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ABBREVIATIONS

ADN: acide désoxyribonucléique (chIDNA, ADN chloroplastique ; mtDNA, ADN

mitochondrial)

Apx : ascorbate peroxydase

Asc : ascorbate

CAT : catalase

CDSP32 : chloroplastic drought stress protein of 32kDa

DHA : déhydroascorbate

DHAR: déhydroascorbate réductase

EST: expressed sequence tag (séquence exprimée)

ETC: electron transfer chain (chaîne de transfert d'électrons)

FAD : flavine adénine dinucléotide

FBPase : fructose 1,6-bisphosphatase

Fd : ferrédoxine

FTR: ferrédoxine thiorédoxine réductase

GFP : green fluorescent protein (protéine fluorescente verte)

Gpx : glutathion peroxydase

GR : glutathion réductase

Grx : glutarédoxine

GSH/GSSG : glutathion réduit/oxydé

GST : glutathion S-transférase

LA : acide lipoïque

LHC : light harvesting complex (antenne collectrice de lumière)

MAP kinase: mitogen activated protein kinase

MDH : malate déshydrogénase

MDHA : monodéhydroascorbate

MDHAR: monodéhydroascorbate réductase

MSR(ase) : méthionine sulfoxyde réductase

NAD(P)H : nicotinamide adénine dinucléoside (phosphate) réduit

NDK : nucléotide diphosphate kinase

NO : oxyde nitrique





Nrx : nucleorédoxine

NTR : NADPH thiorédoxine réductase

POl: protéine disulfide isomérase

PHGpx : phospholipide hydroperoxyde glutathion peroxydase

Prx : peroxyrédoxine

PSI: photosystème 1

PSII : photosystème 2

RNR: ribonucléotide réductase

ROS: reactive oxygen species (espèces actives de l'oxygène)

RT-PCR: retrotranscription-polymerase chain reaction

Sec: sélénocystéine

SECIS : selenocysteine insertion system (système d'insertion de sélénocystéine)

SOD : superoxyde dismutase

Srx: sulfirédoxine

Trx : thiorédoxine





INTRODUCTION

Une différence majeure entre les organismes aérobies et anaérobies stricts

est la capacité d'utiliser et de tolérer l'oxygène gazeux et ses formes dérivées. Les

organismes photosynthétiques aérobies ont développé un métabolisme basé sur

l'utilisation de l'oxygène au travers de la respiration et de la photosynthèse. Dans

ces deux voies métaboliques, des chaînes de transport d'électrons permettent la

génération d'Oz à partir d'HzO (photosynthèse) ou la réduction d'Oz en HzO

(respiration).

Lors des réactions liées à la photosynthèse ou à la respiration, des

intermédiaires réactionnels de l'oxygène (ROS, Reactive Oxygen Species) sont

souvent générés, ces ROS étant susceptibles d'endommager les macromolécules

constituant les cellules vivantes. La production de ROS en grande quantité est

aussi une conséquence au niveau cellulaire d'un stress environnemental. Les

végétaux, de part leur immobilité, sont particulièrement exposés à ces

changements plus ou moins rapides de leur environnement.

Au niveau cellulaire, les conséquences de cette accumulation de ROS sont

nombreuses: ainsi, l'oxydation des bases de l'ADN, et notamment celle de la

thymine qui est très sensible, pourrait conduire à des mutations qui sont

susceptibles de perturber le fonctionnement cellulaire (8ao et al 1997). Les

membranes cellulaires sont aussi sensibles à l'oxydation à travers des

peroxydations en chaîne au sein des couches lipidiques qui peuvent aboutir à une

perte de l'intégrité membranaire ou à la rigidification des membranes (Stark 2005).

Enfin, les protéines cellulaires peuvent subir différents types d'altération suite à leur
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réaction avec des ROS. Des dommages peuvent être causés par l'oxydation de

différents acides aminés, et la perturbation des structures tertiaire et quaternaire par

une oxydation excessive et non contrôlée peut aussi causer une perte de l'activité

de la protéine et sa dégradation par la cellule (Davies 2005). Tous ces effets nocifs

sont maintenant connus depuis plusieurs décennies, et sont dus à la présence de

ROS à des concentrations relativement élevées (Halliwell et Gutteridge 1990).

Cependant, l'émergence de nouvelles techniques, ainsi que l'étude plus fine

des relations entre ROS et métabolisme cellulaire, ont conduit à relativiser ce rôle

uniquement délétère des ROS dans les cellules. En effet, les cellules peuvent

utiliser ces ROS pour empêcher le développement d'organismes pathogènes, par

exemple lors de réactions incompatibles entre les végétaux et diverses races de

pathogènes, et il est maintenant admis que ces molécules ont un rôle essentiel de

transduction des signaux à l'intérieur de la cellule, mais aussi entre les cellules d'un

organe, comme par exemple pour le peroxyde d'hydrogène (H202) dans le

mécanisme de fermeture des stomates (Zhang et al 2001). Ainsi, à l'instar de

l'oxygène moléculaire, qui possède un potentiel énergétique aussi grand que son

pouvoir destructeur, les espèces oxygénées réactives ont deux facettes, l'une

découle de leur réactivité importante et les rend nocives pour les cellules, l'autre a

été mise en place par les cellules, qui vont les utiliser comme molécules de

signalisation, tant que leur concentration peut être contrôlée par les systèmes

antioxydants. La molécule d'H202 en particulier est impliquée dans l'induction de la

transcription de nombreux gènes, tels que ceux de la glutathion S-transférase

(GST), ou encore dans l'activation de kinases (Desikan et al 1999), elles-mêmes

impliquées dans la réponse des cellules aux stress extérieurs. Les études de

transcriptomique montrent aussi qu'un très grand nombre de gènes voient leur
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expression stimulée ou réprimée par l'H20 2 (Desikan et al 2001). D'autres études

utilisant des mutants d'Arabidopsis thaliana ont mis en évidence une réponse

rapide et spécifique du transcriptome à l'oxygène singulet (op den Camp et al

2003). Il devient donc possible de déterminer les groupes de gènes qui sont

stimulés ou réprimés spécifiquement selon l'espèce oxygénée utilisée comme

stimulus (Gadjev et al 2006).

Les compartiments cellulaires qui contiennent les chaînes de transfert

d'électrons sont les principales sources mais aussi les principales cibles de ces

ROS. Chez les animaux, les mitochondries sont considérées comme la principale

source de ROS dans la cellule. Chez les végétaux en revanche, le chloroplaste est

le principal lieu de production de ROS, au moins pendant la journée. Pendant les

phases d'obscurité, le rôle de la mitochondrie devient prépondérant. Les lieux de

production des ROS au sein des chaînes de transfert d'électrons sont étudiés

depuis plusieurs décennies et sont encore un sujet d'intenses investigations. Ils

sont détaillés dans le paragraphe ci-dessous.

1Production des ROS

I.A Au niveau du chloroplaste:

Dans cet organite se trouvent les composants d'une chaîne d'électrons qui

va fonctionner dans un environnement riche en oxygène. Ceci induit un risque

important de transfert d'électrons vers l'oxygène moléculaire, aboutissant à la
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formation de ROS. Plus particulièrement, cette fuite d'électrons peut tout d'abord se

produire au niveau du photosystème 1(PSI). En cas de surcharge de la chaîne de

transfert d'électrons (ETC), la ferrédoxine (Fd) réduit directement l'oxygène

moléculaire (02) en anion superoxyde (02-) au cours de la réaction de Mehler

(Figure 1). La réduction d'02 peut aussi se produire au niveau des centres Fer­

Soufre (2Fe-2S et 4Fe-4S) du photosystème l, ainsi qu'au niveau du site accepteur

de quinones QB du PSII (Zhang et al 2003). En résumé, la présence de métaux de

transition comme le fer, ou de groupements quinols, va favoriser les fuites

d'électrons de la chaîne de transfert d'électrons photosynthétique vers 1'02. Les

pigments comme la chlorophylle vont aussi pouvoir réduire l'oxygène moléculaire

quand ils se trouvent dans un état excité. L'anion superoxyde produit peut réagir

directement avec les molécules biologiques, ou se dismuter en H20 2spontanément

ou via une superoxyde dismutase à fer ou à cuivre et zinc (FeSOD ou Cu/ZnSOD).

