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ABSTRACT

In the natural environment plants are confronted to a multitude of biotic and abiotic stress

factors that must be perceived, transduced, integrated and signaled in order to achieve a

successful acclimation that will secure survival and reproduction. Plants have to deal with

excess excitation energy (EEE) when the amount of absorbed light energy is exceeding that

needed for photosynthetic CO2 assimilation. EEE results in ROS formation and can be

enhanced in low light intensities by changes in other environmental factors.

The lesions simulating disease resistance (lsd1) mutant of Arabidopsis spontaneously

initiates spreading lesions paralleled by ROS production in long day photoperiod and after

application of salicylic acid (SA) and SA-analogues that trigger systemic acquired resistance

(SAR). Moreover, the mutant fails to limit the boundaries of hypersensitive cell death (HR) after

avirulent pathogen infection giving rise to the runaway cell death (rcd) phenotype. This ROS-

dependent phenotype pointed towards a putative involvement of the ROS produced during

photosynthesis in the initiation and spreading of the lesions.

 We report here that the rcd has a ROS-concentration dependent phenotype and that the

light-triggered rcd is depending on the redox-state of the PQ pool in the chloroplast. Moreover,

the lower stomatal conductance and catalase activity in the mutant suggested LSD1 was

required for optimal gas exchange and ROS scavenging during EEE. Through this regulation,

LSD1 can influence the effectiveness of photorespiration in dissipating EEE. Moreover, low and

high SA levels are strictly correlated to lower and higher foliar H2O2 content, respectively. This

implies an essential role of SA in regulating the redox homeostasis of the cell and suggests that

SA could trigger rcd in lsd1 by inducing H2O2 production.

LSD1 has been postulated to be a negative regulator of cell death acting as a ROS

rheostat. Above a certain threshold, the pro-death pathway would operate leading to PCD. Our

data suggest that LSD1 may be subjected to a turnover, enhanced in an oxidizing milieu and

slowed down in a reducing environment that could reflect this ROS rheostat property. Finally,

the two protein disulphide isomerase boxes (CGHC) present in the protein and the down

regulation of the NADPH thioredoxin reductase (NTR) in the mutant connect the rcd to a

putative impairment in the reduction of the cytosolic thioredoxin system. We propose that LSD1

suppresses the cell death processes through its control of the oxidation-reduction state of the

TRX pool. An integrated model considers the role of LSD1 in both light acclimatory processes

and in restricting pathogen-induced cell death.
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ABBREVIATIONS

BTH: Benzothiadiazole

CAT: Catalase.

CuZnSOD: Copper-Zinc superoxide dismutase

EEE: Excess Excitation Energy

EL: Excess light (2000±200 µmol s-1 m-2)

EDS1: Enhanced disease susceptibility 1 gene (eds1-1 null mutant)

Fv/Fm: Maximum photochemical efficiency of PSII.

GSH: Reduced form of glutathione; GSSG: Oxidised form of glutathione.

HL: High light (750±50 µmol s-1 m-2)

HR: Hypersensitive disease response

LSD1: Lesion simulating disease 1 gene (lsd1 null mutant)

LL: Low light (100±20 µmol s-1 m-2)

NPQ: Non-photochemical quenching.

NTR: NADPH thioredoxine reductase.

PAD4: Phytoalexin deficient 4 gene (pad4-5 null mutant).

PSI: Photosystem I; PSII: Photosystem II.

PCD: Programmed cell death.

PET: Photosynthetic electron transport.

PFD: Photon flux density.

PR1: Pathogenesis-related protein 1.

qP: Photochemical quenching.

rcd: Runaway cell death.

ROS: Reactive oxygen species.

SA: Salicylic acid.

tHL: Transient HL (750±50 µmol s-1 m-2/ 3 hours)

TRX: thioredoxin.

ΦPSII: Quantum yield efficiency of PSII.
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INTRODUCTION

1 The photosynthetic processes

1.1 Light reactions

Photosynthesis is the process by which plants are converting light energy into chemical

energy in order to synthesize organic compounds. The photosynthetic reactions are

taking place in the mesophyll cells of the leaves, rich in chloroplasts that contain the

system of internal membranes called thylakoids. The thylakoids harbor the integral

membrane protein complexes enabling the light reactions, namely Photosystem II

(PSII), cytochrome b6/f (cyt b6/f), Photosystem I (PSI) and ATP synthase and a series

of intersystem electron carriers, one of which is plastoquinone (PQ). In photosynthesis,

the two energy converting light-driven reactions (photosystems) are connected

electrochemically in series. PSI is enriched in chlorophyll a holochromes that have a

maximal absorption in the far-red region (maximum absorption λ ≈ 700 nm, light 1)

whereas PSII contains also chlorophyll b, with a maximal absorption laying at shorter

wavelengths in the orange/red region (λ ≈ 650 - 680 nm, light 2). The pigments

contained in the antenna are funneling the light energy to the specialized chlorophylls in

the reaction centers (P680 in PSII or P700 in PSI) in order to excite them. The excited

P680 can then oxidize water, releasing O2 and protons and supplying the intersystem

carriers with electrons. At the end of the electron carrier chain, the excited P700

returning to its ground state reduces NADP+ to NADPH through a series of other

transporters.  The protons produced during the splitting of water and the protons

pumped by the cytochrome b6/f complex during the transport of electrons results in a

proton gradient (∆pH) across the thylakoids membrane. This gradient is forming a

proton motive force enabling the formation of ATP by the coupling factor ATP synthase

(photophosphorylation).

1.2 Carbon reactions
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The free energy of cleavage of phosphate bonds of ATP and the reducing power of

NADPH are used in the Calvin cycle to fix and reduce CO2 to form carbohydrates and

eventually starch. Enzymes and intermediates of the Calvin cycle are located in the

chloroplast stroma. Ribulose-1,5-biphosphate carboxylase/oxygenase (Rubisco)

catalyzes the first reaction of the Calvin cycle i.e carboxylation of the CO2 acceptor

ribulose-1,5-bisphosphate. The same catalytic site of the enzyme is used in the

oxygenation reaction of the same compound, first step in the photorespiration reaction.

The affinity of Rubisco to CO2 is much higher than for O2 but due to the much higher O2

concentration, the ratio for carboxylation to oxygenation lies at approximately 3:1 in

optimal conditions. However, this ratio is varying depending on the partial pressures of

these gases and the temperature (Wingler et al., 2000). Stomatal conductance is

particularly important in this relation since it allows gas exchange with the atmosphere.

Closure of stomata is a critical factor in the response of the leaf to light since when

closed gas exchange with the external environment is curtailed, leading to a rapid fall in

internal CO2 concentrations (Fryer et al., 2003; Cornic and Fresneau, 2002; Noctor et

al., 2002a). This impairs the consumption of electrons by CO2 fixation creating the

conditions for an activity of the water-water and photorespiratory cycles (Ku and

Edwards, 1978; Wingler et al., 2000; Noctor et al., 2002a; Fryer et al., 2003).

2 Regulation of photosynthesis

The sessile nature of plants means that they must be able to adjust photosynthetic

reactions and the subsequent metabolic and redox processes to constantly fluctuating

environmental factors, among them light. A fine-tuned coordination between the

photosynthetic electron transport (PET) and the metabolic demand for reductants is

necessary for the optimum use of the light avoiding the side effects of the light reactions

in the photosystems. Plants have to deal with excess excitation energy (EEE) when the

amount of absorbed light energy is exceeding that needed for photosynthetic CO2

assimilation (Asada, 1999; Karpinski et al ., 1999). Susceptibility to EEE is principally a

light dependent event but can also be enhanced in low light intensities by changes in

other environmental factors such as temperature, water status, nutrients and gas
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exchange (CO2 availability; Ku and Edwards, 1978; Baker et al., 1988; Ort, 2001;

Mullineaux and Karpinski, 2002; Talbott et al., 2003; Tsonev et al., 2003). Failure to

dissipate EEE leads to an increased reductive burden of the components of the PET,

photoinhibition of photosystem II and to production of ROS that lead to photooxidative

damage (Aro et al., 1993; Karpinski et al., 1999; Ort, 2000; Kashara et al., 2002). To

prevent the shift from metabolic and redox homeostasis and the damage provoked by

ROS, plant possess light dissipation mechanisms that are aimed at curtailing EEE.

2.1 Non photochemical dissipation mechanisms

Plants possess blunt avoidance barriers that allow refraction of the incoming light: the

cutinized layer of the outer wall of the epidermis and the epicuticular wax lamellae. Leaf

movement in the plane of the light source can enhance this refraction. At the cellular

level, it is worth mentioning chloroplast movement (Jarillo et al., 2001; Kashara et al.,

2002). The avoidance mechanisms are completed in the chloroplast by several

dissipatory pathways or “safety valves" in order to ensure that the harvesting of light

energy does not inadvertently lead to photooxidative stress (Asada 1999; Karpinski et

al., 1999; Niyogi, 2000; Mullineaux and Karpinski, 2002). This dissipation is achieved by

a combination of non-photochemical (NPQ) and photochemical (qP) quenching

processes. NPQ can be divided in at least three components. Thus, the so-called state

transition (qT; Müller et al., 2001) is an important regulation of the energy balance

between PSII and PSI during an unbalanced excitation pressure on the photosystems

(Allen, 1995; Wollman, 2001; Bellafiore et al., 2005). If the energy imbalance persists, a

transcriptional modulation of the nuclear- and chloroplast-encoded genes follows (PSI

and PSII among them), thus adjusting chlorophyll content and PSI/PSII reaction centers

stoichiometry. Both these short-term mechanisms are triggered by the redox-state of the

plastoquinone pool (Escoubas et al., 1995; Pfannschmidt et al., 1999a). The

unbalanced excitation of the photosystems is also influencing the conversion of

violaxanthin to zeaxanthin in the so-called xanthophyll cycle (VAZ cycle), responsible for

dissipation of excess of photons in the form of heat (qE, Demming-Adams et al., 1996;

Niyogi et al., 1997; Ruban and Horton, 1999). This process, catalyzed by the pH-
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dependent lumenal violaxanthine de-epoxidase is indirectly activated by the poise of

electrons in the intersystem electron carriers (transthylakoidal ∆pH). Other pH-

dependent processes in the lumen of the thylakoids are the water splitting system and

plastocyanin activities (Bowes and Crofts, 1981; Kramer and Crofts, 1996). Under more

prolonged severe light stress, qT and qE are replaced by a sustained slowly reversible

component of NPQ called qI associated with photoinhibition of PSII (Barber and

Andersson, 1992; Aro et al., 1993). All these mechanisms can be surveyed by changes

in the chlorophyll a fluorescence parameters NPQ and Fv/Fm (Bradbury and Baker,

1984; Karpinski et al., 1997, 1999; Ort, 2001; Niyogi et al., 1997; Müller et al., 2001).

