Table lists the biological
process in which the proteins are involved, aceqydo GO annotations. The lower box indicates

the response to several abiotic and biotic stimuli.

* Amino acid biosynthesis category included alsotgins involved in amino acid modification

processes.
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Table S3. Biological processes of proteins whosentent is decreasedTable lists the biological
process in which the proteins are involved, aceqydo GO annotations. The lower box indicates

the response to several abiotic stimuli and thédanes.

* Amino acid biosynthesis category included alsotgins involved in amino acid modification

processes.

Concerning the proteins showing higher abundanne, auster refers to localization, and
shows that proteins belonging to the extracellotanpartment (apoplast, cell wall and extracellular
region) are present in significant amounts (ES)L.5fis result indicates that the main perturbation
due to theggtl mutation occurs in the same compartment whereribein is localized (see Table 2
and Fig. 3a). Other major clusters of protein gsorglate to defense and response to pathogens (ES
1.71), and abiotic stress (ES 1.52). The remaimingter of induced proteins includes enzymes
metabolically related to GSH and/or involved inadgfication processes (ES 1.43). Proteins with
lower content in mutant leaves are mostly relatedrte-carbon and cysteine metabolism (ES 1.42),
and carbohydrate metabolic processes (ES 1.36) @&halysis is further supported by the

visualization shown in Fig. 3 ¢ and d.
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Figure 3. GO annotation of identified differential proteir@ellular component (a, b) and functional
(c, d) classification of identified proteins witligher expression (a, ¢) and lower expression (b, d)
proteins inggtl mutantvs WT. Classification was carried out using GO dasabat UniProtkKB
(http://www.uniprot.org/). Percentage values intkcéhe proportion of total number of proteins
within that category with respect to the total hitbe biological processes in which each protein is

involved are listed in Table S2 and S3 (Supplenmévi&erial).

4.DISCUSSION

As reported in the literature and confirmed hebhes ggtlknockout plants exhibit no obvious
phenotype except for early flowering and acceleratenescence. It should be noted that plants
used in this study were at the stage of fully-exieahleaf, before bolting, and had no visible signs
of senescence in the rosette. Therefore, the odderariations cannot be attributed to an age-
dependent or developmental senescent state, It it unknown redox signals arising from the
apoplast which trigger plant’s adaptation to enwment. The implication of a redox control by the
gamma-glutamyl cycle has been highlighted in aiprtesswork [10], in which exposure to the thiol
oxidizing drug diamide with a concomitant GGT inkitin by serine-borate resulted in net GSH

extrusion from barley roots.

In accordance with that, we show that GSH degradaith apoplast is required for intracellular
redox balance, since disrupting GGT function alesults in oxidative damage to some protein
components. Consequently, there is an up-regulatibra number of enzymes involved in
antioxidative and stress response. Proteomics sisalgvealed metabolic adjustments in gogl

mutants, which in turn affected different companitseand functions.
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4.1 Theggtl-induced metabolic alterations

4.1.1 Chloroplast functions

A number of chloroplastic proteins were found atrr@ased level in thggtl mutant samples, such

as PsbP-like protein (Atlg77090), 15 kDa thylakhicthen protein 1 (At2g44920), chloroplastic

lipase/lipoxygenase (At4g39730), and a chloroptaathinotransferase (At5g63570) involved in
chlorophyll biosynthesis. Among others, it is wortbticing the up-regulation of a chloroplastic
(stromal) dehydrogenase (At3g17810), which is aeseence-related protein; and of CP12-2
(At3g62410), a small protein acting as a linketha assembly of a core complex of PRK/GAPDH.
CP12-2 has been shown to undergo conformationalgdsadepending on redox conditions, thus
causing the reversible inactivation of GAPDH andKPRBnd which is also reportedly involved in

cellular response to heat, cold, and anoxia [28Je Tevel of a protein involved in defensive
response to bacteria and ozone, namely chloroplgstistid- and lipid-associated protein 6
(At3g23400) was also increased. Although the clplastic peptide methionine sulfoxide reductase
B2 (At4g21860) was only slightly up-regulated wighfold change of 1.4, this protein has a
protective role against oxidative stress by reatiing proteins that have been inactivated by

methionine oxidation [29].

Some chloroplast protein components were also $epte and the most strongly down-regulated
protein was protochlorophyllide reductase B (At44427). Two more proteins directly involved in

the chlorophyll biosynthetic process are less abohohggtl One is a redox-sensitive magnesium-
chelatase subunit (At4g18480) that is active umeéucing conditions but inactive under oxidizing
conditions. The other one is Atlg74470 protein,chhtatalyzes the reduction of geranylgeranyl
diphosphate to phytyl diphosphate, providing phytolboth tocopherol and chlorophyll synthesis.
Other chloroplastic proteins with lowered conterdrev TIC110 (At1g06950), involved in protein

precursor importing, 1-deoxy-D-xylulose 5-phospha@uctoisomerase (At5g62790), required for

59



chloroplast development, and RNA helicase 3 (At5@25, which contains a motif that controls

ATP binding and hydrolysis.

4.1.2 Stress response

Several altered proteins were found to be involuedhe stress response, such as a dehydrin
(Atlg76180) that acts as a chaperone, preventiagatigregation and/or inactivation of various
substrates. Protein KIN2 (At5g15970) is almost taeh to KIN1, a cold-regulatedrabidopsis
protein. KIN1 has been suggested to have amino segluence similarities with type | fish
antifreeze proteins [30]; it is induced by ABA, dght, cold and salinity stresses [31,32]. The
polyketide cyclase/dehydrase and lipid transpés-Iprotein (At1g23130) are also involved in
response to stress and biotic stimuli. The genealymto of At1g13930 is an uncharacterized
chloroplastic protein, whose expression reportediyelates with the plant’s exposure to cadmium

[33].

We also identified catalase 3 (AT1G20620) and CBSH#A3protein involved in cell redox
homeostasis (that is known to participate in theoamondrial NADP-thioredoxin system) [34]. The
isoform 2 of reticulin oxidase-like protein (At4g280) is believed to be secreted in response to

oxidative stress.

4.1.3 Plant-pathogen response

Several proteins accumulating differentially arated to plant-pathogen interactions. For example,
glucan endo-1,3-beta-glucosidase (PR2, At3g57260)RR5 protein (AT1G75040) are implicated
in defending plants against pathogens and estaiish systemic acquired resistance (SAR). The
lectin-like proteins (At3g15356 and AT3g16530) atiet hevein-like protein (At3g04720) are
involved in recognizing pathogens, and defendingiregj fungi and incompatible reactions. ACP4

(acyl carrier protein, At4g25050) plays a majortparthe biosynthesis of fatty acids in leaves,
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being essential not only in the biosynthesis ofdbigcular wax and cutin polymers in leaves, but

also in establishing a SAR.

4.1.4 GSH metabolism

Analyzing the list of proteins with a higher abunda inggtl mutant samples revealed the presence
of several phi-class GSH S-transferases. In pdaticuGSTF2 (At4g02520) and GSTF6
(At1g02930) showed the greatest variation. Thedrapduction of these two GSH S-transferases
was demonstrated irrabidopsis following infection by an avirulent strain d?seudomonas
syringae and also as a result of combined salicylic aaid athylene signaling [35]. GSH S-
transferase GSTF9 (At2g30860) and GSTF10 (At2g3p&re implicated in detoxification and
stress response. GSTF10 is reportedly involvedrass tolerance. Its overexpression conferred a
greater tolerance to salt and a disturbed reddussta transgenic plants, while its down-regulation
by RNA interference reduced the plants’ toleramcaliotic stress and accelerated their senescence
[36]. Besides having a major role in xenobiotic jogiation and detoxification, GSTs might behave
like a peroxidase and catalyze other GSH-depengewtions, such as dehydroascorbate reduction.
They may therefore help to maintain the cells’ redate. In particular, GSTF9 has a GSH

peroxidase activity [37].

In addition to the four phi-class GSTs, two adaiatbGSH-metabolizing enzymes were found
to be altered in thggtl mutant. One is the chloroplastic AtGPX1 (glutatf@operoxidase 1,
At2g25080), which prevents oxidative damage by Igaitag hydrogen peroxide, lipid peroxides
and organic hydroperoxide reduction by GSH. Anothdrydroxyacylglutathione hydrolase 3, also
annotated to encode glyoxalase 2, a thiolesterstdg33580) that catalyzes the hydrolysis of S-D-
lactoyl-glutathione to release GSH and lactic a€idis latter reaction is relevant in the removal of

toxic methylglyoxal, an oxygenated short aldehydedpced by glycolysis or lipid peroxidation
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that accumulates in plants under environmentalssé® [38]. This enzyme is located in

mitochondria, where immunocytochemical analysi®ady an increased GSH content (Fig 1).

The level of several proteins involved in cys anet tmosynthesis was lower ggtl mutant
samples (Fig. 3d, Table S3), suggesting a slower o sulfur amino acid biosynthesis. This
evidence may correlate with an increase in theaegtiular GSH caused by GGT mutation, acting

as a negative signal for the sulfur assimilatiothway [39,40].

4.1.5 Thiol redox homeostasis

Other proteins metabolically related to GSH ando alsvolved in redox homeostasis are
peroxiredoxins (PRX), glutaredoxins (GRX) and teadwoxins (TRX). While several of the proteins
were identified in the MS/MS analysis, none of thesmponents are included in Table 2 because
the relative change in their expression fell betbes established threshold fold change. However, a
better look at the full list (Supplemental Table) Shows some variations that may be relevant.
While adopting as a threshold a fold change ofrégsesents a trade-off enabling a better screening
of statistically significant variations, from a bgical perspective it may underestimate the effect
of variations in proteins with a higher coefficienf flux control over metabolism, such as

regulatory enzymes.

The fold change variation in the GRX, PRX and TRXshown in Fig. 4. All six PRX were
up-regulated (1.2-1.4 folds) as were the eight TBe€ Supplemental Table S4), but only one of the
three GRX showed a comparable up-regulation. Tagetith GSH, these proteins participate in
redox homeostasis; GSH has been shown to be therneck electron donor for PRX [41]. The
redox potentials determine whether enzymes are memtacing or more oxidizing, and differ
significantly among the various enzymes. In genehnalwever, TRX are better disulfide bond

reducers than GRX [42].
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Q39241 |- - TRX H5
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QOFNE2 |- | — | | | | | - GRX C2

-0.1 0.0 0.1 0.2 0.3 04 05
(ggt1-/Col-0) -1

Figure 4. Thioredoxins (TRX), peroxiredoxins (PRX) and gheidoxins (GRX) enzymes are
indicated both by UniProt entry name/accession raermfon the left) and by protein name
abbreviation (on the right). The histogram shows filld change-variation for these enzymes in
ggtl mutantvs WT plants calculated agydtl/Col.0)-1 (data from Table S1, Supplementary

Material).

4.1.6 Carbohydrate metabolism

Carbohydrate metabolism, and maltose metabolispairticular, was found to be suppressed. For
example, a protein BAM5 (At4g15210) promotes hygs of alpha-D-glucosidic linkages in

polysaccharides so as to remove successive maltitsefrom the non-reducing ends of the chains.
Consistent with this function, another protein witdwer expression in maltose metabolism is

amylomaltase (At2g40840).

63



4.1.7 Others

Among the proteins whose level was increasedgtl mutants, we identified a nuclear MBD10
(At1g15340). This protein is probably a transcoptiregulator with a potential role in controlling
chromatin structure mediated by CpG methylationrnitmal disturbances might explain the
alteration of GASAL (Atlg75750), a gibberellin-régped protein. The accumulation of cytosolic
aldose 1-epimerase (At3g47800), a component ofeeratabolism, cytochrome ¢ (At1g22840) in
the mitochondrial respiratory chain, and mitochasdormate dehydrogenase, suggests that energy
metabolism and primary processes are also affeEmunate dehydrogenase, which may also use
formyl-GSH as a substrate [43], was reportedly aedliby stress [44] and ROS [45]. Formate
derived from the detoxification of formaldehyde geated by glycine decarboxylase under light can

be oxidized to generate NADH in the mitochondriatrix.