Des réactions de type Fenton entre H202 et des ions métalliques, libres ou

incorporés dans diverses enzymes ou transporteurs, vont également générer des

radicaux hydroxyles ( OH), eux aussi très nocifs (Edreva 2005). La cellule a mis en

place des voies spécifiques pour réguler la concentration en ROS du chloroplaste et

pour maintenir un fonctionnement optimal de la photosynthèse (Mittler 2002). L'une

d'elles est la photoinhibition, spécifique au chloroplaste, qui va empêcher un flux

d'électrons trop important dans la chaîne de transfert en cas de forte illumination.

Ce phénomène se déroule au niveau du photosystème Il, dont l'un des composant

principaux, le protéine D1, va subir des dommages irréversibles en cas d'exposition

prolongée de la plante à une lumière intense. L'inactivation des photosystèmes Il

endommagés, qui vont ensuite être progressivement réassemblés avec des

nouvelles protéines D1 synthétisées de novo, va diminuer l'activité
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photosynthétique. Dans les cas les plus sévères, ou si elle est associée à d'autres

facteurs de stress, cette inhibition de la photosynthèse peut avoir un effet négatif

sur la croissance des végétaux. La chélation du fer libre, notamment par des

protéines comme la ferritine, permet aussi d'éviter la production de radical OH

(Briat et al 1999). En outre, des molécules de faibles poids moléculaires, dont la

principale est l'ascorbate, ainsi que des systèmes enzymatiques, vont assurer la

protection du chloroplaste contre les ROS. Ces systèmes sont détaillés

ultérieurement dans ce manuscrit.

LB Au niveau de la mitochondrie:

La production des ROS au sein de la mitochondrie est détaillée dans l'article

1 (Navrot et al 2007a). Elle a lieu principalement au niveau du complexe 1 et III de la

chaîne respiratoire. La réduction excessive du pool membranaire d'ubiquinone par

le complexe 1 peut aussi favoriser la réduction d'02 par ces molécules, ainsi que le

fonctionnement rétrograde de la chaîne de transport, c'est-à-dire la réduction du

complexe 1 par les quinones qui entraîne la formation d'anion superoxyde. Les

systèmes antioxydants mitochondriaux, en particulier les sytèmes thiol-dépendants,

sont aussi décrits dans l'article 1.
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Article 1: ROS generation and antioxidant systems in plant mitochondria

Navrot N, Rouhier N, Gelhaye E et Jacquot JP

Physiologia Plantarum, accepté pour publication.

Cet article de synthèse décrit les systèmes qui génèrent les espèces

oxygénées de l'oxygène (ROS) dans les mitochondries végétales. Plus

particulièrement, l'implication de la chaîne respiratoire de transfert d'électrons est

décrite, ainsi que les systèmes spécifiques des végétaux qui permettent la

régulation du transfert d'électrons. Dans une seconde partie, les systèmes qui vont

réguler la concentration et éliminer les ROS dans la matrice mitochondriale sont

détaillés. Il s'agit des systèmes dépendants du glutathion, de l'ascorbate, de l'acide

lipoïque, ainsi que des systèmes enzymatiques. Une analyse plus fine des

systèmes thiorédoxines- et glutarédoxines-dépendants est présentée. Ces

systèmes vont jouer un rôle prépondérant dans la détoxication des ROS dans la

mitochondrie, notamment en réduisant les peroxyrédoxines et glutathion

peroxydases présentes dans ce compartiment. De plus, ces systèmes sont sans

doute impliqués dans la régulation d'enzymes telles que l'alternative oxydase, ou

dans l'incorporation de centres fer-soufre dans les protéines mitochondriales.
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ln living cells, reactive oxygen species (ROS) play a key raie in signaling but
these compounds can also damage macromolecules. As in other compart­
ments, the mitochondrial ROS concentrations need to be tightly controlled.
Plant mitochondria contain several antioxidant systems that are not only able
to scavenge ROS and limit their production but also to repair damages to
macromolecules and possibly to serve as redox sensors. They comprise
ascorbate- and glutathione-dependent pathways as weil as systems based on
thioredoxin (TRX)- and glutaredoxin (GRX)-like molecules. This review
describes the various mitochondrial redox pathways for ROS control in plants
with special emphasis on the poorly studied GRX and TRX systems and
provides perspectives for future research in this area.

Introduction

Land plants 1ike other aerobic photosynthetic organisms,
appeared and evolved in the presence of atmospheric
oxygen and, as a consequence, developed metabolic
pathways that were able to use the great energetic
potential of O 2 and also to limit the deleterious side
effects of this oxidant and its active derived molecules,
known as reactive oxygen species (ROS). These ROS
generated by aerobic metabolism include singlet oxygen
C02), superoxide ions (02 '-) and peroxides, the most
widely distributed being hydrogen peroxide (H20 2 ). On
the one hand, plants need to control the levels of these
oxidants because of their harmful nature, but on the other
hand, they also use ROS as signaling molecules
especially in response to various stresses or threats to
the plant integrity, as pathogen attacks, or non-optimal
growth conditions. These molecules can thus act as

messengers to trigger protein de/activation, or induce
gene transcription (Desikan et al. 2001). It has been
shown recently that singlet oxygen, superoxide ions and
H20 2 ail induce the transcription of specific sets of genes
in plant cells (Gadjev et al. 2006). This signaling system
also interacts with other pathways, like phosphorylation
cascades by kinases or Ca2 + signaling, and is a part of the
regulation network that connects the cell to its environ­
ment. Thus, plants are not only able to take advantage of
the powerful O 2 molecule for their energy needs, but
they also make use of some of its derivatives for intra­
or intercellular signal transduction pathways. This review
will essentially describe the mechanisms for generation
and control of ROS in plants but will not deal further with
the signaling aspects, which have been extensively
treated in recent reviews (Foyer and Noctor 2003, Laloi
et al. 2004).

Abbreviations - Aco, aconitase; AOX, alternative oxidase; APX, ascorbate peroxidase; ASC, ascorbate; CAT, catalase; DHA,
dehydroascorbate; DHAR, dehydroascorbate reductase; ETC, electron transfer chain; GPX, glutathione peroxidase; GR, glutathione
reductase; GRX, glutaredoxin; GSH, glutathione; GSSH, oxidized glutathione; H20 Z, hydrogen peroxide; MDHAR,
monodehydroascorbate; MnSOD, manganese-containing superoxide dismutase; MSR, methionine sulfoxide reductase; NO,
nitric oxide; NADH, nicotinamide adenine dinucleotide; NTR, NADPH-dependent thioredoxin reductase; PCD, programmed cell
death; PRX, peroxiredoxin; ROS, reactive oxygen species; sax, sulfhydryl oxidase; TRX, thioredoxin; UCP, uncoupling protein.
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ln plant cells, most of the ROS produced originate from

chloroplasts or peroxisomes, but in non-green tissues, or
in the dark, mitochondrial ROS production becomes
predominant although a blue light-induced generation
of ROS has been recorded in animal mitochondria (King
et al. 2004). Moreover, although mitochondria are c1early
not the major site of ROS production in plants, they are
nevertheless a primary target for the ROS-induced
damages because some ROS species diffuse freely
through the cellular compartments (Bartoli et al. 2004,
Dutilleul et al. 2003, Sweetlove et al. 2002). Recent
studies indicate that plant mitochondria are at a cross­

point in the signaling pathways involving ROS, especially
those concerning apoptosis Uones 2000). As the field of
mitochondrial ROS is becoming very large, we will
discuss here briefly the generation of oxidized species in
mitochondria, their negative effect on biological processes
and detail more extensively the various redox-active ROS
regulation systems present in plant mitochondria. Re­
views on related topics have also been published recently
(Foyer and Noctor 2003, Laloi et al. 2004, Millar et al.
2001 a, M011er 2001).