2.2 Photochemical dissipation mechanisms

In addition to the above-mentioned processes, there are important dissipatory

mechanisms that work by diverting electron flux into metabolic sinks other than CO2

fixation. The activation of these metabolic sinks can be inferred from examining

coincident changes in the photochemical quenching parameter (qp) and the operating

efficiency of PSII (ΦPSII; Bradbury and Baker, 1984; Karpinski et al., 1997, 1999; Ort,

2001; Cornic and Fresneau, 2002). The Melher reaction is the photoreduction of O2 to

H2O2 within the chloroplast. The O2 resulting from the splitting of water is monovalently

reduced, first to .O2
- and then to H2O2 by the thylakoids-bound or stromal superoxide

dismutase (SOD, EC 1.15.1.1). At their turn, chloroplastic or cytosolic ascorbate

peroxidases (APX, EC 1.11.1.11) convert H2O2 to water, completing thus what has been

called the water-water cycle (Asada, 1999). Photorespiration results from the

oxygenase reaction of the ribulose-1,5-biphosphate carboxilase/oxygenase (Rubisco).

In this reaction glycollate-2-phosphate is produced and subsequently metabolized

consuming the photoproduced NADPH and ATP to generate the Calvin cycle

intermediate glycerate-3-phosphate, CO2 and NH3. This is associated with large H2O2

production in the peroxisomes and supply of glycine for the synthesis of the primary

antioxidant glutathione (Noctor et al., 1999). Because of the consumption of reducing

power and energy, this apparently wasteful process acts in fact as an electron valve and

ease the burden of the photosynthetic machinery (Kozaki and Takeba, 1996; Willekens
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et al., 1997; Wingler et al., 2000; Cornic and Fresneau, 2002). Because they are

draining electron through the PET, Mehler reaction and photorespiration are, through

the redox status of the PQ pool, influencing the induction of all the processes mentioned

above (Allen, 1995; Escoubas et al., 1995; Pfannschmidt et al., 1999a, 1999b).

As far as the regulation of the dark phase of photosynthesis is concerned, worth

of mention is that light has been shown to regulate the nuclear expression of the small

subunit of the Rubisco and, through the Ferredoxin-thioredoxin reductase system, the

activity of several enzymes of the Calvin cycle (Buchanan, 1984). H2O2 can, to a varying

extent, inactivate these same enzymes (Kaiser, 1976). Moreover, when light reactions

are outrunning dark reactions, the excess of NADPH and ATP are down-regulating the

photosynthetic machinery (Paul and Foyer, 2001).

3 Reactive oxygen species (ROS) and antioxidant system

3.1 ROS production site and homeostasis

The generation of reactive oxygen species (ROS) is inherent to life in an aerobic

environment. ROS is a generic term that includes singlet oxygen (1O2), superoxide ( .O2
-

), hydrogen peroxide (H2O2) and the hydroxyl radical (.OH). A tight balance must be

maintained between ROS production and scavenging in order to keep metabolic and

redox homeostasis (Apel and Hirt, 2004). This balance is obtained by a regulatory

network, in which an excess of ROS is inducing specific changes in enzymatic and non-

enzymatic ROS scavenging systems and gene induction of genes that prevent their

accumulation. The primary effect of these ROS is much depending on the site of

production, amount and their degree of diffusion. In the chloroplast, singlet oxygen is

formed in the light-harvesting complex after physical transfer of excitation energy from

triplet state chlorophylls to oxygen. It is highly unstable and capable of reacting with

organic molecules. Superoxide may be formed at the proximity of cyt b6/f and at the

reducing site of PSI where electrons may be passed from an electron carrier to O2

instead of NADP+ (Mehler reaction).  The kinetic of this reaction is accelerated when the

Calvin cycle does not consume enough NADPH. Hydrogen peroxide is produced in the
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chloroplasts by disproportionation of superoxide by SOD and by spontaneous

dismutation. Another source of H2O2 in the cell is the glycolate oxidase reaction

occurring in the peroxisome as part of photorespiration. Hydroxyl radical may be formed

from .O2
- and H2O2 in the presence of the non-complexed metal ions iron and copper

(Fenton reaction). Hydroxyl radical is the most toxic and reactive of the oxidizing

species. It can react non-specifically with any biological molecule and initiate a series of

radical chain reaction leading to lipid peroxidation, enzyme inactivation and nucleic acid

degradation. ROS are also produced in metabolic processes taking place in other

compartments such as mitochondria or glyoxysomes. Finally, during avirulent pathogen

challenge, membrane-bound NADPH oxidases, amine oxidases and cell wall

peroxidase are thought to produce the oxidative burst that is leading the infected tissue

to cell death (Desikan et al., 1996; Beers and McDowell, 2001; Blee et al., 2001; Bolwell

et al., 2002; Torres et al., 2002).

3.2 Low molecular weight antioxidants

To complement the dissipation mechanisms mentioned above and counteract the

oxidative pressure imposed by ROS formation, plants possess a multi-level antioxidant

system, consisting of small antioxidants like ascorbate, α-tocopherol and gluthathione

as well as a multitude of ROS scavenging enzymes (Asada, 1999). Ascorbate, also

known as vitamin C, has been shown to react not only with H2O2 but also with

superoxide, hydroxyl radical and lipid peroxides (Noctor and Foyer, 1998). It is also

involved as cofactor in the reaction catalysed by violaxanthine de-epoxidase of the

xanthophyll cycle (Smirnoff and Wheeler, 2000). Tocopherol or vitamin E is a lipid-

soluble antioxidant that prevents lipid peroxidation by stopping radical chain reactions.

Reduced glutathione (GSH) can react directly with ROS to detoxify them or can

scavenge peroxides as a cofactor of glutathione peroxidases (GPXs). Moreover, GSH is

used to regenerate oxidised ascorbate and tocopherol and oxidised sulfhydryl groups of

proteins (Noctor and Foyer, 1998). Because glutathione is present in plant cells in mM

concentrations, it is regarded as a key determinant of the cellular redox-state (Foyer

and Noctor, 2005). Finally, glutathione levels and/or redox status are thought to regulate
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the expression of a large number of genes, among them components of the antioxidant

and pathogen defence systems (Mou et al., 2003; Ball et al., 2004; Gomez et al., 2004).

3.3 Enzymatic antioxidant system

Ascorbate and glutathione are also used as cofactors in the reactions catalysed by

peroxidases (respectively APXs and GPXs) to reduce H2O2 to water. Cytosolic APX1

and APX2 expression are controlled by signals from the chloroplast and are thought to

form a second barrier of defense against ROS produced in the chloroplasts (Karpinski

et al., 1997; 1999). The role of GPXs as H2O2 scavenger has received modest attention

so far (Chang, 2005). Superoxide dismutases (SODs) are metalloproteins that catalyze

the dismutation of superoxide radicals to hydrogen peroxide and oxygen. The enzyme is

ubiquitous in aerobic organisms where it plays a major role in defense against oxygen

radical-mediated toxicity. The various isoforms are induced with different kinetics during

sustained stress conditions (Tsang et al., 1991). Oxidised glutathione (GSSG) is

regenerated by glutathione reductase (GR) in an NADPH consuming reaction activated

by substrate (Winglse and Karpinski, 1996). GR is completing what has been called the

ascorbate-glutathione cycle by regenerating the glutathione pool with NADPH as

electron donor. Glutathione-S-transferases (GSTs) are encoded by a large and diverse

gene family in plants. They are mainly present in the cytosol, where their GSH-

dependent catalytic functions include the conjugation and resulting detoxification of

herbicides and the reduction of organic hydroperoxides (Dixon et al., 2002). Catalase

(CAT) is a heme-containing enzyme that catalyses the dismutation of H2O2 into water

and oxygen. This enzyme is essential in the removal of H2O2 produced in the

peroxisomes. In Arabidopsis, catalase is encoded by three genes (CAT1, CAT2, CAT3)

encoding individual subunits that associate to form at least six isozymes (Frugoli et al.,

1996). Both the steady state levels of catalase mRNA and protein synthesis are tightly

regulated in a number of plant species (McClung, 1997; Schmidt et al., 2002).

Furthermore, the enzyme has been suggested to be photosensitive and to be subjected

to a rapid turnover i.e, under conditions of increased light intensity, the enzyme become
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progressively impaired unless replaced by active synthesis (Feierabend et al., 1992;

Hertwig et al., 1992; Schmidt et al., 2002).