4.2 Alteration of redox homeostasis in thggtl mutant: similarities with senescence, stress and

antioxidant response

Our results point to a metabolic scenario havinges@imilarities with senescence. For example,
the strong suppression of chlorophyll biosynthesas be gauged by the down-regulation of
protochlorophyllide reductase B. On the other hRaudBisCO expression is typically depressed in
senescence, but it was unaffected in this studyis Mew is further confirmed by other
observations. Comparing our protein expression Wsth a previous large-scale study on
senescence-associated genes [46] it was foundotitptsome of the proteins whose content is
increased in our study (xylose isomerase, glyoralgscatalase 3, and the CBSX3 of unknown
function) are perhaps associated with senesceriee lével of vegetative storage proteins VSP1
(At5g24780) and VSP2 (At5g24770), two sequentiakpressed genes associated with senescence,
and thought to serve as a storage buffer betwdergan losses from senescing leaves and during

grain filling [47] - strongly decreased in leavdslte ggtl mutant. We argue that energy is needed
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to cope with the stressful conditions induced ke/gbtl mutation, and this is diverted from storage

processes.

One more difference relates to the senescencetagzsbgenes (SAGS). SAG2 and SAG12 have
been found to be associated with senescence [@8&ul study, SAG2 (thiol protease aleurain,
At5g60360) expression was higher, but only witlold thange of 1.3 (see supplemental list S1 and
S4), which meant that it was not included in Tahl&urprisingly, we did not observe a change of
SAG12 (At5g45890), which is considered to be a sesece-induced marker [49]. In another
study, SAG12 was not induced by oxidative stresslitimns, which is capable of triggering the
expression of other senescence-associated gengsTgse findings point to the onset of a
complex array of metabolic adjustments in leavethefggtl mutant, as seen during senescence,

and in response to biotic and abiotic stimuli, &l &s other stress factors.

4.2.1 Hydrogen peroxide homeostasis in apoplast

The deployment of defense systems in gwl mutants is a consequence of altered GSH
degradative metabolism in the apoplast. While G8htent in the apoplast is low (compared with
ascorbate) [51,52], our study evidenced an higloatent of GSH inggtl mutant apoplast (see

Table 1).

The accumulation of apoplastic hydrogen peroxideaaesult of ROS generation by plasma
membrane NADPH oxidases or cell wall peroxidases ksown response to various stress stimuli
and is assumed to be involved in the signaling agtsvleading to transcriptional reprogramming
[53]. It has been shown that ROS-generating peesdd PRX33 and PRX34 are responsible for the
oxidative burst [50] and play an important roleArabidopsisresistance to pathogens [54]. In the
ggtl mutant PRX34 (At3g49120) is more abundant (1.8 fmmpared with the WT), suggesting
that apoplastic glutathione, or some moleculescasal with the GGT reaction, may regulate cell

wall peroxidase expression ang® formation; as such, they may therefore be constias actors

65



in apoplastic redox signalling. Thiols are candidatolecules for signal transduction because they
engage several redox reactions with target moledbhk. It is tempting to speculate that this signa
molecule might be GSH itself, accumulating in tipe@alast when GGT is disrupted. Alternatively,
it could be cys or cys-gly, downstream from the rddgtion process. In this regard, cys-gly is
highly reactive and highly liable to oxidation;séems a good candidate in redox signaling, which

could interact with plasma membrane redox sensikiie cysteines [56,57].

4.3 Concluding remarks

A feature common to the above mentioned respomsteggtl mutant could be redox alterations.
Cellular redox equilibrium is maintained by a netkof redox proteins and redox couples, such as
NAD and NADP, along with the antioxidant molecubescorbate and GSH, acting synergistically
with other signaling molecules, such as salicytrd58,59]. The ascorbate-glutathione cycle is a
key part of the network of reactions involving emas and metabolites with redox properties for
the detoxification of ROS. The loss of function doethe ArabidopsisGGT1 knockout mutation
triggers highly specific changes in compartmentérplay of ascorbate and GSH in cells. These
changes accompanied remarkable rearrangementsteopre, which resemble those induced under
specific abiotic and biotic stresses. To put it@yna sort of “alert response” is activatedggtl
mutant leaves even in the absence of a real emagotal threat, suggesting a failure in correct
redox sensing. In line with this observation, fertiexperiments will be carried out to describe the
ggtl mutant adaptive response under oxidative conditievhich might result in a more severe

phenotype.

Redox reactions in the extracellular space canmaptish several functions. They can participate in
building the extracellular matrix or control reds&nsitive enzymes. The latter function helps cells
to adapt cell metabolism (in order to produce eyelwild molecules, and defend themselves
against oxidative damage) to events occurring & oltside environment, where unfavorable

conditions may give rise to ROS with an alteredoretalance and potentially detrimental effects
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on plant functions and growth. Signals arising frtm apoplast thus have a key role in plant’s

adaptation to environment [53].

Investigating the signal transduction pathway Imkiextracellular GSH degradation to the
intracellular redox balance is an important goafutfire research with a view to finding the key
genes/proteins involved in the cross talk betwéendifferent stress responses, and to identifying

candidates for future manipulation to improve ptastress resistance.
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ABSTRACT
Ultraviolet-B radiation acts as an environmentamstus, but in high doses it has detrimental
effects on plant metabolism. Plasma membranesseptr@ major target for ROS generated by this
harmful radiation. Oxidative reactions occurring time apoplastic space are counteracted by
antioxidative systems mainly involving ascorbate,an some extent, glutathione. The occurrence
of the latter and its exact role in the extracallutpace are not well documented, however. In
Arabidopsis thalianathe gamma-glutamyl transferase isoform GGT1 baonthe cell wall takes
part in the so-called gamma-glutamyl cycle for ag#lular glutathione degradation and recovery,
and may be implicated in redox sensing and balance.
In this work, oxidative conditions were imposed twitV-B and studied in redox alteregytl
mutants. The response gftl knockoutArabidopsisleaves to UV-B radiation was assessed by
investigating changes in extracellular glutathiane ascorbate content and their redox state, and in
apoplastic protein composition. Our results shoat,tlon UV-B exposure, soluble antioxidants
respond to the oxidative conditions in both genesypRearrangements occur in their apoplastic
protein composition, suggesting an involvement eO4 which may ultimately act as a signal.
Other important changes relating to hormonal effexell wall remodeling, and redox activities are
discussed. We argue that oxidative stress conditionposed by UV-B and disruption of the

gamma-glutamyl cycle result in similar stress-inehlicesponses, to some degree at least.

Keywords: glutathione, gamma-glutamyl-transferase, oxidasivess, iTRAQ labelling, apoplast,

ultraviolet-B radiation

Abbreviations: UV-B Ultraviolet-B radiation, ROS Reactive Oxygermpesies, GGT1 gamma-
glutamyl transferase 1 isoform,,GbHydrogen Peroxide, iTRAQ Isobaric tags for relataed
absolute quantification, UVR8UV-B photoreceptor &SHGlutathione, LC-MS-MS Liquid
Chromatography Mass Spectrometry, ECWF Extracellwashing fluid,DHADehydroascorbate,
SBD-F4-fluoro-7-sulfobenzofurazan ammonium saltofaphore, LMWLow Molecular Weight,
HPLCHighpressure liquid chromatography, ANOVAAnatysof variance, GLMGeneral linear
models, SDSSodium dodecyl sulfate, TEAB Triethyhaonium bicarbonate, FDR False discovery
rates, FW Formula Weight, GSSGGlutathione disulfideOxidized GSH, SOD Superoxide
dismutase, PNPs Plant natriuretic peptides, GSTatBione S-Transferases,GHsGlycosyl

hydrolases, PRPsPathogenesis-related proteins.
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INTRODUCTION
The apoplast - i.e. the extraprotoplastic matrixplaint cells, including the cell wall - contains a
number of enzymatic and non-enzymatic componentdved in many physiological processes and
is therefore important in the plant cell's respotsedoth abiotic and biotic stress (Dietz, 1997;
Agrawalet al, 2010). Being at the interface with the extermalimnment, rapid fluctuations occur
in this compartment as a consequence of unfavoraiditions, such as salinity (Hernandsal,
2001), ozone (Jaspees al, 2005) drought (Hwet al, 2005), and UV-B radiation (Pristaat al,
2013), with consequent changes in the concentiaiod redox state of its components.
Ultraviolet-B radiation (UV-B, 280-315 nm) is a cponent of the solar electromagnetic spectrum
reaching the Earth’s surface, which has gainedtabie in recent years because it has increased as a
consequence of ozone layer destruction by antheypogmissions.
As a component of the solar radiation reaching lda#, UV-B also acts as an environmental
stimulus for plant growth and development. Receetdture has demonstrated the existence of the
UV-B photoreceptor 8 (UVR8), which controls the mila photomorphogenic response to UV-B
radiation. UVR8 promotes a signal cascade that atesliUV-B photomorphogenic responses in
order to secure plant acclimation and survivalunlight (Rizziniet al, 2011).
While it is beneficial at low intensities (Hidegal, 2013), numerous studies have reported that
excess UV-B radiation harms plants by causing dkidadamage to cellular targets (Brosche and
Strid 2003), altering the structure and functiofighe leaf epidermis, cell wall and membranes
(Pristovet al, 2013). A common consequence of many types ofrenwiental stress in plants is a
greater abundance of some reactive oxygen spdR{@®S); such as superoxide, hydrogen peroxide,
hydroxyl radicals and singlet oxygen (Li and Vamad&n, 1998). Increases in ROS are seen after
UV-B exposure too (Noctoet al, 2014), and result in lipid peroxidations and dge#&o plasma
membranes. To prevent these detrimental effecsit gkells deploy an array of non-enzymatic and
enzymatic antioxidant systems that act as biocharbgrriers to counteract and deactivate ROS.
This complex interplay of several metabolites, eneyg, ROS, antioxidants and hormones gives rise
to signals that are transferred inside the cetiugh the plasma membrane to activate adaptive and
response mechanisms.
A major line of defense in the apoplast is represetiy the antioxidant molecule ascorbate and, to
a lesser extent, glutathione. While both are inedlintracellularly in the Halliwell-Asada pathway
for controlling ROS and thereby maintaining thelidal redox state and protecting the cellular
components from oxidative threat (Smirnoff and &adh, 1996), (Schafer and Buettner, 2001)
(Potterset al, 2010) (Saruhamet al, 2009), only ascorbate occurs in high micromotargeven

millimolar quantities in the apoplast (Pottetsal, 2010), where it can play a part in redox control.
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The role of extracellular glutathione in the apgpitaspace is controversial because it can only be
found in traces under physiological conditions, butan rise to 2% of the total leaf glutathione
under pathogen attack (Vanackeal, 1998a).

There have been reports, however, of the extrdaelinzyme gamma-glutamyl-transferase (GGT;
E.C. 2.3.2.2) degrading GSH (Martet al,2007), which means that, like animals (Meister and
Anderson, 1983), plants also have a gamma-glutaoygle involving intracellular glutathione
biosynthesis, extrusion and extracellular degradatiith recovery of the constituent amino acids
(Ferrettiet al, 2009).

These findings can explain the low levels of glii@be in the extracellular environment on the one
hand, but also raise the question of the signifieanf a gamma-glutamyl cycle in plants. In barley
roots, using GGT inhibitors in association with theol oxidizing molecule diamide resulted in a
net glutathione extrusion and accumulation in tkieagellular medium (Ferretét al, 2009). This
leads us to wonder whether a gamma-glutamyl cyolddcoperate as a redox sensing or redox
balancing system.

Another study (Tolinet al, 2013) characterized the leaf proteomeAsébidopsisthalianaggtl
mutant lines and showed that, even under physicdbgionditions, a number of antioxidant and
defense enzymes were significantly upregulated r@s@t of impaired extracellular GGT activity.
This also implies that GSH turnover involving amgtic GSH degradation is needed for proper
redox sensing and/or a coordinated response te@riieonment. We speculated that a feedback
signal might be missing when the GGT cycle is gited, and this would trigger the altered
response.

To shed light on these unknown GGT functions inglamt's adaptation to the environment, in this
work we investigated the effects of UV-B radiatias an oxidizing stress condition affecting the
apoplastic environment in wild typeabidopsisand a previously-characterizegytl knockout
mutant line (Destret al, 2011).

To improve our understanding of protein regulatiingan be helpful to use fractionation (sub-
cellular proteomics) to reduce the complexity ot thkotal protein extract and enable the
visualization of proteins occurring in low quardgi(Brunett al, 2003).

Since apoplastic proteome analysis can afford telbanderstanding of the complex network of
extracellular proteins involved in plant defensg@walet al, 2010), we investigated the changes
occurring in the extracellular proteome as a comsege of the null mutation and/or UV-B
treatment by means of iTRAQ labelling for relatpeptide quantification and LC-MS-MS analysis.

This strategy enables an accurate and sensitiveeiprguantification, which is essential for
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theidentification of apoplastic proteins in smailagtities or small variations in their level of
expression.
Following extraction with the extracellular washifigid (ECWF) technique, we also explored

ascorbate and glutathione content and their rethig 81 the leaf apoplastic fluids.