Generation and nature of ROS in plant
mitochondria

ln the respiratory process, oxygen becomes reduced to
H2 0 and different pathways are involved in this reduction
process. Some enzyme systems reduce oxygen via tetra­
valent mechanisms [e.g. cytochrome coxidase, alternative
oxidase (AOX)] but some others reduce it in a stepwise
manner, i.e. oxygen is accepting electrons one by one only.
This leads to the formation of a reactive intermediate
molecule, namely the superoxide anion Oz·-. The major
site of superoxide formation in mitochondria lies in the
electron transfer chain (ETC), especially at the level of
Complex 1 and Complex III. It was shown in animal
mitochondria that the flavine mononucleotide (FMN)­
containing subunit and an iron-sulfur c1uster of the
nicotinamide adenine dinucleotide (NADH) dehydroge­
nase of Complex 1are the sites of Oz'- generation (Chen
et al. 2005), especially when this complex is glutathiony­
lated after oxidative stress (Taylor et al. 2003). This

complex could amplify ROS production and participate
in the regulation of ROS concentrations in the whole cel 1.
The overreduction of the ubiquinone pool by Complex 1
can also lead to a reverse functioning of the chain, and to
the formation of large amounts of ROS. In Complex III, the
overreduction state of the ubiquinone pool can lead to

a direct electron transfer to molecular oxygen, and to the
formation of superoxide anions (see Fig. 1).

Most of the superoxide ions produced are efficiently
converted to HzOz by a manganese-containing super-

2

oxide dismutase (MnSOD). H2 0 Z can then reactwith iron
or copper ions in the Fenton reaction to generate hydroxyl
radicals OH'. lron-sulfur containing proteins, like aconi­
tase, may also be involved in these reactions, as it releases
Fe2+ upon inactivation of the enzyme by Oz'-, also

leading to Fenton-type reactions (Vasquez-Vivar et al.
2000). Other ROS targets are high-molecular mass
molecules, such as membrane lipids or mitochondrial

DNA, with the formation of lipid or nucleotide peroxides,
especially at the level of thymine (Cullis et al. 1987).
Furthermore, mitochondrial DNA is more sensitive to
oxidative damage than nuclear DNA, in particular
because of the absence of chromatin organization and
lower mitochondrial DNA repair activities (Yakes and
Van Houten 1997).

Adverse environmental conditions generate this kind
of oxidative stress. For example, pathogen attacks of the
plant (Kuzniak and Sklodowska 2004), senescence or
saline stress (Maxwell et al. 2002, Mittova et al. 2004), as
weil as accumulation of the metal ion aluminum
(Yamamoto et al. 2002), initially result in an accumula­
tion of ROS. In turn, these species impair the mitochon­
drial metabolism but they also constitute an intracellular
signal, especially involved in the transcription regulation
in the nucleus.

Besides ROS, the cells also contain reactive nitrogen
species. They are products of the reaction of nitric oxide
(NO) with different biological molecules, and as ROS they
can be harmful to the cell. NO itself is also involved in
metabolic regulation. It was shown to interfere with the
function of Complex III, leading to the production of Oz'­
(Yamasaki et al. 2001). Interestingly, the mitochondrial
respiratory chain from root cells can also be a source of
NO, via nitrite reduction under anoxic conditions (Gupta
et al. 2005). This is probably part of the yet poorly under­
stood role of this molecule and its derivatives in signal
transduction, and will not be developed further here.

Finally, mitochondria play an essential role in the
programmed cell death (PCD) pathway, via cytochrome
c release Uones 2000, Vianello et al. this issue). This
mechanism is similar to the one present in mammal cells
which involves mitochondrial thioredoxin (TRX) (Tanaka
et al. 2002) and possibly AOX (Robson and Vanlerberghe
2002). In the case of heat-shock-induced PCD, it is also
likely that mitochondrial respiration impairment is one

of the earliest events (Vacca et al. 2004). High ROS
production as weil as cytochrome c release from
mitochondria and increased NO production are observed
when a hypersensitive response is triggered by eliciting
compounds (Krause and Durner 2004).

Thus, this organelle is a major sensing component in
the cell, also coordinating the cell response to an oxi­
dative stress from the enhancement of gene transcription
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up to PCO (Outilleul et al. 2003, Maxwell et al.

2002)

Analysis of the mitochondrial proteome

The biological systems present in mitochondria share

homologies with the ones found in the cytosol or the
chloroplast, but there are also specificities linked to the

unique properties of plant mitochondria. Large-scale

pmteomic studies have been performed to follow the

evolution of these complex systems, especially under
stress conditions (Cliflon et al. 2005, Lister' et al. 2004).
l\tlany mitochondrial proteins are putative targets of

different peroxides and some of them are found in an

oxidized fortll (Kristensen et al. 2004, Mol 1er and

Kristensen 2006). Oxidation can simply affect the enzyme
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activity in a reversible way and participate in signaling
pathways, when occurring on cysteines or methionines.

ln the case of other amino acids, the chain breakdown

probabi 1ity and the protease attack susceptibi 1ity are
increased via the presence of carbonyl groups (Kristensen

et al. 2004). This can affect the mitochondr'ial metabol ism

in a significant manner. After treatments leading to
oxidative stress, protein breakdown products can also

be found in mitochondrial extracts. The abundance of

numerous mitochondrial pmteins is also altered after

such treatments. Among the oxidation targets, tr'icarbox­
ylic acid (TCA)-cycie enzymes and Fe-S ciuster contain­

ing enzymes are likely to be affected first in oxidative

stress situations (Heazlewood et al. 2003, Millar et al.

2001 b, 2004, 2005, Mol 1er and Christensen 2004,
Sweetlove et al. 2002).
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Mitochondrial energy-dissipating systems

AOXs, as weil as plant uncoupling mitochondrial proteins
(UCP) are two mitochondrial energy-dissipating systems,
encoded by multigenic families in plants, which are
differentially expressed and regulated (Nogueira et al.
2005). These systems allow a fine tuning of the
mitochondrial membrane potential, and can thus
decrease ROS production caused by ETC overreduction
(Borecky et al. 2006, Camacho et al. 2004). As
mammalian UCPs, plant UCPs are involved in thermo­
genesis butthey are rather required to generate a decrease
of the membrane potential because they are upregulated
in the presence of ROS (Considine et al. 2003, Hourton­
Cabassa et al. 2004, Kowaltowski et al. 1998). Their
regulation could also influence the TCA cycle (Smith etaI.
2004). Considering the grawing number of studies and
the diversity of AOXs and UCPs, differential raies in plant
mitochondria could emerge in the future. Specificities of
plant AOX will be discussed in a subsequent paragraph.

Nevertheless, considering the protection of the organ­
elle from ROS, these two praactive systems can play
a significant protective role in mitochondrion-generated
oxidative stress, but they cannot prevent damage because
of ROS diffusion fram the cytosol.

Ascorbate and lipoic acid-dependent
systems

Ascorbate (or vitamin C) is a small antioxidant molecule
that has been extensively studied for decades. Its
antioxidant capacities are reinforced by its very high
concentration in plant cells, usually between 10 and

100 mM (Noctor and Foyer 1998) depending on the
subcellular compartments considered, and even higher,
around 300 mM, under some conditions (Streb et al.
2003). As a consequence, it plays a preponderant raie in
the cell redox poise and metabolic regulations. Although
it is more abundant in the chloroplast, it is present in the
rest of the cell, and particularly in mitochondria. The
ascorbate concentrations in mitochondria are similar to
those found in other cell compartments and it is present
essentially in the reduced form Uimenez et al. 1997). The
mechanism of peroxide detoxication by ascorbate has
been deciphered, and the enzymes needed for its
regeneration have been identified. A couple of years
ago, it was shown that mitochondria possess a complete
ascorbate-glutathione (GSH) pathway, making this
organelle able to regulate its internai H2 0 2 concentration
(Fig. 2). Mitochondria contain GSH, ascorbate, as weil as
GSH reductase (GR) and dehydraascorbate reductase
(DHAR) in the matrix, and monodehydraascorbate
reductase and ascorbate peraxidase (APX) bound to the
membranes Uimenez et al. 1997, Teixeira et al. 2006).
This pathway is found in both chloraplasts and mito­
chondria, as Chew et al. (2003) showed that in
Arabidopsis thaliana, the ascorbate-GSH cycle enzymes
are dually targeted. As the presence of a specific transport
of the reduced form (ascorbate) into mitochondria has not
been proven, ascorbate is likely to enter mitochondria in
its fully oxidized form (DHA), its transport being
dependent on a gl ucose transporter (Szarka et al. 2004).
Interestingly, the enzyme catalyzing the final step of
ascorbate synthesis (galacto-Iactone dehydrogenase) is
located in the inner membrane of mitochondria (Bartoli
et al. 2000). It uses cytochrome c as an obligate substrate

+-' ucp

+-' AQX

:t)PX~TRX_NT"_~7 ~

Fig. 2. Representation of the different mitochondrial antioxidant pathways and their lever of action. Different systems can be distinguished: electron

transfer chain proactive enzymes (alternative oxidase and uncoupling proteins), nicotinamide adenine dinucleotide phosphate-independent reactive

oxygen species (ROS) molecules [manganese-containing superoxide dismutase, molecules like lipoic acid, and possibly catalase ((AT)], and NADPH­

dependent pathways. Among these, on the left part of the figure are the glutathione- and ascorbate- (ASe) dependent systems, and on the right side the

thioredoxin-dependent systems. The NADPH-dependent pathways act either by reducing ROS directly or by protecting or regenerating oxidized proteins.