4 The lesions simulating disease resistance 1 (lsd1) mutant

The lsd1 mutant has been previously described for its abnormal accumulation of

superoxide and consequent development of runaway cell death (rcd) after avirulent

pathogen challenge or during exposure to long day photoperiods (LD; Dietrich et al.,

1994; Jabs et al., 1996). Short photoperiod (SD, 8 h) and low light (LL, circa 100 µmol s-

1 m-2) are however permissive conditions for the lsd1 growth. The phenotype is

indicative of a failure of the processes that regulate cell death not only to stop initiation

but also to contain cell death once it is initiated (propagation). A functional LSD1 gene is

then thought to prevent a ROS-dependent initiation and spreading of an active program

cell death (Mazel and Levine, 2001). Induction of Pathogen-related 1 (PR1), GSTs and

Peroxidase Cb (PRX Cb) transcripts has been shown to precede the induction of rcd in

lsd1 (Jabs et al., 1996). From the use of diphenyleneiodinium chloride (DPI) and based

on homology to animal systems, the apoplastic NADPH oxidase-dependent burst of .O2
-

was suggested to be necessary for lesion formation and propagation (Morel et al., 1991;

Jabs et al., 1996; Desikan et al., 1996).  Moreover, LSD1 was suggested to participate

in a signalling pathway for the activation of CuZnSOD (Klebeinstein et al., 1999). The

triggering and spreading of the rcd after pathogen infection and shift to LD would,

according to this model, result from the accumulation of .O2
- as a consequence of the

lack of up-regulation of CuZnSOD (Klebeinsten et al., 1999).

Treatment of lsd1 with bioactive molecules that trigger systemic acquired

resistance (SAR) such as Salicylic acid (SA) or its analogues 2,6-dichlorisonicotinic acid

(INA) or benzothiadiazole (BTH) induced rcd in otherwise permissive light conditions

(Jabs et al. 1996; Mazel and Levine, 2001). Moreover, the cross of lsd1 with a

transgenic line carrying a bacterial Salicylate hydrolase (NahG) attenuates the rcd after

SA treatment or pathogen challenge in the NahG/lsd1 plants (Aviv et al., 2003). This

implied that lsd1-dependent cell death occurred downstream of the accumulation of SA.

Mutations in the SA-signaling genes PAD4 (Phytoalexin deficient 4) and EDS1
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(Enhanced disease susceptibility 1) block lsd1-conditioned rcd triggered by supply of SA

or after pathogen inoculation in the lsd1/pad4-5 and lsd1/eds1-1 double mutants. It was

then stated that LSD1 was negatively regulating a SA-potentiation loop leading to cell

death mediated by EDS1 and PAD4 (Rustérucci et al., 2001). SA is then a trigger and

the SA pathway a required mediator of the rcd. Further confirmation of the latter

statement is that NPR1 (Non-expresser of PR1) is also required for complete lsd1-

mediated runaway cell death following pathogen infection or application of chemicals

that mimic SA action (Aviv et al., 2003).

5 Motivation of this work

The fact that growth in long day photoperiods is in the long-term triggering lesion

formation in lsd1 suggested a strong relationship between photosynthetic activity and

the initiation of the rcd. This characteristic of the mutant was described by Jabs et al.

but no further investigated (Jabs et al., 1996). Moreover the ROS-dependence of the

rcd also pointed towards a putative involvement of the ROS produced during

photosynthesis in the initiation and spreading of the lesions. Given this light- and ROS-

dependent phenotype for lsd1, we further supposed that LSD1 could control light

acclimation processes in Arabidopsis.  We therefore decided to investigate the causes

laying behind the rcd when it was triggered by LD or other light disturbances, such as

excess light and transient exposure to high light. Moreover, the fact that SA also trigger

rcd in lsd1 provided an opportunity to study the role that SA plays in the acclimation of

plants to higher light intensities. The proposed function of LSD1 as a ROS rheostat also

prompted us to investigate the regulation of the protein in changing cellular redox

environments and to analyze the encoded protein sequence in search of putative redox

switches.
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RESULTS AND DISCUSSION

6 Runaway cell death in lsd1 is triggered when components of the

photosynthetic electron transport are reduced

6.1 Rcd is correlated to PSII activity

Two traits of the rcd were supporting the idea that LSD1 was influencing light

acclimation processes in Arabidopsis. The first obvious one was that long photoperiods

were triggering the rcd in lsd1. Then the induction of PR1, interpreted as a failure to

acclimate to changing light and shift of the cellular processes to a defense mode

(Takahashi et al., 1997). Along with LD, lsd1 plants grown in LL exposed to higher light

intensities under the same photoperiod or subjected to EL for 45 min were inducing rcd

after approximately 5 days (P2-Fig.1). A substantial photoinhibition of PSII in such

leaves, indicated by a sharp drop in the operating efficiency of PSII (ΦPSII) was

preceding the formation of lesions (P2-Fig.1S,2S). We concluded that it was the amount

of light and not the photoperiod shift that triggered the rcd in lsd1. To confirm these

data, lsd1 was crossed with the chlorophyll a/b binding protein organelle specific

knockout mutant (cao; see Materials and Methods). CAO encodes the chloroplastic

signal recognition particle protein, a chaperone necessary for the assembly of a large

part of the photosystem II antenna encoded by light harvesting complex B (LHCB). In

cao, the size of the PSII antenna is much more reduced than that of PSI, leading to a

reduced absorption of light energy by PSII (Klimyuk et al., 1999). Moreover, this mutant

has been shown to accumulate less H2O2 during EEE and to be consequently less

sensitive to light stress (Klenell et al., 2004). After the shift to long photoperiod, lsd1/cao

double mutants showed a significant delay in the initiation as well as the extension of

lesions compared to lsd1 plants (Fig.1A). We reasoned from these experiments that

lesion formation in lsd1 was linked to the activity of PSII and the ROS produced in the

photosynthetic processes.

6.2 Rcd correlated to the redox status of the PQ pool
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Figure 1. Runaway cell death (rcd) is triggered in lsd1 when photosynthetic electron carriers are
reduced. A, Seedlings of lsd1 and lsd1/cao (see Materials and Methods) were grown in SD for 3 weeks
and then shifted to LD. Picture of representative rosettes one and two weeks after shift from SD to LD.
White arrows indicate lesions spots. B, Photosynthetic parameters ΦPSII and qP in Ws-0 and lsd1 plants
after 3 hours incubation with the photosynthetic electron transport inhibitors DCMU (8 µM) and DBMIB
(14 µM) in SD. C, Representative pictures of leaves of Ws-0 and lsd1 after 4 days DCMU or DBMIB drop
treatment (see Materials and Methods). D, PR1 and PRX Cb expression patterns are confirming the
specificity of DBMIB in triggering rcd. (x=different from LL)

The above data showed that changes in the redox-state of components of

photosynthetic electron transport in cao/lsd1 could be responsible for attenuation of the

lsd1 phenotype. An alternative way of changing the redox state of components of

photosynthetic electron transport is by using 3-(3,4-dichlorophenyl)-1,1-dimethyl urea

(DCMU) or 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB; Escoubas et al ;

1995; Karpinski et al, 1999; Pfannschmidt et al., 1999b). DCMU prevents oxidation of

quinone A (QA) and reduction of quinone B (QB) and PQ. This leads to accumulation of

electrons in the PSII reaction center, inhibition of the repair and turnover of the D1

protein and formation of triplet state chlorophylls (3Chl) that can transfer their unstable

conformation to molecular oxygen to form 1O2 in the antenna. Singlet oxygen can

oxidise pigments and amino acids of the PSII reaction center and leads to
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photooxidative damage (Fufezan et al., 2002). DBMIB blocks or slows down the rate of

oxidation of photosynthetic electron transport components by inhibiting the function of

the cyt b6/f complex. This creates a shift in the redox-state of the PQ pool to more

reduced state, and gives rise to ROS formation in the electron transport chain (Karpinski

et al., 1999; Slesak et al., 2003).

Incubation of leaves of lsd1 and Ws-0 with DCMU resulted in a clear

photoinhibition of PSII inhibition of the photosynthetic electron transport after 2 hours

denoted by a decrease in ΦPSII and qp. Treatment with DBMIB showed a similar

pattern regarding ΦPSII but qp was not affected (Fig.1B), indicating that PSII reaction

centers were still functional. DCMU produced patches of lesions restricted to the

application area that were different from the rcd type of lesions (Fig.1C). DBMIB-

induced lesions were following a chlorotic pattern originating at the application site and

resembled pathogen or light-induced rcd. To confirm that DBMIB- but not DCMU-

induced lesions were of the rcd type, we checked the molecular markers PR1 and PRX

Cb three hours after treatment. Both these genes were induced in the DBMIB treatment

but not in the DCMU one (Fig.1D). In the dark, neither of the inhibitors was triggering

any lesions in lsd1 leaves (data not shown). We concluded that the PQ pool of the PET

must be in a reduced state in order for the light-triggered rcd to develop.

7 Role of photorespiration and stomatal conductance in the rcd 

7.1 A ROS concentration-dependent phenotype

H2O2 was quantified as a marker of the increase of ROS after transient high light (tHL,

750± 50µmol m-2 s-1 for 3 hours) and BTH treatments. H2O2 was higher in lsd1 after tHL

even though those levels were already high in LL when compared to Ws-0 (Fig.2A).