MATERIALS AND METHODS

Plant materials and growth conditions

Seeds ofA. thaliana and aggtl knockout mutant line, both Columbia ecotype (Cpl-@ere
sterilized and incubated at 4°C in the dark forrfdays to synchronize germination and ensure a
uniform growth. Theggtl knockout mutant was established in the mutanecbtn identified by
the Salk Institute (Alonset al, 2003), and was obtained from the NottinghanthalianaStock
Centre (http://nasc.nott.ac.uk; polymorphism SALB0B63). Seeds were sown in soil pots and
grown in a greenhouse.

For the UV-B radiation experiments, plants in tHeage of maximum expansion of the rosette
(before bolting) were transferred to a climaticl c&ldays before the treatment to enable their
acclimation. The growth chamber settings were: 22illight/dark cycle, 21/21°C temperature,
300 pmol nf s* photosynthetically active radiation, and 60% ie&athumidity. The UV-B
treatment was applied for 8 hours at the beginointhe light period. The radiation was provided
by two Philips TL40W/12 lamps with an intensity, asered on a level with the plants, of 8.3 KJ m
2 d* (UVBgg, biologically effective UV-B). After the 8h UV-Bréatment, leaves were immediately
harvested for ECWF andtotal leaf extraction. Follayy both the infiltrate and the leaf extracts
were analysed for ascorbate content by spectropteit@e method, as described, the same day.

Aliquots of the extracts were stored in -80° fdpthmeasurements.

Apoplastic fluid extraction

Extracellular washing fluids (ECWF) were extracbsdvacuum infiltration according to (Lohaas

al., 2001). About 1g of fresh leaves were cut, rinseuinersed in infiltration buffer and vacuum-
infiltrated for 10 min at 20 kPa. After infiltrathp the leaves were blot-dried, weighed and placed
vertically in a 5 ml syringe. The syringes werecgld in tubes and centrifuged at 200 g, 4°C for 20
min. Apoplastic fluids were collected from the loott of the tubes. For ascorbate and thiol
extraction, 1Qul 0.1N HCI were placed at the bottom of the tubefie centrifugation to prevent

oxidation. The composition of the infiltration beaffused for the ascorbate and thiol measurements
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was: KHPO, 50 mM, KCI 50 mM and EDTA 2.5 mM, pH 4.5. For tB&T activity and proteomic
analyses, the infiltration buffer contained: ¥#0, 50 mM, KCI 0.2 M and PMSF 1 mM, pH 6.2.

The contamination level of the extracts obtainethwie infiltration/centrifugation technique was
assessed by means of malic dehydrogenase acti@asumements, and ranged between 1.6 and

2.5% among the replicate extractions (data not show

Total leaf extraction

Total leaf extraction for the thiol, ascorbate amHA measurements was done using
metaphosphoric acid 1.5% and EDTA 1 mM buffer: df dresh leaves were powdered in a mortar
with liquid nitrogen and extracted in a leaves wdfdr ratio of 1:4, then centrifuged at 10°000 rpm
for 10 min at 4°C. The same extraction proceduas wsed for total GGT activity, but using the

infiltration buffer.

Asc and DHA determination
Ascorbate and dehydroascorbate were measured prgpeotometric analysis following the

decrease in absorbance at 265 nm according to HavdtDickes 1961.

Chromatographic low-molecular-weight thiol assay

To measure total thiol concentration extracts, |BO of total leaf extract and ECWF were
derivatized with 4-fluoro-7-sulfobenzofurazan ammoom salt fluorophore (SBD-F) (Dojindo,
Japan). LMW thiols were separated by isocratic HRisthg the method described elsewhere(Masi
et al, 2002) with some modifications. The mobile phass w5 mM ammonium-formiate, pH 2.9
and 3% methanol (97:3, vol/vol). For oxidized thyolantification, samples were pre-treated with 2-
vinylpyridine according to Griffith 1980, thenbufél to basic pH and treated with 2-vinylpyridine
for 1 hour to protect the free thiol moieties. Aftards, the samples were washed to remove the
resulting complexes, and the remaining unreactepkssm(containing the oxidized thiols) were
derivatized and analyzed by HPLC.

GGT activity measurements

GGT activity was determined spectrophotometricaflgcording to (Huseby and Stromme
1974). Leaf extracts were reacted in a mix of smuA (5 mM g-glutamyl-p-nitroanilide 100 mM
NaHPQy, pH 8.0) and solution B (575 mM gly-gly in 200 m&H,PO,, pH 8.0) in a ratio of 10:1.
Absorbance was recorded for 1 hour at 407 nm tosoreap-nitroaniline release into the assay

medium.
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Statistical analysis

After checking for a normal distribution, data weested with one-wayANOVA using the GLM
procedure in SAS (SAS 9.2, 2008). Data with a normal distribution were submitted to a
nonparametric test (Kruskal-Wallis) using XLSTATO@2 version). In both cases, Bonferroni’s test

was used to ascertain differences between meagrsfi&nce was established ax®.05.

Proteomic analysis

Protein in situ digestion

Proteins obtained from infiltration were quantifieg bicinchoninic acid spectrophotometric assay;
50 ug of proteins were loaded in a homemade 11%@iD8nd the electrophoretic run was stopped
as soon as the protein extracts entered the rugeiingands were excised and washed several times
with 50 mM TEAB (triethylammonium bicarbonate) amblied under vacuum after a short
acetonitrile wash. Cysteines were reduced with M aiithiothreitol (in 50 mM TEAB) for 1 hour

at 56°C, and alkylated with 55 mM iodoacetamide %t mM TEAB) for 45 min at room
temperature in the dark. Gel pieces were then vbsgiith alternate steps of TEAB and acetonitrile,
and dried. Proteins were digested situ with sequencing grade modified trypsin (Promega,
Madison, WI, USA) at 37°C overnight (12.5 pf* trypsin in 50mM TEAB). Peptides were
extracted with three steps of 50% acetonitrile atex. One pg of each sample was withdrawn to
check digestion efficiency using LC-MS/MS analysisd the remaining peptide solution was dried

under vacuum.

iTRAQ labeling and peptide fractionation

Peptides were labeled with iTRAQ reagents (ABScieqcording to the manufacturer's
instructions. They were labeled with the four ITRA&YS using a Latin panel strategy: wt UV-B,
ggtl UV-B, wt ctrl andggtl ctrl were labeled respectively with 114, 115, Bl 117 tags in the
first replicate; 115, 116, 117, 114 tags in theosecand 116, 117, 114, 115 tags in the third. Prior
to mixing the samples in a 1:1:1:1 ratioyd of each sample was analyzed separately to cabek |
efficiency by LC-MS/MS analysis, setting the iTRAGbeling as a variable modification in the
database search. All the peptides were correctwntified as being iTRAQ-modified at the N-
terminus and at each lysine residue. The samples thien pooled and dried under vacuum. The
mixture of labeled samples (one per replicate) waspended in 50@l of buffer A (10 mM
KH,PO,, 25% acetonitrile, pH 2.9) and loaded onto a giroation exchange cartridge (AB Sciex)
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for fractionation according to Toliat al, 2013. After a washing step with buffer A, the fegs
were eluted stepwise with increasing concentratadnsCl in buffer A (25, 50, 100, 200, and 350
mM). The volume of each fraction (5Q0) was reduced under vacuum, and the samples were
desalted using C18 cartridges (Sep-Pack, C18, 8jadecording to the manufacturer’s instructions.

The samples were ultimately dried under vacuumkapd at -20 °C until MS analysis.

LC-MS/MS analysis, database search, and protein qumification

Samples were suspended igA0.1% formic acid and analyzed by LC-MS/MS. The Btalyses
were conducted with a LTQ-Orbitrap XL mass spectetan(Thermo Fisher Scientific, Pittsburgh,
CA, USA) coupled online with a nano-HPLC Ultimaté0B (Dionex- Thermo Fisher Scientific).
Samples were loaded in a homemade 10 cm chromatagreolumn packed into a pico-frit (75
mm id, 10 mm tip, New Objectives) with C18 mate(ReproSil, 300 A, 3um). The LC separation
and mass spectrometer settings used for the asalyse the same as those described in Taidlin
al., 2013, and the method was as described by Kdattedr 2009.

The raw LC-MS/MS files were analyzed using Protediseoverer 1.4 (Thermo Fisher Scientific),
connected to a Mascot Search Engine server (vesidd, Matrix Science, London, UK). The
spectra were searched against a ARATH Uniprot epradatabase. Enzyme specificity was set to
trypsin with two missed cleavages, and peptide feaginent tolerance was set to 10 ppm and 0.6
Da, respectively. Methylthiocysteine, 4-plex iTRAD the N-terminus and Lys were set as fixed
modifications, while Met oxidation was selectedaasariable modification. False discovery rates
(FDR) were calculated by the software, based ors#fa@ch against the corresponding randomized
database. Only proteins identified and quantifiedhwat least 2 unique peptides with 99%
confidence (FDR 1%) were considered as positivatifieations. A 5% FDR was adopted in only
two cases (as shown in Table 2), in which the MS/bffectra were manually inspected for
confirmation. Data were pre-filtered to exclude MIS/ spectra containing less than 5 peaks or with
a total ion count below 50. Quantification was dbyenormalizing the results on the median value
of all measured iTRAQ reporter ratios.

Protein expression ratios are given as: wt (UV4B/cggtl (UV-B/ctrl), ctrl (ggtl/wt) and UV-B
(gotl/wt) and they are the mean value of at least 2ohio&l replicates. To improve the statistical
robustness of the data, all proteins were submitiedtwo-tailed Z test with a confidence leveppof

< 0.05. The variations were further restricted ttot@ins exhibiting an at least +50% fold change in

their expression (1.5 for upregulated and 0.6&lawnregulated proteins).
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RESULTS

GGT activity

An increase in GGT enzymatic activity was foundvinplants after UV-B irradiation; this increase
was greater in total leaf extracts (+35%, Tablehin in ECWF (+10%, Fig 1A). Activity in the
mutant was significantly lower in total leaf extte@nd almost undetectable in the ECWF (as was
to be expected because GGTL1 is the only apoplastiorm active in leaves), but no significant

differences were observed after UV-B exposure (AYy

Antioxidant content (GSH and ascorbate)

Ascorbate was only found in its reduced form irakdéaf extracts, and was increased by UV-B
treatment (by approximately 20-30%) in both genegyfTable 1). We found no reduction in the
ascorbate in the apoplastic space, where we coulty oneasure the oxidized form,
dehydroascorbate (Fig. 1C).We found no significalifferences between the genotypes or
treatments in the total glutathione or cys-gly eontin total leaf extract (Table 1). In ECWF total
glutathione content was higher in thgtl mutant than in the wild type; and supplementing-BV
radiation did not alter these values (Fig 1B). GS& lower in the ECWF from wt leaves under
UV-B treatment, whereas oxidized cys-gly increasgphificantly under the same conditions (fig
1B, 1D).

It should be noted that apoplastic glutathionenk/ @ small fraction of total leaf glutathione, so
fluctuations in the apoplast are somewhat dilutedng the extraction process. For the same
reason, variations in the small amount of extratell DHA may not have been reflected in total

leaf extracts.

Table 1:
ggt activity ascorbate GSH cys-gly
% pmol/ g FW nmol/g FW nmol/g FW
wt  ctrl 100+ 7.8 2.82 +£0.03 261.9+5.8 14a.04
gotl ctrl 5+£1.6 2.66 + 0.03 275.7+75 1.04 +0.04
wt UV-B 136 £ 11 3.37+0.05* 296.2+6.2 .34+0.05
ggtl UV-B 7+3 3.53+0.06 * 293.7+9.1 1.01 98.
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Table 1 GGT activity, ascorbate, GSH and cys-gly contentotal leaf extract. Values are the
mean = S.E. of 4 biological replicates from 3 tachhreplicates. For GGT activity, the reference
value of the wild type control was 50.43 mU/g F\téYisks indicate R 0.05.
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Fig 1. GGT activity (A), glutathione (B), ascorbate (&)d cys-gly (D) in ECWF.Grey bars show
total content, white bars oxidized forms. Reportedues are the mean + S.E. of 3 technical
replicates, each conducted with at least 4 biokdgieplicates. Different letters indicate signifita
differences between conditions(F®.05 *; < 0.01 **; P< 0.001 ***). For GGT activity, the
reference value of the wild type control was 4303/mL ECWF.

Proteomic analysis

In total, 329 proteins were uniquely identified the LC-MS/MS analyses; 208 were found in at

least two biological replicates. Based on the Gedatology assignment for cellular

compartmentalization (Uniprot 1dww.uniprot.org, we restricted our analysis to the 118 proteins

that were either apoplastic or unlocalized, acaogrfor approximately 57% of the total.