Metabolites are circled. In dotted lines are figured the pathways whose relevance is still under debate or unproven. MDHAR, monodehydroascorbate

reductase.
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and is associated with the ETC, which could regulate its
activityvia interaction with Complex 1(Millaretal. 2003).
Thus, ascorbate synthesis is associated with mitochon­
dria. Ascorbate could be synthesized in the intermem­
brane space, and oxidized before being transported into
the mitochondrial matrix, where it enters the ascorbate­
GSH cycle to be reduced. Then, ascorbate is used by APX
to reduce H20 2 to H20, releasing a molecule of DHA.
The latter is reduced to ascorbate via the ascorbate-GSH
cycle, also called the Halliwell-Asada cycle. The re­
generation of ascorbate takes place at the expense of two
molecules of GSH, oxidized into oxidized GSH (GSSG)
(see Fig. 2).

Lipoic acid is a sulfur-containing molecule, which acts
as a coenzyme for some mitochondrial enzymes involved
in pyruvate and glycine metabolism (e.g. pyruvate
dehydrogenase complex, glycine decarboxylase com­
plex). It has been studied extensively and is known to
chelate transition metals, and to reduce HU and O2 '­

(Packer et al. 1995). In its reduced form, lipoic acid was
shown to play a role in the cell protection against lipid
peroxidation in animal mitochondria (Lapenna et al.
2003). On the other hand, because ofthis reactivity, some
lipoic acid-dependent enzymes, like glycine decarbox­
ylase, are strongly inhibited by lipid peroxidation
products because these peroxides can easily form an
adduct with lipoic acid (Taylor et al. 2002).

Enzymatic ROS-scavenging pathways

SOD and catalase

The mitochondrial matrix contains an MnSOD, which
catalyzes the reduction of O2 '- to H20 2 • This enzyme
can provide protection to the soluble matrix enzymes,
especially the ones with metallic cofactors, against
oxidation by the superoxide anions, but the mechanism
of subsequent H2 0 2 scavenging is still unclear (Rubio
et al. 2001, 2002, 2004). Catalase activity was proposed
to be present in plant mitochondria at a much lower level
compared with animal mitochondria (Peixoto et al.
2004). Still, the presence and role of this enzyme in
mitochondria is a matter of controversy, and some reports
contradict this proposaI. Other redox-dependent systems
described below have been found to regulate H20 2

concentration in this compartment.

GSH-, glutaredoxin- and TRX-dependent
mitochondrial systems

GSH is present in the mitochondrial matrix at concen­
trations up to the millimolar range. This organelle is
thought to be devoid of GSH synthesis pathway, though
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Moran et al. (2000) found a GSH synthetase in nodule
mitochondria. Different transporters assume the function
of maintaining a constant pool of GSH in the compart­
ment by uptake from the cytosol (Chen and Lash 1998). A
specific GSH-dependent mechanism for the protection of
proteins from oxidative damage is known as glutathiony­
lation. The reversible adduction of a molecule of GSH
protects the cysteines from being overoxidized to
sulfenic, sulfinic or sulfonic acid forms, the latter being
an irreversible modification. In general, glutathiolated
proteins are inactive, and this mechanism could also
be a regulation pathway in case of oxidative stress.
This glutathionylation/deglutathionylation is mainly
catalyzed by enzymes such as glutaredoxin (GRX) in
mammalian mitochondria (Beer etaI. 2004). Atthis point,
GRXs have not been formally identified in plant
mitochondria, but several sequences bear a putative
mitochondrial transit peptide and it is thus likely that
these proteins are present in this organelle (Rouhier et al.
2004).

It is now established that plant mitochondria possess
their own complete TRX system, comprising at least one
o-type TRX, and two forms of NADPH-dependent TRX
reductase, NTRA and NTRB (Laloi et al. 2001, Reichheld
et al. 2005). In poplar, one o-type and one h-type (TRX h2)
are probably present in mitochondria (Gelhaye et al.
2004). The two types of mitochondrial NTR were shown
to be able to reduce in vitro both A. thaliana TRX 01 and
poplar TRX h2. These two TRX can interact with
a mitochondrial target, namely AOX (Gelhaye et al.
2004).

GRX- and TRX-dependent targets in mitochondria

The involvement of TRX in apoptosis in animal cells has
generated considerable interest for these systems in plant
mitochondria. Following the discovery of the GRX and
TRX systems in plants, one question arising was the search
and analysis of their respective targets, and their role at
the organellar or cellular level. It was shown notonly that
the mitochondrial TRX system is similar to what is found
in the other compartments of the cell, but also that it
regulates/reduces a specifie set of mitochondrial en­
zymes. This was achieved thanks to emerging techniques
as the cysteine-trap method, using single cysteine TRX
or GRX mutants or by using two-dimensional electro­
phoresis associated to monobromobimane, a thiol­
specific fluorescent probe. The isolated peptides are then
analyzed by mass spectrometry, allowing the identifica­
tion of mitochondrial TRX and GRX targets (Balmer et al.
2004, Rouhier et al. 2005). TRXs interact with, and most
likely regulate numerous mitochondrial enzymes from
different pathways. Among the different targets, it is
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possible to discriminate between enzymes, which require
TRX for their catalysis and regeneration, mostly oxidor­
eductases, and enzymes regulated via TRX (Fig. 2).

ln the first category, TRX-dependent enzymes are
peroxiredoxins (PRXs), ribonucleotide reductase, methi­
onine sulfoxide reductase (MSR) and plant glutathione
peroxidases (GPXs). MSR are present in human mito­
chondria, but until now no such protein homolog was
found in plants, even at the genomic level. PRX are TRX­
dependent peroxidases, which are present in nearly ail
plant cell compartments. In plants, they are commonly
divided into four types, namely type Il PRX, 2-Cys PRX,
1-Cys PRX and PRX Q. Type Il PRXs constitute the largest
subfamily. Depending on the organism and cellular
compartment considered, PRX Il can be reduced either
by GSH alone or by the GRX or the TRX system (Brehelin
et al. 2003, Finkemeier et al. 2005, Rouhier et al. 2001).
ln A. thaliana, for example, PRX Il B, C, D are cytosolic,
PRX Il E is chloroplastic and PRX Il F is the only
mitochondrial isoform (Gama et al. this issue, Horling
et al. 2002). In mammal ian tissues, a 2-Cys PRX is present
in mitochondria (PRX III in human), but this type has not
been reported in plant mitochondria (Miranda-Vizuete
et al. 2000). Apart from the four types of PRX, a fifth type
of TRX-dependent peroxidase has been characterized
more recently. It belongs to the so-called GPX proteins,
which in plants are likely to function with TRX ratherthan
GSH for their activity (Herbette et al. 2002, Jung et al.
2002, Tanaka et al. 2005). From sequence analysis, it
was predicted that plant mitochondria contain at least
one isoform of this enzyme (Rodriguez Milla et al. 2003),
and recently, with a green fluorescence protein fusion
approach, it was observed that a poplar GPX is present in
mitochondria (Navrot et al., unpublished data). For this
protein, a mitochondrial physiological electron donor is
still missing, as it has been shown to be reduced in vitro
by cytosolic or chloroplastic TRX, but not by either
mitochondrial h2 or o-type TRXs (Gelhaye et al. 2004).
Thus, the PRX family and their reducing partners seem to
form a tight network, quite complex in mitochondria as in
other cell compartments parts, and able to control ROS
concentration in different conditions. They are also likely
to play a role in redox sensing and signal transduction (for
review, see Rouhier and Jacquot 2005).