BTH was used at a concentration that triggered rcd after 4 to 5 days (0.1mM) in order to

make this treatment comparable to the light treatment. In the BTH treatment, H2O2 was

rising significantly in Ws-0 and lsd1after 24 hours, with the mutant having a two-fold

increase (Fig.2B). These data suggested that BTH was much more effective than tHL in

increasing ROS levels in lsd1. DBMIB and BTH (14µM and 0.1µM respectively) were    
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applied to Ws-0, lsd1 and lsd1/cao

double mutant plants in order to assert

lesion formation. Around 40% of the

lsd1 plants treated with DBMIB and 90%

Figure 2. H2O2 content and rcd after transient
high light and benzothiadiazole treatments.
Plants of 4 to 5 week-old Ws-0 and lsd1 grown
in LL were fully exposed to transient high light
(tHL, 750±50µmols m-2 s-1 for 3 hours) or treated
with BTH (0.1mM). A, H2O2 content after light
treatment and 24 hours recovery in LL. B, H2O2

levels 3 and 24 hours after BTH treatment. C,
Development of the rcd in lsd1 and lsd1/cao
after application of the photosynthetic electron
transport inhibitor DBMIB (14 µM) that mimics
high light or BTH. (a=different from Ws-0,
x=different from LL).

of those treated with BTH had

developed rcd after 4-5 days (Fig.2C).

BTH was clearly more effective in

triggering rcd than DBMIB at the applied

concentrations. The reduction of PSII

antenna in lsd1/cao led to an

attenuation of the phenotype in DBMIB-

treated plants (Fig.2C). Furthermore a

20% reduction in the number of plants

with lesions was also observed in the

lsd1/cao double mutant after BTH

treatment (Fig.2C). No lesions were

observed in Ws-0 in any of the

treatments. These data suggested that

the rcd had a ROS concentration-

dependent component. They also

confirm the attenuation of the rcd

phenotype in the double mutant not only

after light disturbances (Fig.1A) but also

after application of the SAR-inducing

BTH, suggesting that ROS produced

during photosynthesis are also gathered

during SAR (Fig.2C).
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7.2 Involvement of catalase activity and photorespiration

The increased H2O2 levels and the induction of PR1 in lsd1 plants exposed to light

stress were reminiscent of the transgenic tabacco plants deficient in peroxisomal

catalase. These plants are impaired in the scavenging of ROS produced during the

photorespiratory cycle or after pathogen challenge (Chamnongpol et al., 1996;

Takahashi et al., 1997; Willekens et al., 1997). Peroxisomal catalase is primarily

responsible for removal of H2O2 produced as a by-product of the photorespiratory

reaction or during the oxidative burst after avirulent pathogen challenge (Kozaki and

Takeba, 1996; Willekens et al., 1997; Asada, 1999). mRNA levels for the three genes

encoding subunits of catalases in Arabidopsis (CAT1, CAT2 and CAT3) and total foliar

catalase activity in LL and after EL were assessed in lsd1 and Ws-0. CAT1 but not

CAT2 and CAT3 transcript was strongly diminished in lsd1 compared to Ws-0 (Fig.3A).

Reduced CAT1 mRNA in lsd1 was associated with significantly lower foliar CAT activity.

The reduction in foliar CAT activity was even greater after EL (Fig.3B). Our data

suggest that lsd1 fails to dissipate EEE safely because of the impairment in CAT activity

and thus accumulate H2O2 and eventually develop rcd. Since LSD1 was also proposed

to be part in a signaling pathway for the induction of CuZnSOD (Kleibenstein et al.,

2001), we can conclude that LSD1 has a primary role as a regulator of cellular ROS

levels.

If photorespiration was a major source of H2O2 promoting rcd in lsd1 we

reasoned that preventing the oxygenase reaction of Rubisco by incubating plants under

high CO2 or low O2 tensions should mitigate the lesion phenotype in lsd1. Placing lsd1

plants either in an atmosphere of 0.12% (v/v) CO2 (3-fold above ambient concentration)

or 2% (v/v) O2 (10% of ambient concentration) substantially attenuated the lesion

phenotype under non-permissive long day conditions (Fig.3C). We concluded that H2O2

produced during the photorespiratory reactions played an essential role in the initiation

and propagation of the rcd.

7.3 Involvement of stomatal conductance
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Figure 3. Reduced foliar catalase activity and impaired stomatal conductance are hallmarks of
lsd1. A, Relative PCR quantification of the CAT1, CAT2 and CAT3 transcript in lsd1 and Ws-0 plants in
LL and after 1 h EL . B, Total foliar catalase activity in plants of lsd1 and Ws-0 in LL and after 1 h EL C,
Non-photorespiratory conditions are partially reverting the rcd. Four-week-old lsd1 plants which had
initiated rcd were fumigated either with a high CO2 atmosphere in long day (LD, 16 h) for a period of two
weeks or with a low O2 atmosphere in continuous light for a period of one week. D, Relative stomatal
conductance (RSC) of lsd1 and Ws-0 in LL. The mutant had 50% lower stomatal conductance in LL.
Moreover, application of Lanolin triggered rcd within 48h. (a=different from Ws-0, x=different from LL).

Closure of stomata in Arabidopsis leaves occurs rapidly in response to even small (as

low as 3-fold) increases in light intensity and leads to increased photorespiration (Ku

and Edwards, 1978; Wingler et al., 2000; Fryer et al., 2003). Relative stomatal

conductance values in lsd1 plants were 50% lower than in Ws-0 in LL (0.146±0.0109

and 0.315±0.0246 cm-2 s-1, respectively) indicating that stomata were more closed in the

mutant than in wild-type plants (Fig.3D). Interestingly, stomatal conductance was

reverted to wild type levels in the double mutants eds1-1/lsd1 and pad4-5/lsd1 (P2-

Fig.3). Further impairment of stomatal conductance by applying lanolin on the abaxial

side of leaves led to ROS production and rcd in lsd1 within 48 hours post-application.
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This was not observed in the double mutants (Fig.3D, P2-Fig.3). These data suggested

that reduced stomatal conductance and the consequent increase in photorespiration

were essential factors in the induction of the rcd in lsd1.

It is significant that stomatal closure was reduced by the NADPH oxidase

inhibitor diphenyl iodonium (DPI; Pei et al., 2000; Zhang et al., 2001). Attenuation of rcd

by DPI in long day-grown lsd1 plants may therefore be influenced by the effect of this

inhibitor on stomatal guard cells (Jabs et al., 1996). Furthermore, xanthine, which has

been used as part of the xanthine–xanthine oxidase system (X-XO) to trigger O2
-

dependent lesion formation in lsd1, itself induces stomata closure (Jabs et al., 1996;

Mori et al., 2001). The low specificity of DPI and the xanthine–xanthine oxidase system

makes it difficult to conclude whether the suppression of the lesion phenotype is due to

the inhibition of the NADPH-oxidase or to the inhibition of stomata closure. While ABA-

dependent stomatal closure was proposed to be mediated in guard cells by H2O2

generated by a NADPH oxidase (Pei et al., 2000; Kwak et al ., 2003), other sources of

H2O2 in the leaf cannot be excluded. The inhibition of stomatal closure by exogenous

catalase clearly indicate that external H2O2 can impact on guard cell function (Zhang et

al., 2001).

8 The antioxidant system in lsd1 is more strained when facing stress

8.1 Glutathione disturbances

A major cellular antioxidant in most aerobic organisms is glutathione, which amounts

and/or redox status are known to change during many stresses (Noctor et al ., 2002b).

Consequent to this, we observed an increase in total glutathione in Ws-0 and lsd1

exposed to transient high light stress (tHL). This increase was larger in lsd1 (Fig.4A).

GSSG follows the same kinetics and the redox-state of glutathione is maintained

constant in both plants (Fig.4B,C). However, after 24 hours recovery in LL, lsd1 plants

maintained GSH higher than Ws-0, GSSG content swelled and the redox-state

decreased significantly (Fig.4). From these data we concluded that the antioxidant

system in lsd1 is more strained when facing light stress and that the oxidative burden
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Figure 4. Disturbances in glutathione content
and redox state in lsd1. Four to five-week old
rosettes of Ws-0 and lsd1 plants grown in LL
were exposed to transient high light (tHL,
750±50 µmols m-2 s-1 for 3 hours) and
glutathione determined after treatment and 24
hours recovery in LL. A, Total glutathione
(GSH). B, Oxidized glutathione (GSSG). C,
Glutathione redox-state. (a=different from Ws-0,
x=different from LL)

produced by the higher levels of H2O2

(Fig.2) led to the use of large amounts

of the reduced form of glutathione. The

induction of GSTs in lsd1 before

formation of lesions and the use of GSH

as co-factor for their reactions could

explain these glutathione disturbances

(Jabs et al., 1996). The deregulation of

the glutathione homeostasis towards a

more oxidized form in lsd1 also casts

some light on the induction of the redox

regulated PR1 by light stress in the

mutant (Mou et al., 2002). However, the

fact that PR1 is induced just after light

treatment (when the redox status of

glutathione is unchanged) and a recent

report by Senda and Ogawa suggest

that it could be the increase in the

amount of glutathione and not the redox

state that lays behind the induction of

PR1 in lsd1 (Senda and Ogawa, 2004).