Should be considered bearing in mind that sevetdy textracellular proteins have yet to be

properly assigned to the apoplast. In fact, it besn reported (Dingt al, 2012; Agrawalet al,

2010) that about 50% of proteins secreted in tloplagt lack a leaderless secretory tag;. There are
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consequently many unpredicted secretory proteinsplants, and their occurrence is often
underestimated or they are even considered imggoagercontaminants. Our decision to restrict our
assignments according to the Uniprot database wasfore rigorous, but probably led to an
underestimation of the truly apoplastic proteins.

The variations considered were further restrictegrbteins exhibiting an at least +50% fold change

in expression.

Various information can be drawn from comparisoasMeen the four experimental conditions: i)

the effect of UV-B treatment on each genotypedifferential apoplastic protein composition in

gotl vs. wt; iii) possible differences in the behavafr the ggtl mutant and the wt under UV-

B.Comparing the two genotypes, 23 proteins werernegulated and only 3 were upregulated in

ggtlby comparison with the wt under physiological coiotis (Table 2). UV-B treatment resulted

in 8 proteins being downregulatedggtl; and in 12 being downregulated and 11 being upateu

in the wt. When thggtl and wt were compared after UV-B treatment, it eyadrthat 9 proteins

were expressed less, and 10 were expressed mthre mutant than in the wild type. A condensed

view of all these variations is given in Table 2.

Table 2:
Accession Locus FDR WT gogtl CTRL UV-B
nr name Description %  UVB/ctrl UVB/ctrl ggtl/wt ggtl/wt
F4HR88 At1g33590 Leucine-rich repeat-containing girot 1 0.55 0.48
081862 At4g19810 At4g19810 1 0.55
F41AX0 At1g31690 Putative copper amine oxidase .570
Q9M5J8 At5g06870 Polygalacturonase inhibitor 2 .570
Q9oLMU2 Atlgl7860 Atlgl17860/F2H15 8 1 0.57 0.48
BI9DGLS At5g08370 AT5G08370 protein 1 0.58
F4HSQ4 At1g20160 Subtilisin-like serine endoperstétike protein 1 0.61
F411Q3 At2g28470 Beta-galactosidase 1 0.62
Q9zVvs4 At1g03220 Aspartyl protease-like protein 0.65 0.66 2.5
Q94F20 At5925460 At5925460 1 0.66 0.58 1.6
Q9FT97 At5g08380 Alpha-galactosidase 1 0.68
Q940J8 At4g19410 Pectinacetylesterase family protein 1 0.68 0.68 1.9
049006 At3g14310 Pectinesterase/pectinesteradatorth3 1 15 0.55
Putative cysteine-rich receptor-like protein
065469  At4923170
kinase 9 1 15
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P24806

F4J270
Q9ZV52
P46422

022126
FAJRV2

P33157

FAJBY2
080852-2
FAHUAO
Q9SG80
Q9FZz27
FAK5BY

064757

QOS7Y7
Q9C5C2
Q9FKUS
Q9SMUS
Q9ZVA2
P94072

Q42589

QIFW48
QILXUS5

QILYE?
Q9M2U7
QILT39
024603
P33154
Q8W112
P28493

Q94K76

QILEW3
QILRJ9
QILV60
Q9C5M8
023255

050008

QISVG4-2
Q940G5

At4g30270

At5g20950
At2918660
At4g02520
At2g45470
At4g25100

At3g57260

At3g60750
At2g30860
At1g07930
At3g10740
At1902335
At5g07030

At2g34930

At1g68560
At5g25980
At5g44400
At3g49120
Atlg78830
At5g20630
At2g38540
At1g33600
At5g12940

At5g11420
At3g54400
At3g20820
At2g43570
At2g14610
At5g20950
At1g75040

At5g18470

At5g10760
At3922060
At5g48540
At4g24780
At4g13940

At5g17920

At4g20830
At4g25900

Xyloglucan endotransglucosylase/hydrolase prot

24
Beta-1,3-glucanase 3
EGA45-like domain containing protgi
Glutathione S-transferase F2
Fasciclin-like arabinogalactartgiro8
Superoxide dismutase
Glucan endo-1,3-beta-glucosidase, acidic
isoform
Transketolase
Isoform 2 of Glutathione S-tfarese F9
Elongation factor 1-alpha
Alpha-L-arabinofuranosidase 1
Germin-like protein subfamily 2mieer 2
Aspartyl protease family protein
Disease resistance-like protein/LRR domain-
containing protein
Alpha-xylosidase 1
Myrosinase 2
Berberine bridge enzyme
Peroxidase 34
At1g78830/F9K20_12
Germin-like protein subfamily 3mber 3
Non-specific lipid-transfer pratéi
Leucine-rich repeat-containingeiro
Leucine-rich repeat-containingtpin

Putative uncharacterized protein At5g11420
AT3¢54400/T12E18_90
Leucine-rich repeat-containingteiro
Chitinase class 4-like protein
Pathogenesis-related protein 1
Beta-D-glucan exohydrolase-liketgiro
Pathogenesis-related protein 5
Curculin-like (Mannose-binding) lectin family
protein
Aspartyl protease family protein
Cysteine-rich repeat secretoryem®8
Cysteine-rich repeat secretorygn55
Probable pectate lyase 18
Adenosylhomocysteinase 1
5-methyltetrahydropteroyltriglutamate-
homocysteine methyltransferase
Isoform 2 of Reticuline oxidaie-protein

Aldose 1-epimerase family protein
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1.6
1.7
1.8

1.9
1.9

2.1
2.7
29
4.4

0.47

0.51

1.7

0.26
2.2

80.6
0.56
0.57 2.3
0.52
0.42
0.58
0.51

0.55
0.64 2.0
0.68
340. 0.17
0.34
0.65
0.30

0.53

0.44
0.49
0.5
0.68
1.5

2.4

0.43
0.61



Q9LFA6 At3g52840 Beta-galactosidase 2 1 0.59
Q9LU14 At3g16370 GDSL esterase/lipase APG 1 1.6

Xyloglucan endotransglucosylase/hydrolase prot
Q39099 At2g06850 4y g g y y P

1 1.8
QILFR3 At5g14920 Gibberellin-regulated protein 14 1 1.8
004496 Atlg09750 Aspartyl protease-like protein 1 1.9
Q9FH82 At5g45280 AT5g45280/K9E15_6 1 2.0

Table 2Brief overview of expression changes in apoplaatid unlocalized proteins in the four
conditions analyzed: wt (UV-B/ctrlggtl (UV-B/ctrl), ctrl (ggtl/wt) and UV-B @gtl/wt).

To facilitate the interpretation of the results, @@ a bioinformatic analysis with Blast2GO, a tool
for the functional annotation of sequences and daitang, based on the gene ontology (GO)
vocabulary (Conesa and Go6tz, 2008).This made iy ¢asassess and visualize the relative
abundance of functional terms (obtained from thel pd GO terms) in the category of biological
processes, based on a score assigned by the BRst®@@rithm. Within the category of biological
processes, the GO terms involved under the fouditions, and either down- or upregulated, are
shown in Figs. 2 and 3, respectively.

Based on the Blast2GO scores, UV-B in both the wijge and theggtl mutant mainly seem to
cause a lower expression of proteins in the “mdiabgrocess” and “response to stimulus”
categories (Fig. 2). Far fewer proteins were upiggd, but the analysis as a whole again showed
that the “response to stimulus” and “metabolic ps®t categories scored highest, but only after the
UV-B treatment in both genotypes (Fig. 3). Basedl@results shown in Table 2, the variations
observed were functionally grouped as explainedvweFor the sake of simplicity, the proteins
listed in Table 2 were divided into 4 broad categgrbut many of those described here could have
been placed in more than one category (dependingvioether we considered the protein’s
biological function or its catalytic activity, fanstance).
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Fig 2. GO terms distribution in the biological proce$slownregulated proteins. Black bars shows
wt (UV-B/ctrl), dark grey barggtl (UV-B/ ctrl), light grey is ctrl §gtl/wt), and white bars is UV-
B (ggtlwt).
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Fig 3: GO terms distribution in the biological procesaipfegulated proteins. Black bars shows wt
(UV-Blctrl), dark grey barggtl (UV-B/ ctrl), light grey is ctrl ggtl/wt), and white bars is UV-B

(ggtlwt).

Pathogenesis and hormone-related proteins

Gibberellins are hormones that can be found inagnaplastic space too (Kramer 2006). Here, we
found the gibberellin-regulated protein Q9LFR3 (@18920) upregulated by UV-B treatment in
the mutant.

Among the proteins targeted by hormones theregalactose-binding domain containing protein
(At5g25460, Q94F20) with a putative function inpesse to karrikins, a novel group of plant
growth regulators (Nelsoet al, 2011). This protein is downregulated in the viide under UV-B
treatment, andin thggtl mutant in physiological conditions.

By comparison with the wild type, two pathogen-tethproteins are less expressed in digel
mutant, i.e. PR-1 (At2g14610) and PR-5 (Atlg75046portedly regulated by brassinosteroids
(Savenstrand et al., 2004). Another protein invdlirelipid catabolism and response to pathogens
is a GDSL esterase/lipase (At3g16370) that is esgg@more in thggtl mutant than in the wild
type under UV-B.

Proteolytic enzymes are directly or indirectly ilwexd in several plant cellular processes, including
resistance to pathogens and disease €Ki, 2004). In our study, we identified four membefs o
the aspartyl protease family, a class of enzyméma@as endopeptidases to remove aspartic
residues from polypeptide chains. One of them (B8R%0) is downregulated in the wild type after
UV-B treatment, andin thggtl mutant in physiological conditions. This protemdaAt1g09750 are
both upregulated inggtl bycomparison with the wild type as an effect of BV-
treatment.At5g07030 is downregulated under UV-B time mutant, and At5g10760 is
downregulated in the mutant under control condgidh could be hard to explain these opposite
effects in the expression of members of the sampargs protease family, but it is worth noting that

these enzymes are reportedly involved in plantrdesfe and development (Miret al., 2007).

Cell wall remodeling

Up to 90% of plant cell walls consist of three typ# polysaccharide: cellulose, hemicelluloses,
and pectins. Their composition and structure diffem one species to another, and change as
plants develop and with environmental fluctuatig@®sgrove 1997; Popper and Fry 2603al,
2007). Six proteins belonging to the class of gbyde hydrolases are downregulated by UV-B
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radiation in the wild type (At2g28470, At5g0838014419410, At5g06870, At49g19810, and
At5g08370) while another six proteins are upregula(At3g14310, At2g45470, At3g57260,
At4g30270, At5g20950 and At2g18660).

Comparing theggtl mutant with the wild type clearly revealed a cdosve downregulation of
proteins related to cell wall remodeling (At4g1942A04924780, At5g20950 and At2g43570). One
of them is downregulated both in the mutant underswlogical conditions and in the wild type
after UV-B treatment. An opposite response to UMdgliation emerged for beta-glucosidase
At3g57260, which was higher in the wild type, amdvér in ggtl after the treatment. UV-B
radiation resulted in a lower expression in gigtl mutant of other cell wall remodeling proteins,
namely a-arabinofuranosidase At3g1074Q;xylosidase At1g68560, and the berberine bridge
enzyme At5g44400. We also found a lower expressforhitinase At2g43570 in thggtl mutant
than in the wild type both under physiological ciotis and after treatment with UV-B.

Signaling

In this study, we observed changes in four protemstaining leucine-rich repeats, and in two
cysteine-rich secretory proteins belonging to @&glacting as kinases. Leucine- and cysteine-rich
proteins are transmembrane proteins that are egigrinduced by ROS and salicylic acid (Brandes
et al.,2009).

All leucine-rich proteins were downregulated in tieitant (At1g33600, At5g12940, At1g33590
and At3g20820) under physiological conditions. dems particularly interesting that At1g33590
expression was also downregulated in the wild typger UV-B radiation.

The two cysteine-rich repeat secretory proteins3g22060 and At59g48540, were both
downregulated in thggtl mutant under physiological conditions. These pnsteare also PM-
associated receptor-like kinases, and At3g220&fHants with one or more unknown PM-localized
ABA receptor(s) (Xiret al, 2005), whereas At5g48540 is involved in respdadearrikins (Nelson

et al, 2011).

The EG45-like domain containing protein (At2g18680part of a class of small proteins that act as
signaling molecules. In our study, At2g18660 waegplated in the wild type under UV-B.