Thanks to the above-mentioned proteomic techniques,
we now have a catalog of proteins that are potentially
regulated by TRX in mitochondria. Thesetargets belong to
a numberof metabolic pathways, includingthe citric acid
cycle, photorespiration, fatty acid metabolism, hormone
involving processes, sulfur or nitrogen metabolism,
transport regulation and protein assembly (Balmer et al.
2004). One of the interesting targets is an anion channel
transporter, linked to permeability transition pore forma-
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tion in PCD. The most studied of the targets is
undoubtedly AOX. Belonging to the ETC, AOX is an
iron-containing protein, which catalyzes the reduction of
O2 to H20, via oxidation of ubiquinol, and without
formation of adenosine triphosphate (also known as
cyanide-resistant respiration). It helps to prevent over­
reduction of the ubiquinol pool, thus decreasing the
production of O2 '- and oxidative stress in mitochondria
in non-optimal conditions (Camacho et al. 2004). This
plant-specific crucial protein is also involved in mito­
chondrial-dependent PCD (Robson and Vanlerberghe
2002). It exists as a dimeric complex, anchored to the
inner membrane of mitochondria. Each subunit possesses
a matrix loop, which bears conserved cysteines. Two
cysteines of the complex can be oxidized in a disulfide
bridge, leading to dimerization and consequent inacti­
vation of the enzyme (Umbach and Siedow 1993).
NADPH-dependent isocitrate dehydrogenase was found
to be able to reduce and activate the enzyme, linking
activation to both the TCA cycle and the matrix redox
state (Gray et al. 2004). Mitochondrial TRX was also
found to be able to reduce the disulfide and activate the
enzyme (Gelhaye et al. 2004). Once reduced, alpha-keto
acids regulate the enzyme activity, acting on the
dimerization-involved cysteine or on a second conserved
one (Rhoads et al. 1998, Umbach et al. 2006). This
strongly indicates that there is a cross talk between redox
regulation in the matrix via TRX, the redox state of the
ETC and the membrane potential.

ln different organisms, but not in plants, mitochondrial
GRX has been shown to be involved in apoptosis, or in
iron-sulfur assembly in proteins. In plant cells, no GRX
has yet been found in this compartment, but it would not
be a surprise to find members of this family with identical
roles. Some plant GRX isoforms are predicted to carry
a mitochondrial signal peptide (Rouhier et al. 2004), and
bya proteomic approach, a protein able to bind cations
and belonging to the large GRX family, was found in A.
thaliana mitochondria (Herald et al. 2003). In addition,
using the cysteine-trap method and a cytosolic poplar
GRX, Rouhier et al. (2005) identified numerous GRX
mitochondrial targets, and some of them, as a GR and
a glycyl transfer RNA synthetase, could be specific targets
of GRX as they do not belong to the mitochondrial TRX
targets previously identified (Balmer et al. 2004). Prob­
ably sequence variations have kept these proteins out of
our sight until now. More generally, GRXs participate in
the glutathionylation and deglutathionylation of proteins,
protecting the redox-sensitive cysteines by GSH adduc­
tion (Starke et al. 2003). They can also help maintain the
redox poise of this compartment by reduction of low­
molecular weight redox molecules, like GSSG, and
dehydroascorbate (Washburn and Wells 1999).
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Heme and iron-sulfur assembly into
mitochondrial proteins

The assembly of iron-sulfur c1usters is essential for the
generation of functional ETCs. It is also required for
enzymes like aconitase to be active. Human mitochon­
drial GRX2 has been shown to contain an iran-sulfur
c1uster, which disappears upon oxidation, thus releasing
the active enzyme (Lillig et al. 2005). This could be
a possibility of regulation forthose enzymes, for example,
in situation of oxidative stress where the c1uster is more
likely to be c1eaved off. Recently, Fe-S-containing GRX
have also been discovered in plants (Feng et al. 2005,
2006). As it is now established that (Salk and Lobreaux
2005), as human or yeast, plant mitochondria contain
their own Fe-S c1uster assembly machinery, an emerging
topic in plant research is the possible involvement of
thiol-dependent systems as GRX and TRX in protein
assembly and maturation. To date, a GRX from yeast has
been shown to participate in this Fe-S assembly
machinery but its role is still not completely deciphered
(Rodriguez-Manzaneque et al. 2002). Studies are in
progress to identify the target prateins of GRX in this
iron-sulfur center assembly. One of these targets could
be a cysteine desulfurase (Nfs1), which is proposed to be
regulated by Grx5 in yeast (Alves et al. 2004). GRX may
also constitute a sink for matrix iron, participating in the
homeostasis of this element, as yeast grx mutants
accumulate iron in the matrix. TRX cou Id be linked to
these processes as weil, as it can interact with AtErv1 p,
a sulfhydryl oxidase supposedly part of the Fe-S assembly
machinery in A. thaliana mitochondria (Levitan et al.
2004). Considering protein maturation, it has also been
shown that TRX is able to reduce a protein involved in
heme assembly and maturation of cytochrome c, namely
CCMH (Meyer et al. 2005).

Concluding remarks

Step by step, our understanding of the physiology of
mitochondria is progressing, thanks to technical improve­
ments and emergence of new experimental designs. This
starts with improved methods for mitochondrial puri­
fication, from different plants, as for the model plant
A. thaliana (Escobar et al. 2006, Keech et al. 2005). New
methods have also emerged in proteomics for medium or
large-scale studies (Kristensen et al. 2004, Kruft et al.
2001, Millar et al. 2005). It appears now that mitochon­
drial homologs of most of the cytosol ic antioxidant
pathways exist (Fig. 2). Thus, ROS concentrations can
be regulated as tightly as in other compartments.

Among these, TRX-dependent systems have been an
intense research field in recent years, and now the
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complete system, NTR, TRX, PRX/GPX, is known to be
present in mitochondria. The characterization of this
system is still in progress, and features like its relation to
ETC or its involvement in PCD look particularly prom­
ising. Mitochondrial GRX or GRX-like proteins are also
under scrutiny, and it is likely that they will soon be
included in our current representations of mitochondrial
antioxidant systems.

Undoubtedly, the putative involvement of GRX in the
assembly of iron-sulfur centers into plant mitochondrial
proteins promises to be an exciting field of research in the
near future. Another area, which looks extremely
promising, will be to test the effect of TRXs or GRXs in
the redox regulation of ion channels. The recent review
of Scholz-Starke et al. (2005) presents several lines of
evidence suggesting that ROS and the reducing systems
have indeed the capacity to control the activity of
transporters in plants. Whether the mitochondrial ion
channels are also subject to this regulation is yet
unknown. The analysis of conserved cysteines in the
ami no acid sequences and the biochemical properties of
these transporters will help answer these questions.
Another interesting approach will be to generate knock­
down mutants of the documented mitochondrial TRXs
and GRXs and evaluate the impact of these mutations on
the redox state of mitochondria.
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Un autre compartiment cellulaire, le peroxysome, est aussi source de ROS.

Ils vont être produits par le métabolisme oxydatif au sein de cet organite, au niveau

de la xanthine oxydase, ou encore lors de la beta-oxydation des acides gras ou de

la photorespiration. Enfin, au niveau de la membrane du peroxysome, des enzymes

du type monodéhydroascorbate réductase (MDHAR) ou encore un cytochrome de

type b, sont susceptibles de générer des anions superoxydes (dei Rio et al 2006).