8.2 Lipid peroxidation and protein

oxidation

H2O2 is not reactive per se but in

presence of metal reductants and

superoxide it can give rise to the

formation of the highly reactive hydroxyl

radical (.OH) through the Fenton

reaction. This results in a chain reaction

ax
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Figure 5. Lipid peroxidation and protein
oxidation are preceding the rcd. Four to five-
week old rosettes of lsd1 and Ws-0 plants grown
in LL were exposed to transient high light (tHL,
750±50µmols m-2 s-1 for 3 hours) and lipid
peroxidation determined after 1, 2 and 3 days
recovery in LL. A, Lipid peroxidation in lsd1 is
following Ws-0 patterns except after 3 days
post-treatment. B, Protein oxidation in terms of
carbonyl content in LL (a=different from Ws-0,
x=different from LL).

leading to lipid peroxidation, damage

and further degradation of proteins in

the cell (Prasad, 1996; Karpinski et al.,

1999; Åslund and Beckwith, 1999). We

measured the contents of an indicator

for lipid peroxidation, malondialdehyde

(MDA) and protein oxidation in terms of

carbonyl content in lsd1 and Ws-0 after

tHL treatment. A similar increase in lipid

peroxidation was observed in Ws-0 and

lsd1 after tHL (Fig.5A). Lipid peroxides

remained higher after 24h or 48h

recovery in LL. However after 3 days

recovery in LL, while Ws-0 were

returning to LL levels of MDA, lsd1 kept

stress levels. We concluded that lipid

peroxidation was a characteristic of the

rcd that was visible several days after

treatment. We also used protein

oxidation in terms of carbonyl content as

an indicator of the capacity of the cell to

regenerate the protein conformations

and as an indicator of protein damage

(Prasad et al., 1996, Jimenez et al.,

1999). Protein oxidation can unveil the

weakness from the antioxidant systems

and the systems that reduce protein to

keep their conformations and their

activities. As shown in Figure 5B, lsd1

plants had a significantly higher level of

carbonyl content than Ws-0 in LL,

suggesting a failure in reduction of

proteins. This data can explain the lower

CAT activity (Hertig et al., 1996) and the

induction of genes involved in cellular

redox balance (GSTs and PRX Cb; Jabs

et al., 1996) as alternative reducing

system in the mutant during stress.
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8.3 A CAT-deficient like phenotype

The expression of PR1 in leaves of lsd1 after light stress or DBMIB treatment (Fig.1C)

was an indicator of failed acclimation to the challenging light environment and the switch

into a cell death mode (Takahashi et al., 1997). This phenotype was again reminiscent

of transgenic tobacco plants deficient in peroxisomal catalase. When such plants were

exposed to increased light intensities they displayed, along with PR1 induction,

hypersensitive cell death response-like lesions at least superficially resembling those of

lsd1, increased contents of H2O2 and disturbances in glutathione content and redox

state (Chamnongpol et al., 1996; Takahashi et al., 1997; Willekens et al., 1997; Mittler

et al., 1999). Furthermore, both the catalase-deficient transgenic tobacco plants and

lsd1 show hypersensitivity to H2O2 and to avirulent pathogens (Jabs et al., 1996, Mittler

et al., 1999) and enhanced resistance to virulent pathogens (Chamnongpol et al., 1998;

Aviv et al., 2002). These considerations confirmed that lsd1 behaved like a catalase-

deficient plant.

9 Role of photosyntetic processes in the rcd triggered by avirulent pathogen

9.1 Role of light in the hypersensitive response and rcd

The above data suggesting a role of LSD1 in acclimation to light led us to consider

whether this was linked to the established role of LSD1 as a negative regulator of cell

death during the hypersensitive response (HR; Jabs et al., 1996; Dietrich et al., 1997;

Aviv et al., 2002; Epple et al., 2003). Infection of lsd1 leaves with avirulent pathogens

under permissive light conditions triggers rcd (Dietrich et al., 1994, Jabs et al., 1996).

We tested to what extent lesion propagation in lsd1 after avirulent pathogen challenge

was a light-dependent process. When challenged with avirulent Peronospora parasitica

(Noco2) both lsd1 and Ws-0 plants initiated a HR 2 days after inoculation (dai)

irrespective of light conditions (Fig.6, 2-dai panels). HR was characterized by the

appearance of a delimited area of cell death revealed by Trypan blue (TB) staining and

H2O2 formation at sites of infection detected by 3, 3-diaminobenzidine (DAB)
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Figure 6. Runaway cell death (rcd) but not
initial hypersensitive cell death (HR) after
Peronospora parasitica (Pp) inoculation is
light dependent in lsd1 leaves. Leaves of 4-
week-old Ws-0 and lsd1 were inoculated by
placing a 10-µL droplet of Pp isolate Noco2
spores or H2O as control on the top half of each
leaf and then incubated in either a short day light
regime (A) or in the dark (B). Two and four days
after inoculation (dai), leaves were analyzed for
cell death and H2O2 accumulation by TB- and
DAB-staining, respectively. Accumulation of
H2O2 at interaction sites 2 dai in the light or in
the dark is marked with black arrows and shown
at times-10 magnification (bottom panel).

precipitation. While HR in Ws-0 was

strictly restricted to the area around

pathogen infection sites, lesions were

larger in light-incubated leaves than

those kept in the dark at all time points

(Fig. 5). In the light, infected leaves of

both genotypes accumulated H2O2

around the veins to higher levels than

control leaves, consistent with our

previous observations (Fig.6A, DAB

staining; Fryer et al., 2003). In the light

and following the HR, lsd1 leaves

developed rcd whereas in the dark the

spreading of lesions was strongly

diminished (Fig.6, TB staining). These

data showed that HR-dependent lesion

formation and production of ROS in

infection foci in both genotypes was light

independent. However, light promoted

full development of the HR and lesion

propagation in lsd1 and this was

associated to a large increase in foliar

H2O2 levels.

9.2 Role of the chloroplast in the

development of the HR

Recent data suggest that HR needs

functional chloroplasts although their

precise role in programmed cell death

has not been resolved (Genoud et al.,
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2002). Such a requirement is consistent with chloroplasts playing a pivotal role in

photorespiration. However, the HR has also been observed in root tissue upon

challenge with pathogens or elicitors (Hermanns et al., 2003). In such non-

photosynthesising cells the major sources of ROS mobilized during the HR include

membrane-bound NADPH oxidases, amine oxidases and cell wall peroxidases

(Desikan et al ., 1996; Blee et al., 2001; Bolwell et al ., 2002; Torres et al., 2003). From

our data, it is clear that both rcd in lsd1 and maximum development of HR lesions in

wild-type plants are influenced by light and associated to a large increase in foliar H2O2

levels (Fig.6). However, it is important to note that lesion formation was initiated in the

dark and that DAB staining revealed that H2O2 accumulated at infection foci (Fig.6B).

Since this occurred in the dark, neither the initiated lesions nor the H2O2 accumulation

could have been driven by light and EEE. We propose that initiation of cell death and

the initial oxidative burst upon first contact with an avirulent pathogen is light- and EEE-

independent. However, photoproduced ROS as a consequence of EEE contributes to

full development of the HR in Ws-0 and strongly stimulates lesion propagation in lsd1.

This data was reminiscent of the participation of the photoproduced ROS in the full

development of lesions in plant response to BTH (Fig.1A).

9.3 Role of stomatal conductance in the development of the HR

Closure of stomata during challenge with elicitors and an inverse relation between

humidity and HR development has been described (May et al., 1996; Lee et al., 1999;

Jambunathan et al., 2001; Yoshioka et al., 2001) and has led to the suggestion that a

“Humidity Sensing Factor” may be important in the generation of the HR (Yoshioka et

al., 2001). Our results suggest that photorespiration provides an important contribution

to the ROS accumulation during HR. Since photorespiration is directly linked to stomata

opening, which in turn is regulated by humidity, we propose that the “Humidity Sensing

Factor” is a manifestation of stomatal guard cell function (Talbott et al., 2003). Failure to

close stomata due to high humidity would then slow down ROS accumulation as

demonstrated in the Cf-9/Avr9 HR response in tomato leaves (May et al., 1996).
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10 Non-optimal levels of SA

impair acclimatory processes

10.1 SA impairs photosynthetic

electron transport

SA treatment induces rcd in lsd1 under

otherwise permissive conditions (Jabs et

al., 1996). Interestingly levels of SA are

increasing when plants are exposed to

higher light intensities (P1-Fig.3;

Karpinski et al, 2003). Rapid closure of

stomata has been shown to occur upon

SA treatment of leaves in LL (Manthe et

al., 1992; Lee, 1998; Mori et al., 2003).

External treatment of wild-type

Arabidopsis leaves with SA under short

day conditions induced rapid stomatal

closure within two hours and inhibition of

photosynthetic electron transport under

low light conditions that was intensified

in HL (P2-Fig.6A; Mateo et al., 2004). In

order to investigate whether the effects

of SA application on stomatal

conductance and photosynthesis were

reproducible in planta, we monitored

those parameters in mutants and

transgenic lines deficient in SA (NahG,

sid2-2) and mutants overaccumulating

SA (cpr5-1, cpr6-1, dnd1-1). Gas

exchange kinetic showed that stomatal

Figure 7: Optimal levels of SA are required
for adequate photosynthesis. Four to five-
week old rosettes of mutants and transgenic
lines deficient in SA (NahG, sid2-2) and lines
overaccumulating SA (dnd1-1, cpr5-1, cpr6-1)
grown in LL were exposed to tHL. A, Compared
mean relative stomata conductance of A/Q
curves (see Materials and Methods). B, Imaging
of the maximum photochemical efficiency of PSII
(Fv/Fm) as a measure for the proportion of
functional PSII reaction centers. C, Imaging of
operating efficiency of PSII as a measure for the
quantum efficiency of photosynthetic electron
transport in the light acclimated state. All lines
showed a lower operating efficiency of PSII
(ΦPSII) than Col-0 in LL conditions and after
tHL. (a and x: indicate significant difference to wt
and LL, respectively).
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conductance was generally lower in SA-accumulating lines even though in cpr6-1 this

difference was not significant (Fig.7A). Photosynthetic performance was assessed by

chlorophyll a fluorescence in LL and after transient HL stress. Imaging of the maximum

photochemical efficiency (Fv/Fm), an indicator of photosynthetic operativeness,

revealed that cpr5 and dnd1 had already a lower performance in LL (Fig.7B). Deficiency

of SA, independently of its origin did not have any effect on Fv/Fm (Fig.7B). However,

all lines showed a lower operating efficiency of PSII (ΦPSII) than Col-0 in LL conditions

(Fig.7C). After tHL treatment, ΦPSII was increasing significantly in the high SA content

lines but not in the SA-deficient ones, suggesting an impairment of acclimatory

processes in the latter. The amount of anthocyanins, a marker of among others light

stress, was higher in the SA-deficient lines (data not shown). Thus, SA-deficiency did

not affect plant photosynthesis in LL but did impair the functionality of the photosynthetic

apparatus, the light energy quenching mechanisms and therefore the acclimatory

capacity of SA-deficient plants to HL. High SA was however not incompatible with

acclimation processes. Since SA accumulating lines as well as SA-deficient lines were

affected in their photosynthetic performance when exposed to tHL, no clear conclusion

regarding the initiation of lesion formation by SA in lsd1 could be withdrawn from those

data.