GSTs, redox regulation and ROS balance

One protein (At1g31690) involved in response tadakive stress was downregulated under UV-B
in the wild type. This protein is involved in,8, metabolism, acting as an oxidase. Also Peroxidase
34 (At3g49120) was downregulated in tigtl mutant under control conditions.
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Two GSTs proteins belonging to categories F2 andAt8g02520 and At2g30860, respectively)
were upregulated in the wild type plants after UMdliation. When the two genotypes were
compared after the same treatment, the expressiehwas lower in the former.

Two proteins in the germin-like family (At59g20630daAt1g02335) were downregulateddgtl,

one in physiological conditions and the other ai®*-B treatment. These proteins are involved in
defending against biotic and environmental stress.

Superoxide dismutase proteins are reportedly iralv removing superoxide radicals from the
apoplast following UV-B radiation (Alschet al.,2002). In our study, the expression of superoxide
dismutase (At4g25100) was upregulated in the wijzetafter UV-B radiation and iggtl under
physiological conditions.

DiscussioN

GGT activity and soluble antioxidants

Following excess UV-B exposure, plants deploy aengdray of morphological and biochemical
defense mechanisms, including soluble antioxidé&thiu 2005). The changes observed in this
study are consistent with the view that, under UvaBiation, oxidative conditions in the apoplastic
space involve both ascorbate and glutathione,wioentain soluble antioxidant molecules in plant
cells. Ascorbate in ECWF was found fully oxidizedhich is consistent with the view that
oxidizing conditions prevail in the apoplastic sp@aruharet al, 2009; Vanackeet al, 1998a;
Vanackeret al1998b).

UV-B radiation induced an increase in apoplasticodsate in both genotypes, suggesting that
ascorbate is extruded as a means to counteraettifieially-imposed oxidative conditions. While
glutathione content was substantially unchangewtad leaf extracts in all the conditions tested, i
was altered in the ECWF from mutant leaves, wheeeetfect of theygtl null mutation results in a
net increase in glutathione content, as a predetlfect of the reduced GGT degradation activity.
Under UV-B, the concurrent decrease in oxidizedaghione and increase in oxidized cys-gly can
be interpreted as an enhanced gamma-glutamyl &@ssf activity; this is supported by the
previous finding that GGT1 has a stronger prefeedoc GSSG (Okhama-Otsi al.,2008).

GGT activity was barely detectable in the mutamtfcming that GGT1 is the main isoform
contributing to over 90% of said activity in wilgpe leaves. Since the GGT2 isoform is not
expressed in leaves (Destbal, 2011) and GGT3 is assumed to be non-functionar{iet al,
2007), this indicates that the activity found ire tmutant represents the contribution of the

remaining vacuolar isoform GGTA4.
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The increased GGT activity following UV-B treatmentthe wild type therefore suggests that the
rate of the gamma-glutamyl cycle is acceleratedhiz/radiation. The involvement of the vacuolar

GGT4 in the degradation of glutathione conjugaéeg, with lipoperoxides and/or other damaged
molecules, might be implicated too, but this seemigkely since no significant increase in GGT

activity was apparent in the mutant under the seonelitions.

Collectively, these novel findings thus imply thhe gamma-glutamyl cycle is accelerated under
oxidative conditions imposed by ultraviolet-B ratha, and support the conviction that it is

involved in oxidative stress sensing and/or respons

Apoplastic proteome readjustments

Proteome analysis has proved a powerful tool faripdeering cell metabolism under different
perturbations and has been found useful in apoplsistdies too (Agrawadt al, 2010). Apoplastic
proteins establish a constitutive systemic defereteork, with only a few of them changing under
environmental and/or biotic stress (Delaurebsl, 2014).

Two main approaches are currently adopted in gdawysiology studies: the application of stress
conditions, and the use of mutants. These altemaind converging strategies may provide tools
for deciphering metabolism. In this work, oxidatigenditions were imposed with UV-B and
studied in redox-alteredgtl mutants. Subcellular fractionation and apoplagtmteome analysis
were then used to arrive at a better understandinthe rearrangements in the extracellular
compartment.

The experimental design adopted here could consdgueelp to describe and compare the effects
of UV-B treatment on the two genotypes, and thé&tkhces in apoplastic proteome composition
between the mutant and wild type leaves under abotnditions.

In both genotypes, UV-B treatment caused a downatéign of different kinds of protein related to
cell wall biosynthesis, response to stress andephggis. It promptedan upregulation, but only in
the wild type, of other proteins involved in celalwremodeling and two glutathione S-transferases,
GST-F2 and GST-F9. No proteins were found upregdlat theggtl mutant after UV-B (Table 2).
The hormonal changes occurring in tgtl mutant, with or without exposure to UV-B radiation
were not considered in the experimental setup,veed beyond the scope of this work. Several
proteins seen here to change in expression coutdrets for hormones, however. For instance,
one protein whose expression was stimulated by U¥+@portedly a gibberellin-regulated protein
(At5g14920), suggesting that gibberellins couldrbplicated in the response. The expression of a
galactose-binding domain containing protein (At54&®), which is stimulated by karrikins (a novel

group of plant growth regulators (Nelsehal, 2011), was also higher in the mutant than in the
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wild type after UV-B. Interplay with hormones mais@ concern two PRPs (PR-1 and PR-5),
whose expression was lower in thgtl mutant under physiological conditions. A previaigdy
(Savenstrandet al, 2004) had found their expression strongly redu@edbrassinosteroid
metabolism mutants. It would be interesting towlether the brassinosteroid pathway is altered in
ggtl mutants too.

Broadly speaking, cell wall modifying proteins suab glycosyl hydrolases (GHs), peroxidases,
esterases, transglycosylases and lyases, are @avoivthe construction, remodeling or turnover of
cell wall components (Cosgrove, 1997; Stolle-Sraital, 1999; Obelt al, 2002; Reiter, 2002).
Some of them may have other functions too, e.¢henglycosylation state of target proteins (Kang
et al, 2008), which in turn could be involved in sigmgliprocesses (Miniet al, 2007).

Taking a broader look at the changes found in tagegory suggests that UV-B affects the
expression of some proteins in the wild type (gogctine-acetylesterase and its inhibitor,
xyloglucan endotransglucosylase, beta 1,3-glucarseta-galactosidase, alpha-galactosidase and a
polygalacturonase inhibitor) and others in tgtl mutant (alpha-xylosidase, myrosinase, alpha-
arabinofuranosidase, and a berberine bridge enzymoefirming the view that the cell walls are the
target of this radiation. Notably, these remodefingcesses are affected in tigtl mutant not only

by UV-B treatment, but also under physiological ditions. Since cell wall structure is reportedly
altered during development and by exposure to s{iestterst al, 2009), our findings could be
explained by the existence of a stress-like comdlith the mutant, where some signals mimic the
oxidative state induced by UV-B in the wild type.

Myrosinase, a protein in the class of glycosiderblases, was less expressed under UV-B in the
ggtl mutant, and this could have ecophysiological cqQueeces because in Brassicaceae
myrosinases play a part in growth, developmentdeidnses against microbes, as well as deterring
insects and herbivores (Rodman, 1991). The two igelike proteins that were downregulated in
the ggtl mutant could also be consistent with alterationthe defense systems against biotic and
environmental stress.

The expression of some other proteins was altaregpposite ways (up- or downregulated)after
UV-B exposure, depending on the genotype considefed instance, the stress-responsive
glucanendo-1,3-beta-glucosidase was upregulatdeiwild type, but downregulated gyt

A group of proteins involved in response to stimué. the leucine-rich and cysteine-rich proteins,
wasdownregulated iggtlin physiological conditions. Leucine-rich proteic@ntain a leucine-rich
repeat (LRR) motif that has revealed a central mleecognizing different pathogen-associated

molecules in the innate host defense of plantsaandals (Gunawarderet al, 2011).
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In this study, we also identified 4 aspartyl preesathat were altered under our experimental
conditions: this may mean that members of thisgmate of enzymes related to plant defenses are
sensitive to redox variations. Aspartyl proteasesimportant for plant development. They have
been implicated in the ABA-dependent responsivetesisought-induced stress (Yabal, 2012),
and inArabidopsis agene encoding the aspartyl aset@rotein was found downregulated by cold
and high-salinity stress (Se&d al, 2002).

The EG45-like domain containing protein 2 (At2g18p&vas upregulated in the wild type under
UV-B. This protein belongs to the category of plaatriuretic peptides (PNPs), a novel class of
small proteins showing homology with the N-termimisexpansins, though they are significantly
shorter and lack the wall-binding domain (Ludieli al, 2002). Previous studies found PNPs
upregulated under saline and osmotic condition$u@®eenet al, 2003), but the effects of UV-B on
this class of peptidic signaling molecules hadbesn reported before.

Among the variations in apoplastic enzyme expressaund in the present study, some that
particularly attracted our attention are closelgtel to ROS metabolism.

Superoxide anion formation is reportedly triggebgdultraviolet-B radiation (Alschest al.,2002).

It seems noteworthy that no plant superoxide diasai{SOD)identified to date contains a signal
peptide, but extracellular SOD activity in stressegathogen-infected plants has been reported in
many works (Hernandezt al, 2001; Karpinskat al, 2001; Kaffarniket al, 2009; Pechanovat

al., 2010). SODsproduce282, which is degraded to 40 by ascorbate peroxidase. By removing
superoxide anions, SODs may limit the durationh& bxidative burst to an early event in plant
defense (Schelat al, 2013; Pristowet al, 2013).

In this study, a superoxide dismutase (At4g25108% wound upregulated by UV-B radiation in
wild type leaves: this can be interpreted as thedn® improve scavenging activity to remove
excess superoxide anions. Although its localizaieomot reported in the official databases, its
occurrence in the apoplast was noted in other esuttio (Dinget al, 2012; Kwonet al, 2005).
Higher SOD levels combined with lower levels of fhéative copper amine oxidase (At1g31690)
may result in higher D, levels. An increased GST expression could alsaltrés its scavenging,
however, so while it seems clear that ROS metaboissaffected by UV-B treatment in the wild
type, it is hard to draw any conclusions on hydrogeroxide levels, and further experimentation is
needed to validate our hypothesis.

The ROS scavenging scenario in thgtl mutant is undoubtedly more complex. The above-
mentioned apoplastic SOD is upregulated under plogical conditions, and a peroxidase is

downregulated. These effects may be interpreted reedjustments in the redox-altered
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ggtlbackground. Such readjustments may be neededtairsashigher KO, level, which could act
as a signal.

Taken together, these effects may resultin high#€d,Hevels in the mutant under physiological
conditions (schematically shown in Fig. 4), wher#as rise in HO, in the wild type is a direct
consequence of oxidative stress conditions indbgedV-B radiation.

As a signaling molecule, 40, may cross membranes in a process facilitated bg@ayins (Bienert

et al, 2006), reaching internal cell compartments aredrthcleus, where it can activate defense
gene expression (Mullineauet al, 2006). If this assumption holds true, it mightpkxn the
“constitutive alert response” effect observed ipravious proteomic analysis of total leaf extracts
from ggtl mutant leaves (Toliet al, 2013).

Future research is therefore needed to ascertairiettel of ROS, and especially,®, in the
apoplast ofggtl mutants, and the possible involvement of hormofeeg. brassinosteroids and
gibberellins) in the response. Both®3 and hormones are signals arising in the apogiastcin be
transferred intracellularly and evoke the cell’'spenses. For this signal transduction function we
could also consider four leucine-rich and two cysteich proteins belonging to the superfamily of
receptor-like kinases (RLKs), which are associatétl the plasma membrane and contain redox-
sensitive thiols,which were found at lower level tiee ggtl mutant.Disrupting of the gamma-
glutamyl cycle could result in an altered signaicegtion pathway.

While hormonal and redox readjustments seem tonpéidated in the modified metabolism gdtl
mutants, it remains to be seen how silencing theanga-glutamyl transferase activity and
consequently impairing the gamma-glutamyl cycle rfemd to the effects reported here. Further
experiments are needed to clarify the link betwidaengamma-glutamyl cycle and apoplastic redox

events.
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APOPLAST AND REDOX COMPONENTS IN PLANTS ADAPTATION TO THE

ENVIRONMENT

Being at the interphase between the plant cell #wedenvironment, the apoplast represents a
compartment where an extensive cross-talk occumgrdifferent components, to generate signals
that can pass through the plasmalemma and reagdytmalast (Agrawaét al, 2010). In this way,
both abiotic and biotic stress conditions evokesdsive and adaptive responses. These responses
are represented by the structural and metabol@justments that are driven by enzymes (proteins),
whose coordinated expression is regulated by sgaradl signal transduction pathways(Foyer and
Noctor 2005). For an environmental stimulus to éesed and the response to occur, it follows that
any environmental condition, which is external be tcell, must initiate an extracellular signal.
Upon interaction of such signals with the receptoated on the plasma membrane, or their
transfer to the inner compartment, a signal tracisoln pathway can be initiated to readjust cell
metabolism to the new conditions. This task reguihe concerted action of many players: specific
genes expression, post-transcriptional and possirdonal regulation, hormones and cell

regulators.