1/ Production des RNS - L'oxyde nitrique et ses dérivés

L'oxyde nitrique (NO) et ses rôles biologiques ont été découverts il y a une

vingtaine d'années. Depuis, l'intérêt porté à cette molécule a été croissant, et a

révélé de multiples rôles dans le fonctionnement des cellules et des organismes,

par exemple, à travers la nitrosylation des protéines. Comme l'oxygène, ce gaz peut

aussi réagir avec de nombreuses molécules pour former une variété de composés

chimiques plus ou moins complexes appelées couramment RNS (reactive nitrogen

species). En particulier, la réaction entre l'anion superoxyde O2 - et le NO va aboutir

à la formation de peroxynitrite. Le NO est présent chez tous les organismes vivants,

et semble induire une voie de signalisation universelle. Chez les plantes, deux

enzymes sont capables de synthétiser l'oxyde nitrique : une nitric oxide synthase

mitochondriale, impliquée dans la réponse au stress oxydant a été identifiée chez

Arabidopsis thaliana (Guo et al 2003, Guo et Crawford 2005). La nitrate réductase
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semble aussi posséder une activité annexe lui permettant de produire du NO

(Morot-Gaudry-Talarmain et al 2002), en particulier en réponse à l'acide abcissique

dans les cellules de garde des stomates (Desikan et al 2002).

III Systèmes de réduction des ROS

Les organismes supérieurs ont développé des systèmes pour réguler la

concentration intracellulaire en ROS, afin de protéger le matériel cellulaire mais

aussi pour assurer un ajustement fin de la signalisation cellulaire par les ROS. Cela

a pu se faire en limitant la production et la concentration des formes réactives de

l'oxygène (ROS) hors des chaînes de transport d'électrons, et aussi en restaurant

les molécules ayant réagi avec des ROS. Certaines molécules simples vont avoir

une action directe de détoxication, tandis qu'on trouvera aussi des systèmes

enzymatiques complexes que l'on peut usuellement classer selon leur utilisation de

voies thiol-dépendantes ou non pour leur fonctionnement. Ces systèmes

enzymatiques sont décrits en détail pour notre modèle d'étude le peuplier quand les

données correspondantes sont disponibles. D'autres systèmes prennent en charge

la réparation des molécules endommagées lors d'un stress oxydant. Il s'agit

d'enzymes telles que les méthionine sulfoxyde réductases, qui vont réduire les

méthionines oxydées au sein des protéines afin d'en restaurer l'activité (Boschi­

Muller et al 2005). La restauration de bases de l'ADN hydroperoxydées est réalisée

par des enzymes telles que les Phospholipid Hydroperoxide Glutathion

peroxydases (PHGpx) ou les Glutathion S-transférases (GST) chez les mammifères
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Figure 2. Formes réduites et oxydées du glutathion. Le glutathion oxydé GSSG va

être réduit par la glutathion réductase (GR), aux dépens d'une molécule de NADPH.



(Bao et al 1997) ou encore des phospholipides membranaires. Ces systèmes de

réparation ne sont pas détaillés ici.

III.A les systèmes non-enzymatiques

1- Le glutathion :

Le glutathion est un tripeptide (gamma-Glutamyl-Cystéine-Glycine)

omniprésent dans les cellules (Figure 2). Il est la plus importante forme de thiols

cellulaires, hormis les protéines. Sa concentration à l'intérieur des cellules peut

varier de 0,2 jusqu'à 10 mM. Il est considéré comme un véritable « tampon redox })

qui va influencer l'état d'oxydation de nombreuses autres molécules. Il peut réduire

directement certains composés, et occupe une place prépondérante dans le cycle

de l'ascorbate-glutathion (décrit ultérieurement). Il sert aussi d'élément de base à la

synthèse des phytochélatines, qui sont des polymères de GSH impliqués

notamment dans la séquestration des métaux lourds dans les celules végétales

(Zenk 1996). Enfin, au-delà de ces rôles dans les défenses antioxydantes, le GSH

est aussi impliqué dans la régulation du métabolisme et notamment du

développement cellulaire (Ogawa 2005, Cairns et al 2006). Le glutathion est

présent sous deux formes, l'une réduite et monomérique (GSH), qui est la forme

prépondérante dans les cellules en conditions optimales; l'autre, forme oxydée, est

le dimère GSSG dans lequel deux molécules sont liées par un pont disulfure. La

réduction du GSSG est effectuée par une flavoprotéine spécifique, la glutathion

réductase NADPH-dépendante (GR) avec utilisation d'une molécule de NADPH

pour obtenir deux molécules de GSH. Chez le peuplier, 3 gènes codant pour des
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GR ont été identifiés, et ces séquences pourraient coder pour des isoformes

destinées à différents compartiments cellulaires (Rouhier et al 2006a).

Sous sa forme réduite, le GSH est utilisé comme réducteur par diverses

protéines, que sont les glutarédoxines (Grx), les glutathion-transférases (GST),

dans certains cas les glutathion peroxydases (Gpx), ainsi que certaines

peroxyrédoxines (Prx).

Enfin, le GSH peut être fixé à certaines protéines par glutathionylation. Ce

phénomène consiste en l'adduction réversible d'une molécule de GSH sur une ou

plusieurs cystéines d'une protéine cible, dans un but de protection contre

l'oxydation ou encore de régulation (Cabiscol et Levine 1996). Cette

glutathionylation réversible s'effectue par la réaction d'une molécule de GSSG, ou

peut être catalysée par des enzymes, telles que les Grx (Und et al 1998). Jusque

récemment, peu de protéines végétales glutathionylées étaient connues. C'est le

cas d'une Trx f chloroplastique chez Arabidopsis thaliana (Michelet et al 2005), ou

d'une Trx h2 mitochondriale de peuplier (ce travail, article IV, Gelhaye et al). Les

méthodes dérivées de la protéomique, utilisant du GSH/GSSG marqué, permettent

désormais d'identifier d'autres protéines potentiellement régulées par cette voie,

notamment des enzymes du métabolisme carboné (Ito et al 2003, Dixon et al 2005).

2- L'ascorbate :

L'ascorbate (ou acide ascorbique) est une molécule de faible masse

moléculaire de la famille des lactones (Figure 3), qui est présente dans tous les

compartiments de la cellule végétale, en concentration particulièrement importante

dans le chloroplaste. On le trouve aussi cependant dans le cytoplasme ou la
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Figure 4. Cycle de l'ascorbate et du glutathion, d'après Noctor (1998). AA : acide

ascorbique; APX : ascorbate peroxydase; DHA : déhydroascorbate ; DHAR :

déhydroascorbate réductase ; GR : glutathion réductase ; GSH/GSSG : glutathion

réduit/oxydé; MDHA : monodéhydroascorbate ; MDHAR : monodéhydroascorbate

réductase.
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mitochondrie. Il joue un rôle de substrat dans l'activité de l'ascorbate peroxydase

(Apx), qui est l'enzyme chloroplastique prépondérante de détoxication du peroxyde

d'hydrogène (H20 2). L'ascorbate se trouve alors oxydé sous forme de

monodéhydroascorbate (MOHA) ou déhydroascorbate (OHA), qui est réduit en une

molécule d'ascorbate grâce à une enzyme, la déhydroascorbate réductase (OHAR),

qui tire son pouvoir réducteur du glutathion (GSH). Le MOHA, quand à lui, subit une

disproportion non-enzymatique qui aboutit à la formation de OHA. Il peut aussi être

pris en charge par une MOHA réductase, qui va le réduire directement en

ascorbate, au prix de l'oxydation d'une molécule de NAOPH. Ce cycle est appelé

cycle de l'ascorbate et du glutathion, ou encore cycle d'Halliwell-Asada-Foyer

(Figure 4). Il est notable que ce cycle constitue un point d'échange de pouvoir

réducteur entre différents types de réducteurs, l'ascorbate qui est thiol-indépendant

et le GSH qui appartient aux systèmes thiols-dépendants.