10.2 SA changes redox homeostasis in the cell

Limited gas exchange and impaired photochemistry are factors promoting oxidative

stress (van Rensen et al., 1999; Paul and Foyer; 2001; Fryer et al., 2003). Therefore we

determined the influence of SA levels on the content of H2O2 and the low molecular

weight antioxidant glutathione in the same lines. Application of H2O2 and SA have

shown that these two compounds are inducing each other production and thus could

form a feed forward loop (Leon et al., 1995; Bi et al., 1997; Rao et al., 1997; Shirasu et

al., 1997). All analyzed Arabidopsis mutants with constitutive accumulation of SA had

strongly increased H2O2 levels in LL (Fig.8A). In lines with lower SA levels, H2O2 was

decreased by 50%, indicating a strict correlation between SA levels and H2O2 content in

the cell. The source(s) of the H2O2 remain to be elucidated. Increased photosynthetic or
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Figure 8: Foliar accumulation of H2O2 and
GSH in plants with constitutively high levels
of SA. Four to five-week old rosettes of mutants
and transgenic lines deficient in SA (NahG, sid2-
2) and lines overaccumulating SA (dnd1-1, cpr5-
1, cpr6-1) grown in LL were exposed to transient
high light (tHL) for 3 hours. A, H2O2 content in
LL. Mutants with constitutive accumulation of SA
had strongly increased H2O2 levels and in SA-
deficient lines H2O2 was decreased, indicating a
strict correlation between SA levels and H2O2

content in the cell. B, GSH content in LL and
after tHL. (a: statistically different from wt; x:
statistically different from LL).

photorespiratory ROS production could

be supported by the SA-induced

photoinhibiton, increased respiration

rates and stomata closure (Fig.7).

Obviously, also ROS producing

mechanisms involved in the oxidative

burst during hypersensitive response

and the SAR, i.e. membrane-bound

NADPH oxidases, cell wall peroxidases

and amine oxidases must be considered

(Desikan et al., 1996; Blee et al., 2001;

Bolwell et al., 2002; Torres et al., 2002).

SA-accumulating lines also had an

increased content of GSH in LL,

confirming the presence of increased

oxidative stress. (Fig.8B). Interestingly,

deficiency of SA and lower H2O2 levels

did not lead to significantly decreased

glutathione levels in LL in sid2-2

whereas it did in NahG. Exposure to tHL

led to a further increase of the

glutathione pool in all analysed lines. In

the SA-deficient lines, this increase was

lower than in wild type (Fig.8B). These

findings demonstrate that constitutive

pathogen resistance is not solely

correlated to higher SA levels, but also

to higher GSH and H2O2 content.

Deficiency in SA however, results in an

inability for the plant to increase

efficiently the glutathione level when it is

exposed to tHL. The above data imply a

physiological coupling between SA and

the glutathione pool. They also suggest

that SA could trigger rcd in lsd1 by

inducing H2O2 production. Since SA

content is increasing in Arabidopsis
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leaves at higher light intensities (Karpinski et al., 2003). Moreover, the lower H2O2

content in NahG could explain the reversion of the lsd1 phenotype in the NahG/lsd1

double mutant (Aviv et al., 2002). The higher GSH contents observed in npr1 (Philip

Mullineaux, personal communication) could also explain the partial reversion of the

phenotype in npr1/lsd1. It is also noteworthy that both the npr1 and pad4 mutants are

delayed in the yellowing and necrosis observed in the final stage of senescence (Morris

et al ., 2000). Finally PAD4 and EDS have been involved in the signalling of the events

leading to cell death (Feys et al., 2005).

11 The redox connection

11.1 Regulation of the LSD1 protein by reducing/oxidizing environments

The increase in H2O2 and GSH in lines over-accumulating SA led us to think on a

putative regulation of the LSD1 gene by these compounds. We therefore investigated

the induction of the LSD1 transcript and protein content in leaves of Ws-0 exposed to

oxidizing and reducing conditions. Feeding of GSH into Ws-0 leaves led to an increase

in the LSD1 transcript in a concentration-dependent manner (Fig.9A). However

treatment with H2O2 did not have any effect on the mRNA (Fig.9B). In mutants with a

lower GSH content (cad2.1 and rax1.1; Ball et al., 2004), LSD1 transcript was

nevertheless not less abundant (data not shown). In order to check whether mRNA

abundance was followed by changes in protein content, we analyzed protein levels after

treatment with H2O2 and DTT. For this purpose we used a transgenic line containing a

LSD1: MYC fusion protein (E29, see Materials and Methods). DTT was used instead of

GSH because GSH provoked the bending of the leaves petiole and could then result in

misleading results. DTT increased LSD1 protein content while H2O2 did not (Fig.9C,D).

These data suggested that a reduced milieu is increasing the LSD1 protein content and

that an oxidizing environment is not affecting protein levels. Nevertheless incubation in

dark is also affecting protein content. (Fig.9D,E). This effect was enhanced when the

incubation was in H2O2 and reduced when the leaves were incubated in DTT (Fig.9D).

However, LSD1 transcript abundance was not changed by light/dark cycles (not shown).
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Figure 9. LSD1 transcript and protein stability are regulated by the redox state of cell. A, B, Leaves
of 4 to 5 weeks old Ws-0 plants were fed with glutathione in its reduced form and H2O2 at different
concentrations. Feeding of GSH is leading to an increase in the LSD1 transcript whereas treatment with
H2O2 did not have any effect on the mRNA. C, D, E, A transgenic line containing a LSD1: MYC fusion
protein (E29, See Materials and Methods) was used to determine the LSD1 protein content by Western
blotting after treatment with H2O2 or DTT at different concentrations. DTT increased LSD1 protein content
while H2O2 did not. Incubation in dark is also affecting protein stability. White/dark bars, incubation in
light/dark respectively. Pictures are representative of several replicates.

Our data point toward an induction of the LSD1 transcript and an enhancement

of the protein content when the redox status of the cell is reduced. This regulation could

complete a light/dark regulation and it is probably due to a regulation of the translation

of the gene transcript or changes in protein stability (Fig.9). The above data could imply

that the protein is subjected to a turnover that is slowed down in a reducing milieu or

light and enhanced in an oxidizing environment or dark. Interestingly GSH levels are

changing during light/dark phases being higher in light and lower in dark. Levels of GSH

decline with tissue age and vary among growth environments (Noctor et al., 2002b).

This could explain the fact that old leaves, with less GSH, are more prone to develop

the rcd than younger ones. The light/dark regulation of LSD1 translation suggests also

that LSD1 is necessary in the light (when ROS contents in the cell are highest),

confirming the role of this gene in ROS homeostasis. This could explain the

development of the rcd in long but not in short photoperiods in the mutant. Finally, the

interplay between SA, H2O2 and GSH and the fluctuations/timing of these compounds

during biotic or abiotic stress could be decisive for the signaling to PCD.
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11.2     Analysis of the LSD1 protein

sequence

The proposed function of LSD1 as a

ROS rheostat and the regulation off the

protein in changing cellular redox

environments also prompted us to

analyze the encoded protein sequence

in search of putative redox switches.

LSD1 contains three zinc finger domains

and has been postulated to be a

transcription factor (Jabs et al., 1996;

Dietrich et al., 1997). However, LSD1

does not have the QALGGH sequence

characteristic of zinc fingers protein

binding DNA (Takatsuji, 1999).

Moreover, a closer look at the LSD1

sequences shows the presence of

protein disulphide isomerase (PDI)

regulatory boxes within each of the zinc

fingers (CGHC; Fig.10A; Kim and

Mayfield, 1997; Houston et al., 2005).

PDI boxes are characteristic of protein

disulphide isomerases and have been

described for a series of protein that are

catalysing thiol-disulphide interchange

reactions. It is very improbable that

LSD1 is a PDI per se since its sequence

does not fit in any of the sub-family

described up to this day (Xu et al.,

2002). We propose however that the

Figure 10. Involvement of the thioredoxin
system. A, LSD1 protein sequence is showing
protein disulphide isomerase boxes (CGHC, in
bold) within the zinc fingers. B, NADPH
thioredoxin reductase (NTR) transcript
abundance is reduced in lsd1 in LL. This
transcript is however induced by light treatment.