When trying to explain the process of plant sensamgl adaptation to the environment, key
guestions arise: what are the signals generatethdéyenvironment? How can they evoke the
response? A widely accepted view is that many unfeable conditions result in the appearance of
reactive oxygen species (ROS) (Pitzsailka, 2006). ROS are the natural consequence of alife
an oxygen-containing atmosphere, and result frorg Bmbalance in the electron flow in
fundamental processes such as photosynthesis apgtateon. They are represented by oxygen-
containing radical species or hydrogen peroxidgDJH having an intrinsic reactivity with the
organic molecules which can be consequently edberaged or undergo a redox modification. The
increase of ROS in the apoplast, as a consequdnmddative conditions, has been documented

(Mittler et al, 2004; Noctor, 2006; Potteet al, 2010). Under physiological conditions, they are
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involved in cell wall synthesis and remodeling,.etge ROS are also part of a cross-talk between
host and pathogen during the infection processé€bat al, 2006).ROS and redox modifications
thus seem to be good candidates in transferringnfieemation related to the environment to the

cell.

GAMMA-GLUTAMYL CYCLE AND GAMMA-GLUTAMYL-TRANSFERASE S

In plants, the gamma-glutamyl cycle is a metabaligte of extra-cytosolic glutathione degradation
by gamma-glutamyl-transferase (GGT) and cys-glyeplijglase, followed by the re-uptake of
constituent amino acids, intracellular re-syntheaisd extrusion (Ferrettet al, 2009). In
Arabidopsis, a detailed description of the four G@dnes expression was obtained by GUS-
staining of transformed lines (Martet al, 2007). GGT1 and GGT2 have high similarity andreha
large sequence identity, and they both are locatélde apoplast; but while GGT1 is ionically cell-
wall bound and expressed in most vascular tissbkesrdtti et al, 2009), GGT2 seems to be
preferentially associated to plasma membranes apegsed in specific tissues in seeds, flowers,
and roots.GGT3 is believed to be a non-functiotralhcated sequence, whereas GGT4 has been
localised in the vacuole, where it assists in tbgrddation of GS-conjugates of toxic compounds
and xenobiotics (Grzarat al, 2007). The significance of GSH cycling betweee #xtracellular
and intracellular space was addressed inAarthaliana knockout mutant line lacking thggtl
isoform, by comparative proteomic analyses of tt#af extracts (Toliret al, 2013). In that study,

it was reported that the disrupture of the gamnudaghyl cycle byggtlsilencing results in
enhanced expression of an array of antioxidantdeidnse enzymes, which could be collectively

described as a “constitutive alert response”.

The occurrence of glutathione in the apoplast Hendeen questioned in the past, but several
evidences now indicate that it is indeed therdhoalgh at low level (Zechman, 2014); it seems

puzzling, however, that a glutathione degradatictividy, occurring outside the cell, can result in
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redox alteration inside the cell. Due to its lowtragellular concentration, it is unlikely that
glutathione itself acts as an antioxidant outslie c¢ell; that function might better be fulfilled by
ascorbate, reportedly by far more abundant in goplast (Pignocchi and Foyer 2003), where in

any case oxidizing conditions are prevalent.

GLUTATHIONE AND GLUTATHIONE DEGRADATION ACTIVITY

All this considered, what could be then the functmf glutathione and glutathione degradation
activity? Some key elements that are worth consideaire: i) presence of a redox sensitive thiol
group in the molecule; ii) apoplastic ROS productias a consequence of the unfavourable
environmental conditions; iii) presence of the plasmembrane bound receptors; iv) redox
exchange reactions occurring between the low-médeeueight thiols and cysteines of plasma-
membrane bound proteins, acting as redox switdhestder for a molecule to act as a signal, its
concentration should be low and un-buffered, shel perturbations may induce large variations in
its pool size. The reversible conversion of redutedxidized form may also rapidly modify the
GSH pool. The interaction and exchange reactiorievefimolecular-weight thiols and cysteines of
plasma-membrane receptors and components may setdpramplify the signal. On the other
hand, the possibility that gamma-glutamyl cyclirgyimplicated in the response to oxidative stress

might be inferred by some previous reports (M#asl, 2002; Ferrettet al, 2009).

To better investigate the relationship between iakig stress conditions and GGT-driven
glutathione degradation, apoplastic fluid proteiese extracted frorggtl mutant leaves following

ultraviolet B (UV-B) treatment (Trentiat al, submitted. Comparative analysis with wild-type and
control conditions, and data integration suggest thihile expression of cell wall remodelling
proteins is affected by both UV-B arghtl silencing, the mutation itself resulted in reduced
expression of a number of plasma-membrane assdcgeres (cys-rich, leucine-rich secretory

proteins) which are involved in signalling and assigned to the gene ontology category of
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“response to stimulus”. Alteration of expressiorcomponents related with ROS metabolism, such

as superoxide dismutase (SOD), glutathione S-teaasés (GSTSs) or peroxidases, is also observed
in one condition or another, but given the simwdtaus presence of alternative pathways it is hard

to predict, from that study, whether the level pbplastic HO; is increased or not, and therefore if

H,0; is the molecule involved in transferring the sigraxising from the apoplast.

PROTEOMICS AS A TOOL TO UNDERSTAND THE GAMMA-GLUTAM YL CYCLE

In the post-genomic era, understanding gene fumetibas been greatly facilitated by the
availability of mutants and by other “omics” tookltering or silencing the expressionof selected
genes, either constitutively or transiently, magutein a phenotype whose interpretation enables
assignment of physiological roles and functionsminy cases, this is not an easy task; because of
the absence of a clear phenotype or too compleg, arsulting from redundancy, compensatory
and pleiotropic effects, etc. These effects areswobbvious or easily predictable. Thus, “omic”
technologies prove to be highly valuable to deaipmetabolism, in that they can describe re-
adjustments in transcripts, protein or metabolitefifes resulting from gene manipulation or

environmental constraints.

Proteomics has greatly assisted in elucidatingfuhetions of the gamma-glutamyl cycle in GGT
mutants. While it was clear that GGT4 mutants anable to detoxify xenobiotics or toxic
compounds, GGT2 mutants have no clear phenotypes&iil mutants exhibit a slightly shorter
life cycle. In this case, it was proteomics to destoate, inggtl mutants, alterations in the
antioxidative and defense responses, and apoptastiponents that may convey redox information
from the extracellular milieu to internal compartitee In the future, proteomics may still contribute

to pinpoint plasma membrane components that aeglglevolved in this process. Proteomics may
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also help in identifying one missing step in thengza-glutamyl cycle, i.e., the cysteinyl-glycine

dipeptidase, whose occurrence is inferred but aptahstrated yet (Kumada al, 2007).

CONCLUSIONS

The significance of the gamma-glutamyl cycle is hdly understood yet. Glutathione cycling
between the symplast and apoplast may represeilyaonransfer redox information. Functional
genomics approaches indicate that disruption of ftimetional cell-wall bound GGT1 isoform
results in a constitutive alert response where-@ntative enzymes are up-regulated, probably as
an effect of the altered plasma membrane recefgoes and the redox state. With the more general
aim of understanding how environmental challengegparceived by plant cells, it seems therefore
important to conclusively assign a role for extiltar GGTs and the gamma-glutamyl cycle in
controlling the redox signals generated in the &=ipwhich are transferred to the symplast and
activate antioxidant systems. To this end, furtlmgh-throughput and targeted proteomic
approaches will be necessary to perform and compader the diverse stresses as indicated in

Fig.1.
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Figure 1llintegration of redox events in the apoplast witk yhglutamyl cycle. Unfavourable
environmental conditions result in formation ofctege oxygen species (ROS) including hydrogen
peroxide (HO.), which may intracellularly activate anti-oxidagiand defense responses leading to

plant adaptation.
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CHAPTER 3: REGULATION OF ROSHOMEOSTASIS IN APOPLASTIC SPACE BY THIOLS

ABSTRACT

Glutathione and low molecular weight thiols (cystiand cysteinyl-glycine), with their —SH
moiety, are strongly reactive nucleophilic molesul&€hey have a main role in plant metabolism,
defense from biotic and abiotic stress and in reldlmxeostasis by contrasting excessive oxidation

states.

In plant cell the apoplast is an interphase betwtbenenvironment and symplast. Environmental
oxidative stresses evoke in the apoplastic spaoduption of reactive oxygen species (ROS)
subsequently, in some way, a signal transductathvays is activated. This allows to signal to

pass through plasma membrane and reach the cgmopla

Aim of this work was to investigate the role of LM¥Kiols in root apoplast, by highlighting

reactions involving low molecular weight thiols, tals and enzymes related to ROS metabolism.

Our results obtained with chromatograph@P spectrometry, EPR spectroscopy and absorption
spectroscopy analyses, and in presence of isotakdvalls, indicate that glutathione, cysteinyl-
glycine and cysteine have quenching capacity factree oxygen species generated in the

apoplastic space.

Our findings point to a role for LMW thiols, whidire metabolically related to each other in the

gamma-glutamyl cycle, in modulating redox reactionglant cell walls.
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INTRODUCTION

Reactive oxygen species (ROS) generation requimeactivation energy but then it continues
spontaneously (Karuppanapanditial, 2011); in plant tissues and cells they can belywed by
photosynthesis and by various environmental stse€Sehoferet al., 2001; Rodrigues-Serraret

al., 2006). As a consequence, ROS concentration iraploplast varies fastly and highly due to
biotic and abiotic stresses (Hernan@e¢al, 2001; Jasperst al, 2005; Huet al, 2005; Pristowet

al., 2013).

Notably, regulation of a plethora of important delctions occurs by oxidation/reduction reactions
in mammalian cells (Paolicclet al, 2002) and recent evidences have shown that R@Sapkey
role as a messenger in normal cell signal trangalueind cell cycling (Rahantaniaieaal, 2013).

In cell wall and apoplast there are several enzynikes oxidases and peroxidases, that produce
ROS in response to development and environmentalleciye. Moreover, it is known that
superoxide has an important role in redox signgliamd activates defense responses (Foyer and
Noctor 2009). Plants present many and differenatefjies to improve defence responses by

scavenging ROS with enzymatic and non-enzymaticqeses (Sharnet al, 2012).

One of the main non-protein antioxidants in cedlglutathione, a versatile molecule with a plethora
of roles in plant metabolism and defense. It isvimahat GSH plays a crucial protective role in
redox homeostasis (Foyer and Noctor 2011); it seagth ROS thus protecting thiol groups to
contrast excessive protein oxidation (Rahantanieired, 2013). Glutathione’s functions depend on
cysteine’s thiol moiety, a strong nucleophilic goo{iPivatoet al, 2014) that allows reacting with a
wide spectrum of molecules to form not only GSS®dlso GS-conjugates (Dixon and Edwards,
2010) and protein thiolation (Piva&t al, 2014). Glutathione scavenging capacity is dependn
pKa for the sulphydryl group (pKa = 8.83); when tpro concentration decreases also glutathione
redox potential is reduced. This property has @e\physiological implications, since pH differs
significantly among cell compartments; consequerdlgo the GSH/GSSG ratio is expected to
change (Rahantaniairet al, 2013). It is known that pH in the apoplastic sp& around 4.5-5;
therefore, in theory, glutathione will be complgteéduced. However, the presence of oxidizing
molecules are able to oxidize GSH to GSSG (e.dnydi®ascorbate, ROS).

In plant tissues, GSH is mainly localised intragialtly; however, a limited amount is also found in

the apoplastic space, where it is involved in thealed gamma-glutamyl cycle. In this cycle, it is

synthetized in the cytosol, carried out to the aetlular space and cleaved by gamma-

glutamyltransferase (GGT) to produce cysteinyl-gigc(cys-gly) and glutamate (Ferreét al,

2009). Subsequently, cysgly is cleaved to cysteine glycine by an unknown yet dipeptidase
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(Ohkama-Ohtsiet al, 2008); single aminoacids can finally cross plagsmambrane by means of

aminoacid transporters, and be used in the cytosgynthesize new GSH.

The presence of these GSH-related thiols in theplapb may result in redox reactions and an
altered redox balance in the extracellular spawge,td their biochemical properties and reactivity.
Although GSH is commonly considered a major andant in living cells, in the last few years it
has been provided evidence for a prooxidant rdl&SH and thiols deriving from its catabolism in
animals, as a result of gamma-glutamyl transpapdGGT) activity(Starkt al, 1993; Pompella
et al, 2003; Dominiciet al, 2005). This novel evidence may have strong imaphns also in
plantbiology and physiology.