3- L'alpha-tocophérol :

L'alpha-tocophérol est la forme principale de la vitamine E. C'est un composé

liposoluble formé d'un noyau polaire et d'une chaîne hydrophobe (Figure 5). Il se

trouve exclusivement dans les membranes photosynthétiques chez les

cyanobactéries et dans les chloroplastes des végétaux les plus évolués. Il a un rôle

d'élimination des ROS, et en particulier de l'oxygène singulet 102 et du radical

peroxyl OH. Il peut réagir par un phénomène de résonance, qui va permettre

l'élimination de nombreuses molécules, mais avec une transformation simultanée et

irréversible du tocophérol en forme quinone ou époxyde. Une autre voie de

détoxication implique la réaction chimique du tocophérol avec des radicaux peroxyl
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Figure 6. Schéma simplifié de l'action des tocophérols au niveau des membranes. a :

un radical X réagit avec un phospholipide membranaire, formant un radical alkyl au

niveau de la chaîne hydrophobe du phospholipide. b : la réaction avec l'oxygène va

donner un radical peroxyl. c : déplacement de la chaîne hydrophobe vers la phase

aqueuse. d : l'alkyl réagit avec le tocophérol pour former une molécule de péroxyde

et un radical tocophéroxyl. e : réduction du peroxyde par les systèmes antioxydants

cellulaires, réduction du tocophéroxyl par une molécule d'ascorbate (adapté du site

http://ethesis.helsinki.fi/julkaisut/mat/bioti/vk/blokhina/ch1.html).

~OH
s-s

Acide Iipoïque (LA)

Oxy

~.JlOHJH lH - -

Acide déhydrolipoïque (DHLA)

Figure 7. Formules semi-développées de l'acide lipoïque sous forme réduite et

oxydée.



de lipides, qui va former un peroxyde et une molécule de tocophéroxyl, qui peut

ensuite être réduite en tocophérol par une molécule d'ascorbate (Figure 6). Cette

voie permet la régénération de l'alpha-tocophérol et la formation de peroxydes, qui

vont être pris en charge et réduits par d'autres systèmes de détoxication (Munné­

Bosch 2005). L'alpha-tocophérol va participer à la protection du photosystème Il

contre la photoinhibition et des membranes contre la photooxydation (Havaux et al

2005).

4- L'acide lipoïque :

L'acide lipoïque (LA) est une molécule qui est utilisée comme coenzyme par

de nombreuses enzymes, comme le complexe pyruvate déshydrogénase ou le

complexe glycine décarboxylase. Il est présent sous forme oxydée (acide lipoïque),

ou sous forme réduite (acide dihydrolipoïque (DHLA)) dans les cellules (Figure 7). Il

possède des propriétés antioxydantes, ce qui a stimulé la recherche sur cette

molécule, en particulier en médecine. L'acide lipoïque est notamment capable

d'éliminer les molécules 102 et OH . Il est aussi capable de chélater certains ions

métalliques et donc de prévenir leur action pro-oxydante. Cependant, certaines

études ont aussi montré un rôle pro-oxydant de l'acide lipoïque, certaines enzymes

étant rapidement inhibées en présence de peroxydes, à cause de la réactivité de

leur cofacteur acide lipoïque qui va fixer des peroxydes de lipides en particulier

(Packer et al 1995).

5- Les caroténoïdes :
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Les caroténoïdes, molécules en C40 (tétraterpènes), regroupent de

nombreux pigments dont les carotènes et les xanthophylles, dérivant d'une

molécule commune, le Iycopène. Ces pigments vont jouer un rôle mineur dans

l'absorption de la lumière au niveau des chloroplastes. En revanche, ils vont

dissiper l'énergie excessive absorbée par les molécules de chlorophylle par des

réactions de conversion moléculaire (époxydation/ dé-époxydation), dans les

situations d'éclairement excessif. Ils vont ainsi permettre de réduire le nombre de

molécules d'oxygène singulet produites au niveau des membranes des thylacoïdes,

protégeant de ce fait la chaîne de transport d'électrons photosynthétique.

111.8 les systèmes enzymatiques

1 Thiols-indépendants :

a- Superoxyde dismutases (SaD)

Les superoxyde dismutases sont des enzymes qui vont catalyser la réaction

de dismutation de l'anion superoxyde en peroxyde d'hydrogène. Elles sont

présentes dans les différents compartiments cellulaires, et permettent d'éviter

l'accumulation d'anion superoxyde, qui diffuse difficilement à travers les

membranes lipidiques. Les cellules végétales contiennent trois types de superoxyde

dismutases, contenant différents métaux dans leur centre actif. Les Fe-SaD se

trouvent dans les chloroplastes, les Cu/Zn-SaD sont cytosoliques et

chloroplastiques, tandis que les Mn-SaD sont limitées à la mitochondrie (Fink et

Scandalios 2001).
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b- Catalases (CAT)

Les catalases sont des enzymes à hème, actives sous forme tétramérique,

localisées principalement dans les peroxysomes. Elles catalysent la réduction

d'H202 en H20, avec une très grande efficacité, et elles sont d'autant plus efficaces

qu'elles ne vont pas utiliser de pouvoir réducteur cellulaire pour leur

fonctionnement, et ne vont donc pas perturber l'équilibre redox intracellulaire. Ainsi,

elles constituent une protection efficace pour la cellule, en éliminant l'H20 2 produit

en grande quantité dans le peroxysome. Ces enzymes forment une famille

multigénique chez les plantes, répondant différentiellement aux conditions de

stress, contrairement à ce qui est observé chez les mammifères, qui ne possèdent

qu'une isoforme (Scandalios 2005).

c- Ascorbate peroxydases (Apx)

Les ascorbate peroxydases sont des peroxydases à hème, de masse

moléculaire d'environ 30 kDa, actives sous forme monomérique ou dimérique

suivant l'isoforme considérée. Elles catalysent la réduction d'H20 2en O2en utilisant

le pouvoir réducteur d'une molécule d'ascorbate. L'ascorbate est oxydé en

monodéhydroascorbate, et est ensuite régénéré par le cycle Halliwell-Asada-Foyer

(cf paragraphe 1I1.A.2). Elles se trouvent sous forme soluble dans le cytosol et le

stroma des chloroplastes, et sous forme liée aux membranes dans le peroxysome

ou au niveau des thylacoïdes. Chez les végétaux supérieurs, les Apx sont codées

par des familles multigéniques, avec 9 isoformes chez l'arabette et 8 chez le riz
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(Texeira et al 2006). L'expression des différents gènes est de plus régulée

spatialement dans la plante, et différentiellement suivant les conditions

environnementales (Mittler et al 2004, Texeira et al 2006). Récemment, il a été

montré que des interactions entre ces enzymes et les systèmes Trx sont possibles,

au moins dans le cytosol (Article V: Gelhaye et al 2007). Ces travaux démontrent

qu'il existe des liens entre les différents systèmes de réduction des ROS, Trx et

Apx. La régulation des ces dernières pourrait donc aussi être liée à l'état redox de

la cellule, via les systèmes thiol-dépendants.

2 Thiol-dépendants :

a- Les systèmes réducteurs

Les systèmes thiol-dépendants vont utiliser le pouvoir réducteur généré au

niveau des chaînes de transports d'électrons ainsi que lors du métabolisme

carboné sous la forme de NAD(P)H (nicotinamide dinucléotide (phosphate». La

concentration en NAD(P)H et le rapport NADPH/NADP ou NADH/NAD sont aussi

utilisés comme des indicateurs de l'état d'oxydo-réduction de chacun des

compartiments cellulaires. Les effecteurs principaux de ces systèmes sont les

thiorédoxines (Trx) et les glutarédoxines (Grx). Les Grx vont utiliser le glutathion

(GSH) comme source de pouvoir réducteur. La régénération du GSH a été évoquée

dans un paragraphe précédent (11IA.1). Les Trx vont quant à elles fonctionner grâce

au pouvoir réducteur fourni par différentes enzymes appelées thiorédoxine

réductases.
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b- Les thiorédoxine réductases:

Le transfert de pouvoir réducteur vers les systèmes thiorédoxine-dépendants

se fait par l'intermédiaire de protéines différentes suivant les compartiments

cellulaires considérés.

Dans le chloroplaste, ce transfert débute au niveau de la chaîne de transport

d'électrons, qui réduit la ferrédoxine (Fd) au cours de son fonctionnement normal.