CGHC domain in LSD1 is the motive

conferring to the protein its redox

rheostat property. It is presumably also

the cause of the light/dark regulation

observed in the protein (Fig.9; Kim and

Mayfield, 1997; Åslund and Beckwith,

1999).

11.3 Involvement of the cytosolic

thioredoxin system

Thioredoxins (TRX) have been shown to

act as transducers of redox potential for

PDI protein (Kim and Mayfield, 1999).

Thioredoxins are ubiquitous proteins

with molecular mass of 12-13 kDa found
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in bacteria, unicellular eukaryotes, plant and animal cells (Buchanan and Balmer, 2005;

Gelhaye et al., 2005). These proteins have a conserved active site (WCGPC) that

reduces specific disulfide bridges in target proteins. The active site of the enzyme is

sensitive to increased concentrations of H2O2 (Buchanan and Balmer, 2005). Moreover,

TRX have been involved in cell death mechanisms in animal cells (Nordberg and Arnér,

2001). Attempts to check the interaction of LSD1 with a cytosolic thioredoxin (TRX4) by

two-hybrid system were unsuccessfully to this day.

Reduction of TRX h, found in the cell cytoplasm, depends on NADPH and is

catalysed by the flavoenzyme NADPH thioredoxin reductase (NTR, Buchanan and

Balmer, 2005; Gelhaye et al., 2005). Transcript expression of NTR in lsd1 showed that it

was much more reduced in LL compared to Ws-0 (Fig.10B). This could suggest that the

TRX system in lsd1 could be in a more oxidized state and explain the higher protein

oxidation observed in the mutant (Fig.5B). Moreover it could account for the induction of

other genes involved in the maintaining of the redox homeostasis during stress as

alternative or "emergency" reducing system (Jabs et al., 1996). The essential role of

NTR in stress-related processes and cell death is patent after inhibition of the enzyme

activity in animal cells or in transgenic plants where the transcript was silenced

(Nordberg and Arnér, 2001; Serrato et al., 2004). Thus, apart from controlling ROS

homeostasis, LSD1 could block PCD through the control on NTR transcript abundance

and regulation of the oxidation-reduction state of the TRX pool (Fig.11).   

Figure 11. Integrated model. LSD1 regulates
the activity of ROS-scavenging enzymes CAT
and CuZnSOD and the expression of the TRX-
reducing enzyme NTR. ROS are maintained
low and TRX pool is in a more reduced state.
ROS production as consequence of
environmental disturbance is counteracted by
an increase in GSH and fine-tuning of the
LSD1 protein content according to the new
input (ROS rheostat). The disturbance created
by the PCD would feed the cycle. Through the
increase in ROS and GSH, SA is enhancing
these events. Lack of LSD1 results in
increases in ROS and presumably to a more
oxidized TRX pool: The threshold for the signal
leading to cell death is lowered (active
respective inactive protein).
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CONCLUSIONS

The previous model for the rcd phenotype in lsd1, based on the production of .O2
- by the

plasma membrane-bound NADPH oxidase is derived from the oxidative burst observed

in neutrophils cells of animals (Morel et al., 1991; Jabs et al., 1996). The photosynthetic

processes and the photosynthetically originated ROS were excluded as causative

factors of the rcd despite the observation that light could initiate the phenotype (Jabs et

al., 1996). DCMU/DBMIB experiments as well as the cross of lsd1 with cao suggest that

the light-triggered rcd depends on the redox-state of the PQ pool in the chloroplast.

Impairments in stomatal conductance and CAT activity and higher ROS content in the

mutant imply that LSD1 can control the activity of the photorespiratory cycle, influencing

thus plants acclimatory responses to both biotic and abiotic challenges.

The two protein disulphide isomerase boxes (CGHC) present in the protein and

down regulation of the NADPH thioredoxin reductase (NTR), along with the higher

protein oxidation and induction of PRXCb and GSTs in the mutant, could connect the

rcd to a putative impairment in the reduction of the cytosolic thioredoxin system. This

impairment could account, providing PCD is a TRX-dependent process in plants, for the

lowered threshold for the signaling of cell death events observed in the mutant. Thus

LSD1 could prevent an EDS1- and PAD4 - dependent cell death not only by controlling

ROS homeostasis but also the oxidation-reduction state of the TRX pool. The lack of

the latter genes would slow down the scope of the PCD and prevent the feeding of the

cycle with ROS (Fig. 11).

The LSD1 protein may be subjected to a turnover, enhanced in an oxidizing

milieu and slowed down in a reducing environment. ROS production as consequence of

environmental disturbances is counteracted by an increase in GSH and fine-tuning of

the LSD1 protein content according to the new input (ROS rheostat). Low and high SA

levels are strictly correlated to lower and higher foliar H2O2 contents and unchanged

versus higher GSH respectively. These observations confirm a role of SA in regulating

the redox homeostasis of the cell and suggest that SA increases could change the

LSD1 protein turnover pace and trigger rcd in lsd1 by default through the induction of

ROS production (Neill et al., 2002; Dat et al., 2003).
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FUTURE PERSPECTIVES

The lsd1 mutation has without doubt a variety effects on the plant bearing it. Despite the

new elements brought by this work, further experiments are needed to cast some light

on the phenotype the mutant is displaying and to ascertain the role of the LSD1 protein

in the cell. Here are some of the approaches that could be followed:

Investigating further the role of stomatal conductance on the rcd. For this purpose, lsd1

could be crossed with mutants affected in stomatal conductance such as det3, abi1-1 or

abi2-1 or other mutants available in the stock centers.

Understanding why the CAT1 and NTR transcripts expression and Catalase activity are

reduced in the lsd1 mutant. Is it due to impairment in transcription or translation of the

transcript? Alternatively, it could be a mRNA stability problem.

Analysis of the H2O2 and glutathione contents in the npr1/lsd1 and lsd1/NahG double

mutant to confirm the role of H2O2 and GSH in promoting and preventing respectively

the rcd.

Also analysis of more lines accumulating SA to find a genetic relation between SA and

glutathione and SA and H2O2. Use of inhibitors to find out the source of ROS in those

plants.

Determine further the role of the PDI sequence in the LSD1 protein. Site directed

mutagenesis and transformation of lsd1 plants with the modified LSD1 could give an

answer to this question. Also analysis of the phenotype displayed by the NTR mutants

available in the stock centers.
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MATERIALS AND METHODS

Plant growth conditions.

Arabidopsis thaliana accession lines Col-0 and Ws-0 as well as mutants used in this work were cultivated

in conventional soil under short day (SD, 8h) photoperiod with a mixture of lights (fluorescence tubes

L30W/77-fluora and 30W41-827 lumilux, OSRAM, Berlin, Germany), light intensity of 100 ± 20µmol m-2 s-1

(LL), day/night temperature of 22/20 °C and a relative humidity of 50%. The lsd1/cao double mutant was

selected from a cross between lsd1 (Ws-0 background) and cao (Ler background; Klimyuk et al ., 1999)

parental lines. From the F2 generation, pale green plants reflecting the cao mutation were selected. A

DNA PCR screen for homozygosity of the lsd1 mutation was performed with the primer set 5'-GTG TGT

GTT TGG ATG AAA GTA GCA G-3' and 5'-GCT AAA TGA CAA CAG CTT AGA CGC-3' and lsd1/cao

identified. Selected double mutants were backcrossed 5 times to lsd1 to create comparable genetic

backgrounds for lsd1/cao and lsd1.

Light experiments and chlorophyll a fluorescence measurements.

During transient high light experiments (tHL), four to five-week old accession lines and mutants plants

grown in LL were exposed to HL (750±50 µmol m-2 s-1) for 3 hours. For excess light (EL), plants were

exposed to 2000±200 µmol photon m-2 s -1 for 45 minutes with a supplementary light source (HMI 1200

W/GS photo optic lamp, OSRAM, Germany). After light treatment, plants were returned to standard

conditions in SD for recovery. Long day (LD) experiments were performed in LL under 16h/8h (light/dark)

photoperiods. Temperature and humidity for HL, EL and LD experiments were the same as in short day

conditions. Chlorophyll a fluorescence parameters were generated as described by Baker et al. (2001)

and Barbagallo et al. (2003) using a FluorImager and its associated software (Technologica Ltd,

Colchester, UK). Calculations for maximum efficiency of PSII (Fv/Fm), operating efficiency of PSII

(ΦPSII), non-photochemical (NPQ) and photochemical quenching (qP) were carried out as described by

Baker et al (2001). Chlorophyll a fluorescence parameters for the DBMIB and DCMU treatments were

determined with a portable fluorescence monitoring system (FMS1, TECHTUM Lab AB) and the

manufacturer's software (Hansatech, Kings Lynn, UK). Chlorophyll a fluorescence terminology is

explained in detail elsewhere (Krause and Weis, 1991; Maxwell and Johnson 2000). All the data

presented here are shown with their respective standard deviation (±SD). All statistical analysis of the

data exposed in this work were performed by t-test and Anova.

Gas exchange experiments and measurements.

For the high CO2 and low O2 experiments, 4-week-old lsd1 plants cultivated in long day and having

developed lesions were transferred either to a 0.12% (v/v) CO2 and 21% (v/v) O2 atmosphere (AGA gas

AB, Sweden) in long day conditions for a period of two weeks, or to a 2% (v/v) O2 and 0.04 % (v/v) CO2
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atmosphere (AGA gas AB, Sweden) in continuous light for a period of one week. Control plants were kept

in a conventional atmosphere either in long day or in continuous light respectively (n=15). Representative

pictures of treated plants are shown.  Stomatal conductance for figure 3 was assessed with a portable

porometer (AT porometer AP4, Delta-T Devices, Cambridge, UK). Light response curves (A/Q) for figure

7 were measured using a portable gas exchange system (LI-COR 6400; LI-COR, Lincoln; NE) equipped

with an Arabidopsis chamber. Leaves were illuminated with an external white light source ranging from 0

to 1200 µmol m-2 s-1. CO2 concentration and temperature were maintained at 380 ppm and 25ºC

respectively. Leaf vapour deficits were maintained between 0.5 and approximately 1.6 kPa.