In particular, GSH, cysteine and cysteinyl-glycippomote metal ions reduction and induce
production of reactive species such as superoxigdrogen peroxide and other free radicals
(Paolicchi et al., 2002). Metal ions are also pnése the apoplast; their concentration depends on
plant species, and they interact with cell wall pements and thiols (Speislet al, 2008, 2011;
Carrasco-Pozet al, 2008; Aliagaet al, 2010, 2012). Notably, it is reported that redutive
transition metals can react with H202 and converhto hydroxyl radical via metal-catalyzed
Fenton reaction (Karuppanapandetral.,2011).

Two categories of enzymes located on the cell aal mainly involved in oxidative metabolism:
peroxidases, which use,&, as a substrate, and superoxidase dismutases togves to H,O,
and producing *OH(Higaslet al, 2015; del Rio 2015).However, it has been repoitiatl PODs
may also produce 1D, by oxidation of different kinds of reductants astat and phenolic
compounds (Urbafiski and Berésewicz 2000; Sukatb\at, 2005; Kukavicaet al, 2009) and in
presence of other reductants (such as NADH) PORspcaduce *OH (Chen and Schoffer 1999;
Schoffer et al, 2002). Additionally, there is evidence for a supéde radical involvement in
hydroxyl radical production (Chen and Schoffer 198&zkay et al, 2004; Karkonen and Fry
2006). However, who are the naturally occurringuatdnts that in apoplast participate to ROS
production? This question remains still unknown K&vicaet al, 2009).

Aim of this work is to investigate the role of LMWiols in root apoplast, by highlighting reactions
and interactions that occur in apoplastic spacevdxt low molecular weight thiols, metals and

enzymes involved in response to oxidative metabolis

In this study, various techniques have been usetktermine structural variations occuring in the
apoplastic space due to low molecular weight thielPLCchromatography, ICP spectrometry,

EPR spectroscopy and absorption spectroscopy.
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MATERIAL AND METHODS

Plant material

Barley seeds were treated with bleach solutiori@minutes, washed with water and then soaked
to germinate in a dark room in controlled tempeawatand humidity for 4 days. Seedlings were

transferred into a becker with a modified Hoaglantiition (1/2 strength, as described in table 1) in
a growth chamber set as follows 12/12 h light/darle, 21/21 °C temperature, 300 pmol m-2 s-1
photosynthetically active radiation and 60% relatnumidity.

Chromatographic low molecular weight thiols detamation

10 days plants were used for the experiments. Raotse washed 2 times with 1 mM CaQiryed
and weighed. About 1 g was used for the extractbrextracellular washing fluid (ECWF)
obtained by centrifuging roots at 4°C, 200 g forr@hutes. Total root extracts were obtained by
powdering plant material in liquid Nwith 0.1 M HCI in ratio 1:4 fresh weight : buffesf10
replicates). To determine low molecular weight (LMWiols concentration in the extracts, p0

of total leaf extract and ECWF were derivatizedwdtFluoro-7-sulfobenzofurazan ammonium salt
fluorophore (SBD-F) (Dojindo, Japan). Thiols weeparated by isocratic HPLC using the method
described by Maset al, 2002 with some modifications. The mobile phases wa& mM NH-
formiate, pH 2.9 and 3% methanol (97:3, vol/vol).

Metals determination

The elemental determination was conducted with @S, SPECTRO ARCOS EOP (Spectro A.l.,
Germany).

The ICP-OES was employed to determine 24 eleméit#is, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K,
Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Sr, Tl, V and All instrument operating parameters were

optimized for nitric acid 3% solution.
Sample Preparation and Calibration Standards

The root samples were analysed after microwaveedlagssel digestion (Ethos 1600 Milestone
S.r.l. Sorisole, BG, ltaly) . Roots (0,35 g)wereded to hydrogen peroxide and nitric acid
“suprapure” quality (Merck, Darmstadt, Germany).tekfmicrowave digestion, the so dissolved
sample was diluted with ultrapure water to a fimalume of 25 ml. Cell wall fractions were
obtained by powdering roots in liquid.&hd extraction with buffer (50 mM Tris-HCI pH 7.20
mM NacCl, 0.05% Tween 80, 1 mM PMSF), and centrifigyaat 4°C, 500 g for 20 minutes. The

pellet phase contained cell wall fraction and wagested with microware as above.Calibration
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standards were matched to 3% nitric acid “suprdpgreality. Priorto the final dilution, the
elements to be determined were added from multieersolutions and stock solutions (Inorganic
Ventures, Christiansburg, VA, USA). Concentratiafi€, 0.005, 0.02, 0.05, 0.2 and 0.5 mg/L of

the analytes were prepared.
Validation

The accuracy and precision of both methods weresiiyated analyzing blank solution, low level
control solution (recovery limits + 30%), mediunvé control solution (recovery limits + 10%)
and the international standard reference materl8TNSRM 1643e (Trace Elements in Natural
Water) prepared like above described. The measuatukes and the certified values were in

excellent agreement for all the elements.
EPR spectroscopy

EPR measurements were made for in vitro detectiomQH and superoxide radical (sQsignals
and to establish thiols quenching ability. EPR sj@ewere recorded at room temperature using a
Elexsys Il spektrometar operating at X-band (9.94z{zunder the following settings: modulation
amplitude, 0.2 mT; modulation frequency, 100 kHz¢nowave power, 10 mW; centre of magnetic
field, 341 mT; scan range, 20 mT; scan speed, 4mml/Spectra were recorded and analyzed using

Xepr (Bruker) software. Measurements at low tenipeeawvere performed at 125°K.
Superoxide Production

Superoxide radical was generated, in the presehogygen, by exposing riboflavin to light and
detected using a spin-trapping reagent 5-(diethleagphoryl)-5-methyl-1-pyroline N-oxide
(DEPMPO).
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Fig. 1. Schematic mechanism of supeoxide radiaadynction by riboflavin

Control reaction mixture had a final volume of 3D gpmposed of DTPA 4 mM; DEPMPO 50
mM and Riboflavin 0,22 mM. To evaluated thiols qcleing power, 0,3 mM of each tested
molecule (cys, cys-gly and GSH) was added to theti@ mixture.
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Hydroxyl radical

Hydroxyl radical was generated in Fenton reactiom presence of Cuand HO, was detected
using a spin-trapping reagent 5-(diethoxyphosphdsyhethyl-1-pyroline N-oxide (DEPMPO).

Hydroxyl radical formation was allowed by the reawt
« CU +H0;, —> Cu"+OH ++OH
« DEPMPO + «OH =—> DEPMPQOe</OH

Reaction mixture was composed of 4 mM DTPA; 0.114 @u”; 50 mM DEPMPO and 4mM
H.O,. To evaluated thiols quenching power, 0.03 mM athetested molecule (cys, cys-gly and

GSH) was added to the reaction.

Cell Wall Isolation

Barley roots were powdered in liquid, nd homogenized with buffer [5S0 mM T+8CI (pH 7.2),
50 mM NacCl; 0.05% Tween-80; 1 mM phenylmethylsulforluoride (PMSF)] in ratio 1:2
according to Kukavicat al. (2009). The homogenate was filtered through twers of cloth. The
filtrate was centrifuged at 1,000x g for 20 miM&€. The cell wall pellet was washed four times in
the same buffer without detergent and salt. In ot@®btain ionically bound fraction, the cell Wal
pellet was suspended in 1 M NacCl, followed by iratidn for 30 min at 4°C with continuous
stirring. Then it was centrifuged at 1,000g for 10 min. Both fractions were collected: in the

supernatant there were ionically cell wall-boundteins and in the pellet the covalently-bound

fraction remained.

Determination of peroxidase activities

Oxidative activity of cell wall peroxidase (PODoxgas determined as described by Sukaletial,
2005 following the decrease in absorbance at 340dua to oxidation op-Nicotinamide adenine
dinucleotide (NADH). Reaction mixture was composg¢d.25 mM MnC}, 0.2 mM p-coumaric
acid, in 50 mM phosphate buffer pH 5.5 and 10 plcedf wall isolate; reaction started by adding
0.2 mM NADH. Alteration of NADH oxidation by thiol&zas measured by adding them directly in
cuvette to final concentrations of 1, 0.1 or 0.0M.nOxidative POD activity was also measured
after incubation, for 30 minutes, of cell wall withmM thiols, 1 mM Detapac, 1 mM DTT and 1

mM H,0,. Spectrophotometric measurements of NADH redufixidation were performed as
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described above except. All the assays were peerrat 28°C using Shimadzu, UV-160
spectrophotometer (Japan).

RESULTS AND DISCUSSION

Thiols detection

Low molecular weight thiols were measured in altagats extract and in the extracellular washing
fluids. A representative chromatogram of thiolstriisition is reported in Fig. 1 and contents are

shown in table 1.

300000 ,
apoplastic fluid 5 ; Cyiteme )
total extract unknown peat

250000 - = 3 cysteinyl-glycine
4 y-glutamyl-cysteine
5 glutathione

200000 3

g 150000 2

[

T

<

) 100000 H

50000 - 1 J
0 4 #ﬁ)&qﬂ\ﬁj Q o M s
| ! I ! | Y I L | ¥ I . |
0] 10 20 30 40 50 60
time (min)

Fig. 1. A rapresentative chromatogram of thiol®amley roots in a total extract (red line) andha t
apoplast (black line).

Cys Cys-Gly y-EC GSH
total extract 6,75+ 0,94 1,79+ 0,50 225,73+88,03 89,60+ 11,82 nmol/g FW
apoplastic fluid 2,10+ 1,29 2,26+1,18 1,94 + 2,15 1,33+0,75 nmol/mL
ratio apoplast/total 0,31+£0,22 1,26 £ 0,66 0,01 0,01

Table 1: Thiols content in barley: in total roo&moplastic space and relative distribution. Values

are mean of 8 biological replicates + standardaten.
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Gamma-glutamylcysteingEC) is glutathione precursor, synthetized in tisol, and is usually
low abundant and at the detection limits; here,High y-EC content highlights active glutathione
synthesis in the root tissue. Glutathione extrussofollowed by degradation by gamma-glutamyl
transferase in the gamma-glutamyl cycle, and itspkgstic content is consequently very low
(comparing with cytosol). From Fig. 1 it is possilib argue that cysteine, cysteinyl-glycine and an
unidentified peak are the thiols present in theamallular compartment, and due to the nucleophilic
properties of the —SH moiety they may react witlaaety of molecules (e.g.: metals, enzymes, cell
wall components).

Noticeably, the most abundant contents are measu@gteinyl-glycine and the unknown peak; it
seems interesting that these two thiols show atgtositive correlation (Fig. 2), suggesting that

they may be metabolically related.
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8 e
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2x10" -1x10° 0 1x10” 2x10” 3x10" 4x10° 5x107 6x107 7x10° 8x10° 9x10’
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Fig. 2: Correlation between areas of cysteinyl-gigand unknown peak.

Metals content

Metal ion contents were measured in root tissue iandell wall compartment to evaluate ion
distribution between inside and outside the cellnfetals, from nutrient solution, pass througH cel
walls and apoplastic space to reach the cytosokreviare implicated in a plethora of metabolic

processes. However, ions are differently abundarthé apoplast: iron is the most abundant in
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absolute values, whereas if we consider the ragtovden the two compartments, copper and zinc

concentrations are relatively higher in the apdpfaable 2).

Iron is well known to be involved in redox balarard plant defense responses. Reactivé ibas

are stored in cell walls, to contrast pathogerckttand mediate oxidative stress (laual, 2007).
Copper and zinc are both required as cofactorsewéral apoplastic enzymes (e.g.: superoxide
dismutase, ascorbate oxidase, laccases, dipept)dagsich may explain the high apoplastic ratio
of these metals. However, free ‘Cueacts with protein thiol bonds, causing disruptid secondary
structure and moreover, catalyses reactive oxygeaias production by activating Fenton reactions
(Ducic and Polle 2005). This dual perspective mat@per interesting while evaluating cell wall

interaction with low molecular weight thiols.

Cu2+ Fes+ IVIn2+ M06+ Zn2+
roots content 1,63+0,11 74,40 £ 10,76 4,35+0,50 0,17 £ 0,03 7,36 £0,31 mg/Kg
cell wall content 1,21 +£0,50 42,41 £ 16,67 1,20£0,12 0,06 £0,01 5,77 £2,80 mg/Kg
ratio apoplast/total 0.74 0.57 0.28 0.35 0.78

Table 2: Metals content in barley: in total ro@ppplastic space and relative distribution. Values
are mean of 5 biological replicates + standardaten.