H2O2 and Glutathione contents and Catalase activity.

Total foliar hydrogen peroxide was determined based in Guibault et al (1967) and as described by

Jimenez et al (2002), except that 100mg of Arabidopsis leaf tissue per 1ml of extraction medium was

used per assay. A total of 0.1 g plant material was extracted in 1 ml of ice-cold buffer containing 50 mM

Hepes, pH 7.5, 50 mM MgCl2, and 1 mM EDTA using a mortar and pestle. The extract was centrifuged at

14,000g, and the supernatant was used directly for analysis of H2O2. Glutathione was extracted in 0.1 M

HCl by grinding 0.1 g of frozen leaf material in 1 ml of acid and incubating the extract on ice for 30 min.

After centrifugation at 14,000g for 10 min, the supernatant was used to measure the content of

glutathione (as GSH) by HPLC using the monobromobimane derivatization method (Newton et al., 1981)

as described by Creissen et al. (1999). GSSG was analyzed by treatment with DTT and determined as

total glutathione as described by Creissen et al. (1999). Alternatively, Glutathione was determined by

enzymatic assay grinding 0.1 g of frozen leaf material in 1 ml extraction buffer containing 6% HClO4 and

0.2mM DTPA according to Luwe et al., 1993. After centrifugation at 14,000g for 10 min, the supernatant

was used to measure the content of glutathione (as GSH) and GSSG by determining the rate of

absorbance increase at 412nm for 120 seconds (n=7 from two independent experiments). The activity of

CAT was measured spectrophotometrically according to Aebi (1984) by monitoring H2O2 disappearance

at 240 nm in 50 mM phosphate buffer pH7.0 containing initially 13 mM H2O2 . Catalase activity

measurements are representative of 5 different replicates from three independent experiments (n=15).

Histochemical detection of H2O2 and cell death at pathogen interaction sites and pathogen infections.

Detection of H2O2 was by endogenous peroxidase-dependent in situ histochemical staining using 3,3-

diaminobenzidine (DAB) as described in Rusterucci et al. 2001. Leaves of 4-week-old plants were

inoculated with a 10-L droplet of Pp conidiospores placed on the leaf surface. Leaves were then excised

and supplied through the cut petiole with a solution of 1 mg/mL DAB for 8 hr in light (100 to 160 ± 20

µmols m -2 s -1) or in darkness under the same conditions. Subsequently, the DAB solution was replaced

with water, and leaves were maintained under the same conditions as before. Material was mounted on a

slide in 60% glycerol and examined using a light microscope. H2O2 was detectable as reddish brown

coloration (n=24 leaves from four independent experiments). Plant cell necrosis induced by P. parasitica



            40

(Noco 2) inoculation as well as the development of the hypersensitive cell death response were

monitored by staining with lactophenol–trypan blue and de-staining in saturated chloral hydrate as

described (Koch and Slusarenko, 1990). Material was mounted on a slide in 60% glycerol and examined

using a light microscope (Axiophot; Zeiss, Jena, Germany). (n=24 leaves from three independent

experiments).

Relative quantification of mRNA transripts abundance.

For mRNA quantification, leaves of the different genotypes were harvested immediately after treatment

and frozen in liquid nitrogen. RNA extraction was performed using a Qiagen Rneasy® plant mini kit

(Qiagen GmbH, Hilden). First strand cDNA was synthesized with a RETROscript™ First Strand Synthesis

Kit (Ambion). PCRs were performed using the following primers from Invitrogen and with 18S RNA as a

standard (QuantumRNA™18S internal standard, Ambion). The following primers were used (5' to 3'):

CAT1: CGG ATC AAA ATT GTC TTC AAG CAT CAT GG and GAT AGC TTC CTC ATC CGA CAG GCA

T; CAT2: CCA GCT AGT TCT TAC AAC TCT CCC TTC TT and CCA ACA AGA ATT GCA TCT TCT TCC

AAA AGA GAC; CAT3: AGC CTA TTT GGG GGA TCA TCA ACC TTC TA and CAA CCT TGG CCT CTT

CAT CAG TCA GAT TC; LSD1: GAG GAG CAT CTA ATG TGC GTT GT and GAG GGT GGT GTT GAA

GTT GAT GTA; NTR: CGA AGG ATG GAT GGC TAA CGA CA and CCC CAG TAA CAA CAT TCT TCA

CCT TC; PR1: ATT TTA CTG GCT ATT CTC GAT TT and TTA GTA TGG CTT CTC GTT ACA T; PRX

Cb: GTC CGC TGC TCA ACT CAC CCC TAC C and GAG TGT AGG GTC GGG TAA ACC TGT GTT

GC. Pictures are representative of three independent experiments. Relative quantification of digital

images from ethidium bromide stained gels was performed using ImageQuaNT software (Molecular

Dynamics, Sunnyvale, CA).

Pharmacological treatments.

For the rcd assay in figure 1, DCMU (3-(3,4-dichlorophenyl)-1,1-dimethyl urea) and DBMIB (2,5-dibromo-

3-methyl-6-isopropyl-p-benzoquinone) were applied at 8µM and 14µM concentration respectively as

drops on the surface of the leaves of 4-5 week old plants at the beginning of the photoperiod for 4 days.

DCMU and DBMIB stock solutions were prepared in ethanol and dimethyl-sulphoxide, respectively.

Control drops in water and 0.027 % ethanol or 0.33 % dimethyl-sulphoxide respectively. Pictures of

representative leaves were taken after 4 days incubation in the corresponding inhibitors or water.

Chlorophyll a fluorescence parameters were determined in detached leaves after 2 hours incubation in

the different treatments and represent the mean ± SD of 15 leaves from 3 independent experiments. For

statistical analysis in figure 2, DBMIB was sprayed at a 14µM concentration to four to five-week old Ws-0,

lsd1 and lsd1/cao plants daily at the beginning of the photoperiod for 4 consecutive days (n = 60, 125, 80

plants for Ws-0, lsd1 and lsd1/cao respectively from 2 different experiments). For the BTH treatment, four

to five-week-old Ws-0, lsd1 and lsd1/cao plants grown in SD were sprayed once in the abaxial side of the

leaves with a solution of 0.1mM BTH. Control leaves were sprayed with water. Plants undergoing rcd
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were assessed on the fifth day after treatment. Data represent means ± SD (vertical bars) of n = 60, 180

and 180 for Ws-0, lsd1 and lsd1/cao plants respectively from two independent experiments. All these

experiments were performed in SD photoperiod. Feeding of H2O2 and GSH for mRNA quantification was

performed by injecting GSH and H2O2 at different concentrations in the parenquimatic tissue for 2 hours.

Lipid peroxidation and protein oxidation.

Lipid peroxidation was measured by a colorimetric assay for the decomposition products of oxidized

polyunsaturated fatty acids, malonaldehyde (MDA) and 4-hydroxyalkenals (4-HA), using the Bioxytech

LPO-586 assay (Oxis International, Portland, Ore., USA) following the manufacturer’s instructions. 0.1 g

of freshly harvested tissue was ground in ice in 1 ml extraction buffer (50mM Hepes, 1mM EDTA, 5mM

MgCl2), centrifuged at 14000 rpm at 4°C and supernatant used for colorimetric assay at 586nm using

provider’s instructions. Data are expressed in µmole/g FW and are obtained from 6 samples per time

point. For the protein oxidation determination, an extraction buffer was prepared by dissolving one tablet

of protease cocktail inhibitor (Boehringer Mannheim) in 50 ml of 0.1M Na-phosphate buffer (pH 7.0), 1 g

of tissue was ground in 1 ml of the extraction buffer and the extract was centrifuged at 14000 g for 10

min. All operations were performed at 4°C. Protein oxidation was analysed as described in Prasad

(1996). Data are expressed in nanomoles of protein carbonyl per milligram of protein and were drawn

from measurement of 12 samples.

Western blotting and relative quantification of LSD1 and NTRA mRNA.

For protein determination by Western blotting, leaves of the transgenic line E29 containing a hybrid LSD1

protein fusioned to a MYC tag with the LSD1 natural promotor, were incubated in H2O2 or DTT at different

concentrations or in water. DTT was chosen to replace GSH since leaves incubated in GSH were

bending the petiole upward and made the feeding process unreliable. Leaves were then frozen and liquid

Nitrogen and ground in 1 ml of extraction buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 10mM MgCl2,

5mM EDTA and 10% glycerol) containing a cocktail protease inhibitor. After centrifugation at 14000 rpm

at 4°C, supernatant was loaded into 4-12% NuPAGENovex Bis-Tris gel with LDS loading buffer (106mM

tris-HCl, 141mM Tris base, 2%LDS, 10% glycerol, 0.51mM EDTA, pH 8.5) and run in MOPS buffer

(50mM MOPS, 50mM Tris base, 0.1% SDS, 1mM EDTA, pH 7.7). Gel were then blotted in PVDF

membranes using the NuPAGEtransfer buffer containing 10% Methanol (Invitrogen). Rabbit anti-MYC

antibody (Roche Bioscience) was used at 1:10000 and anti-rabbit raised in mouse at 1:50000

concentrations.   
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