EPR measurements

EPR spectroscopy technique was used for the io détection of hydroxyl radical (¢OH) and
superoxide radical («©) signals to establish thiols quenching ability.p&wxide radical was

generated, in the presence of oxygen, by exposioaflavin to light, and detected using a spin-
trapping reagent 5-(diethoxyphosphoryl)-5-methydyteline N-oxide (DEPMPO). Cysgly, GSH

and Cys were tested for the ability to quench tSRpecies.

Results obtained in the study of superoxide radjEal. 3) evidence an effective ability of low
molecular weight thiols to quenchgOradical. Results show that it is possible to gbrols
according to their superoxide radical quenchinglitgbsince they were used at the same
concentration (0.3 mM): cys-gly > cys > GSH. Th&uatscavenging efficiency, however, depends

on physiological concentrations of those thiolsjclhmay differ significantly from each other.
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Fig. 3: EPR spectra, showing the in vitro detecbbsuperoxide radical. Control condition is black
line meanwhile the red one is after adding 0.3 rilibls (in A was added cysteine, in B
cysteinylglycine and in C glutathione).

Similar observations can be made by the studyydfdxyl radical, *OH (Fig. 4) at lower thiol
concentration (0.03 mM). However, in this case Hest quenching ability is realised by cys
followed by GSH and cys-gly.

It has been reported in literature that cysteiné glutathione are able to form complexes with
copper (Carrasco-Pozet al, 2008; Dokkenet al, 2009). Therefore, an in vitro assay at low
temperature (125° K) was performed to investigate ihteractions occurring between cisteinyl-
glycine and copper ions, (E). When the reaction was carried out in phosphatéeb(Fig. 5A),
copper signal was very high but when cysgly waseddd ratio 1:1 or 1:3 it disappeared. From this
evidence, we could draw the conclusion that thisl ttrongly reacts with Cii. When water was
used instead of buffer the same effect was revedlet with lower signal intensity (Fig. 5B).
However, it is still not possible to conclude ifetlsignal decrease was due to formation of a
complex cysgly-Cti, or rather to a reduction from Euo Cu, since the latter ion form does not

present a paramagnetic signal.
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Fig. 4: EPR spectra, showing in vitro detectiorhgdiroxyl radical. Control condition is black line
meanwhile the red one is after adding 0.03 mM Ishion A was added cysteine, in B
cysteinylglycine and in C glutathione).

A C u
C u cysgly 100 uM
——————Cu®" + cysgly 300 pgM

Fig. 5: EPR spectra, showing in vitro at low tengpere (125° K): interactions occurring between
cisteinyl-glycine and copper ions, (€l In A the reaction was carried out in phosphatiéd, in B
water was used instead of buffer.
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In order to understand the modifications occurnngapoplastic space, thiols (at 300 uM final
concentration) were added to isolated cell walttfoa. According to in vivo experiments it is
possible to infer that paramagnetic signal doeschainge when glutathione is added (Fig. 6C);
moreover, EPR peak height decreases, and signMnéfincreases following cys and cysgly
addition. So both thiols promote manganese redudtiom Mrf* to Mn®*, with cys being more
efficient than cysgly (Fig. 6A and 6B). In experim carried out at increasing cys-gly levels in the
essay, the EPR signals were progressively attedu@éarly indicating a concentration-dependent

cys-gly quenching power and manganese reductian (i

A — ¢ fr |

th io |

Fig.6: EPR spectra, showing in vivo detection af eall isolates (black line) and after adding
thiols (red line). Changes in EPR are detected afiding 0.3 mM thiols (red line: in A was added
cysteine, in B cysteinylglycine and in C glutathegn
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Fig.7 EPR spectra, showing in vivo detection ofl eall isolates (black line) and after adding
cysteinyl-glycine at different concentrations (tete: in A cysteinyl-glycine was 3QM, in B was
300uM and in C was 1.5 mM).

EPR spectroscopy of cell wall isolate was alsograréd with the spin-trapping reagent, DEPMPO,
to evaluate the detection of «OH and eventuallyeapgnce of superoxide radical {0

When EPR measurements were done using cell wallatés, we observed signals from <OH
radicals using DEPMPO spin trap. Addition of thiqlBig. 8) had differential effects on radicals in
the cell wall.

* When cysgly was added to the cell wall (Fig. 8B) differences were detected and the
signal was the same as control. However, increasomgentrations of cysteinyl-glycine
resulted in higher manganese reduction signals &Fig

* Glutathione addition induced an increased signigl. @C) and the adduct may be converted
by reduction from <@ to «OH.

» With cysteine addition, the EPR signal results bigian control, but less intense than GSH
(fig. 8A), whereas manganese reduction is increased

It has been reported that prooxidant species, ascuperoxide radical ang®} are produced from
the gamma-glutamyl cycle by GSH and cysteine. h@oxidant activity is due to interaction

between thiols and metals, thus resulting in mddwaeffects on the signal transduction chains
(Pompellaet al, 2003).
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Fig. 8: EPR spectra, in vivo detection of cell watllates performed with the spin-trapping reagent,
DEPMPO, (black line) and after adding thiols (reet) . Changes in EPR are detected after adding
0.3 mM thiols (red line: in A was added cysteimeBicysteinylglycine and in C glutathione).

Fig.9 EPR spectra, in vivo detection of cell walblates performed with the spin-trapping reagent,
DEPMPO, (black line) and after adding cysteinylegie at different concentrations (red line: in A
cysteinyl-glycine was 30QM, in B was 1.5 mM).
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Spectroscopy of thiol's interaction with NADH

Thiols interactions with cell wall can cause altenas in the apoplastic space: the - SH moiety is
involved in many chemical reactions controlling sedhomeostasis, enzyme activity and ROS
detoxification (Pivatcet al, 2014). In order to demonstrate the redox potenfidow molecular
weight thiols in apoplast we measured the time smairof the reduction/oxidation of the
NADH/NAD™ couple. In the absence of thiols with cell wallsgolution, absorbance decreased
rapidly upon NADH addition: this was due to its @&iion to NAD. However, without cell wall in
cuvette and in the presence of thiols, oxidati@hrit occur; rather, a non-enzymatic reduction of
NADH was observed (Fig. 10). Thiol's ability to rege NADH is higher in cysteine than cys-gly
and glutathione (Fig. 10).This finding is confirmiediterature by Sukaloviet al, 2005; they used
cysteine, instead of NADH, as an alternative retysubstrate, to measure oxidative peroxidase

activity.
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0,8 GSH
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Fig. 10: Time courses of the reduction/oxidationhef NADH/NAD" couple.
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PODox activity

Thiols’ interaction in the cell wall showed differeresponses depending on the used molecules;
glutathione, increased the oxidative activitypefoxidase (Fig. 11B) probably by inducing NADH
oxidation, in all the fractions considered: tatall wall extract, ionic and covalent bound progein
Therefore, it seems to work as a prooxidant mo&edihlis alternative view was suggested also by
Pompellaet al, 2003, where glutathione and related thiol meit&mlwere reported to act as

prooxidants in humans.

In our experiments, when cysteinyl-glycine or cystewere added in the cuvette, a partial
inhibition of peroxidase activity, even at low centrations, was observed (Fig. 11A and Fig 12).
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Fig. 11: PODox activity in isolated cell wall: &tionic and covalent bound fractions. In A adfivi
was measured in presence of cysteinyl-glycine, witB glutathione.
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Fig. 12: : PODox activity inhibition in isolated|tevall fractions.

However, if cell walls were incubated with thiolsr fthirty minutes before measuring activity, no
inhibition was detected (Fig. 13A); samples treatdth cysteinyl-glycine or glutathione even
showed an increased activity. To this regard, esibility that glutathione is converted to cysgly
by cell-wall bound GGT activity should be considkrbowever.

When cysteine and cysteinyl-glycine are in the #gsiw space, complexes with metal ions may
occur (Carrasco- Pozet al, 2008; Pompellat al, 2003), and as shown by EPR measurements
both thiols cause on cell wall a reduction of mareg® ions from MH to Mr?*; it is tempting to
say that enhanced Mn reduction may prevent inbibitif peroxidase activity.

To validate the observation that thiols are indffec in inhibiting PODox, incubation was
performed also in presence of known inhibitors sasii mM HO; (Fig. 13B), 1 mM Detapac (Fig.
13C) and 1 mM DTT (Fig. 12D). All these compoundsiged strong inhibition (approx. 80%) of
oxidative peroxidase activity: @, because it consumes p-coumaric acid; Detapaciekator of
2+ ions, so probably by chelating manganese; aradlyi dithiothreitol is reported to be an inhibitor

of peroxidase activity (Prasad al, 1995).
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Fig. 13: PODox activity in isolated cell wall framhs. Activity was measured after 30 minutes
incubation with thiols (A); thiols and 4@, (B); thiols and Detapac (C); thiols and DTT (D).

Considering the EPR measurement, both cysgly asddglition yielded an increase in manganese
reduction. Under physiological conditions, alsonfation of metal ions - thiol complexes may
resultDokken et al, 2009). Conversely, metals in peroxidative cycfeperoxidases increase
formation of radical *Phe and consequently enzywctesity, so if they are sequestered by thiol

complexes POD activity results inhibited (Fig. 14).
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Metal complexes reduce Phe* cys and
and so reaction is inhibited
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NADH
peroxidatic .
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SH and cys quench OH* better than cys-gly

Fig. 14: Schematic overview of sites where thiolksdify oxidative peroxidase activity. In blu are
evidenced from EPR spectra, and in red from spgcttmmetric assay. (Adapted from Chen and
Schopfer 1999).

CONCLUSIONS

Overview of obtained results suggest that all LMiols used in this study have quenching
capacity for apoplastic reactive oxygen speciesitaBhione-related metabolites are involved in
several apoplastic redox modifications with a vgra molecular targets: by interacting with metal
ions, with enzymes and cofactors, and of cours@roynoting protein S-thiolation. In turn, this
may affect physiological functions; for examplepth mediated redox processes can affect several
kinase and phosphatase proteins involved in sigaasduction (Materet al, 2015).

Given the complexity of the interactions among etéint thiol molecules, competing reactions,
metal ion availability and any other interveningttas, assessing their exact role in redox reastion
in the apoplastic space, especially under realtigsiological concentrations occurring naturally,
is far from being understandable.

However, our findings point to a role, in planticeill, of LMW thiols in modulating redox
reactions. These molecules are metabolically rél&aeeach other in the gamma-glutamyl cycle,
which implies that cycling of glutathione betweeytosol and apoplastic compartment may be

implicated in extracellular redox control.
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Glutathione is a primary non-proteic antioxidantiwed in a network of redox reactions for the
detoxification of ROS.Its synthesis in the cytoantl degradation in the extracellular space are part
of the so called gamma-glutamyl cycle. In this ey@xtracellular glutathione is cleaved by gamma-
glutamyltransferase (GGT) to produce cysteinyl-gigc(cys-gly) and glutamate. The significance
of the gamma-glutamyl cycle in plants is not fullpderstood yet, however, glutathione cycling

between the symplast and apoplast may represeay #gonransfer redox information.

» The loss of function due to the Arabidopsis ggtbdiout mutation triggers highly specific
rearrangements in proteome, which resemble thakec@d under specific abiotic and biotic
stresses. A sort of “alert response” is activatedgtl mutant leaves even in the absence of
a real environmental threat, suggesting a failarearrect redox sensing.Probably, this can
be due to an effect of the altered plasma membraceptors level and the redox state.
(Tolin et al, 2013)

» Oxidative conditions (imposed with UV-B) and apatia proteome analysis were used to
arrive at a better understanding of the rearrangésria the extracellular compartment. The
ggtl mutant scenario is likely toresult in highe2®® levels under physiological conditions,
whereas the rise in H202 in the wild type is a direonsequence of oxidative stress
conditions induced by UV-B radiation. As a signglimolecule, H202 may cross
membranes in a process facilitated by aquaporgaghing internal cell compartments and
the nucleus, where it can activate defense geneegsipn.This assumption might explain
the “constitutive alert response” effect observedhie previous proteomic analysis of total
leaf extracts from ggtl mutant leaves.(Tremtiral, 2015)

« LMW thiols are metabolically related to each otlerthe gamma-glutamyl cycle, which
implies that cycling of glutathione between cytosold apoplastic compartment may be
implicated in extracellular redox control. In phglsigical conditions, they are involved in
several apoplastic redox modifications, by intarectith a number of molecules and metal

ions. (Trentiret al, in preparation)
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