Celle-ci va alors transférer séquentiellement deux électrons à la ferrédoxine

thiorédoxine réductase (FTR) sur laquelle un pont disulfure intramoléculaire va être

réduit en dithiol. Ce dithiol va pouvoir à son tour réduire les Trx chloroplastiques. Il

est aussi notable que la Fd va être une source de NADPH dans le chloroplaste, en

transférant son pouvoir réducteur à la Fd NADP oxydoréductase (Schürmann et

Jacquot 2000). Une voie alternative, présente dans le chloroplaste et très similaire

aux systèmes cytosolique et mitochondrial a été identifiée récemment. Cette NTRC

est constituée d'une thiorédoxine réductase NADPH dépendante fusionnée à une

thiorédoxine (Perez-Ruiz et al 2006) (voir III.B.2.c).

Dans le cytoplasme et la matrice mitochondriale, une flavoprotéine, la

NADPH-thiorédoxine réductase (NTR), va réduire les Trx en utilisant le pouvoir

réducteur du NADPH. La présence d'un cofacteur FAD dans la NTR va permettre le

transfert de deux électrons à la fois, ce qui constitue une différence importante par

rapport au fonctionnement de la FTR (Dai et al 1996).

Enfin, pour certaines isoformes de Trx, les glutarédoxines (Grx), qui font

l'objet d'un paragraphe ultérieur (1IIB.2d), peuvent être un donneur d'électrons

spécifique (Gelhaye et al 2003).
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c- Les thiorédoxines (Trx) :

Les thiorédoxines sont des protéines de faible masse moléculaire, 12 kDa

environ, qui ont été découvertes chez les plantes il ya une trentaine d'années. Ces

enzymes sont des oxydoréductases qui possèdent un site actif de séquence

WC(G/P)PC, et une structure tridimensionnelle très conservée et commune à

d'autres protéines. Cette structure, formée de quatre hélices alpha entourant 5

feuillets beta antiparallèles, est appelée « Trx fold » (Eklund et al 1984, Coudevylle

et al 2004). On la retrouve dans des enzymes comme les Grx, les protéines

disulfide isomérases (POl) ou encore les glutathion peroxydases (Gpx) animales

(Ladenstein et al 1979). Les Trx sont capables de réduire des ponts disulfures sur

de très nombreuses protéines et elles sont de ce fait très impliquées dans la

régulation du métabolisme cellulaire. Elles ont depuis été un sujet de recherche

d'intérêt croissant, et aujourd'hui encore elles font l'objet d'études chez tous les

organismes vivants, en particulier dans la recherche médicale. Chez les

mammifères, elles participent à l'activation et l'inactivation de facteurs de

transcription tels que NFKB ou AP-1, et sont impliquées dans de nombreux

mécanismes dont ceux qui contrôlent l'apoptose (Arner et Holmgren 2000). Chez

les végétaux, les Trx régulent de nombreuses enzymes impliquées dans la

photosynthèse, comme par exemple la fructose 1,6 bis-phosphatase (FBPase) ou

encore la malate déshydrogénase (MDH) (Issakidis et al 1996, Jacquot et al 1997).

Elles sont aussi impliqués dans la régulation d'enzymes impliqués dans le

développement de la plante, en particulier au cours de la germination, pour la

mobilisation des réserves notamment (Marx et al 2003, Wong et al 2003).
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Les Trx végétales ont été étudiées extensivement, et l'émergence de

nouvelles techniques et le développement de nombreux projets de séquençage du

génome ont encore amélioré la qualité du travail de caractérisation. Ces progrès ont

permis un recensement exhaustif des gènes codant pour les Trx, notamment chez

Chlamydomonas reinhardtii (Lemaire et Miginiac-Maslow 2004), Arabidopsis

thaliana (Meyer et al 2005), puis chez le peuplier et d'autres végétaux supérieurs.

Les nombreuses isoformes ont été classées en familles et sous-familles selon leur

séquence et celle de leur site actif. Toutes ne sont pas encore caractérisées en

détail, et la question de la redondance de ces multiples isoformes dans le

fonctionnement cellulaire reste encore peu éclaircie. Ces protéines sont ubiquitaires

et jouent un rôle prépondérant dans la régulation de nombreuses voies

métaboliques, dans la photosynthèse ou la germination entre autres. Elles sont

aussi nécessaires au fonctionnement de nombreuses enzymes. Le système

complexe des Trx chez les plantes supérieures est détaillé dans l'article Il (Gelhaye

et al 2005).
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Article Il : The plant thioredoxin system

Eric Gelhaye, Nicolas Rouhier, Nicolas Navrot and Jean-Pierre Jacquot

Cell Mol Life Science (2004) 62: 24-35

Cet article décrit et analyse la famille des thiorédoxines chez les végétaux

supérieurs. Grâce à la disponibilité des séquences du génome d'Arabidopsis

thaliana, une étude globale de cette famille a été possible. Les groupes et sous­

groupes qui la composent sont présentés suivant les différents compartiments

cellulaires: chloroplastes, mitochondrie et cytosol. Les membres des différents

sous-groupes sont aussi analysés chez les autres végétaux supérieures en fonction

des séquences disponibles. Cette étude met en évidence la complexité du système

thiorédoxine chez les plantes supérieures, la présence d'isoformes atypiques, et les

liens entre les thiorédoxines et leurs cibles, ainsi qu'avec les autres systèmes

redox, en particulier le glutathion et les glutarédoxines.
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Abstract. Thioredoxins are smaIl proteins catalyzing
thiol-disu1fide interchange and are involved in the regu­
lation of the redox environment of the cell In plants, the
thioredoxin system is particularly complex since at least
20 thioredoxin isoforms are found in the plant model
Arabidopsis thaliana. Based upon primary sequence
analysis and subcellular 10calization, thioredoxins can be

classified into different groups and subgroups. Different
pathways aIlowing thioredoxin reduction also coexist in
the plant involving ferredoxin-thioredoxin reductase,
thioredoxin reductases and the glutathionefglutaredoxin
system. This review discusses the 1iterature of plant
thioredoxins with emphasis on recent findings in the
field.

Key words. Disulfide bridge; redox regulation; thioredoxins; thiol reduction.

Introduction

Several fundamental processes mediating and regulating
enzyme activities are performed through sensor proteins
and transmitters of redox signaIs. Oxidation-reduction of
cysteinyl residues is a key factor in these processes, al­
lowing the activity modulation of several enzymes. Cys­
teinyl residues can undergo oxidation to form disulfides
(S-SR), sulfenic acid (S-OH), sulfinic acid (-S02H) or
sulfonic acid (-SO,H). The development ofproteomic as
weIl as other approaches led to the identification, in aIl
kingdoms, of numerous post-translationaIly redox-regu­
lated proteins. Apart from low molecular weight com­
pounds such as glutathione and ascorbic acid, cellular re­
dox control is mediated main1y by two sets of related pro­
teins: the thioredoxins and glutaredoxins. The plant
glutaredoxin system has been recently reviewed [l, 2],
and we will focus in this review on current knowledge
about the thioredoxin system in plants. Since several as­
pects of this topic have been reviewed recently [3-9], this
review will only deal with most recent advances in the
field.

* Corresponding author.

Sequence comparisons and thioredoxin diversity
in plants

Thioredoxins are smaIl proteins (around 12 kDa) that are
present in aIl organisms. In addition to these 'classical'
thioredoxins, numerous proteins also exhibit thioredoxin­
like domains or multiple thioredoxin domains. These pro­
teins differ from the classical thioredoxins and are not re­
viewed in this article. In plants, the thioredoxin system is
particularly developed in comparison with other organ­
isms. Indeed, in Arabidopsis thaliana at least 20 thiore­
doxin genes have been reported in the whole sequenced
genome [10]. An alignment of the amino acid sequences
of different thioredoxins found in A. thaliana is shown in
figure 1. Primary structure analysis aIlows a classifica­
tion of the reported isoforms: Trxf, Trxh, Trxm, Trxo,
Trx.x and Trxy thioredoxins. The increasing number ofex­
pressed sequence tags (ESTs) found in databases reveals
that the different thioredoxin groups are present in aIl
higher plants studied (poplar, pinus, tomato, soybean and
so on) suggesting that the thioredoxin diversity found in
A. thaliana is representative of aIl higher plants. Based
on the primary structure analysis, a phylogenetic tree
was constructed using Clustalw (http://clustalw.genome.
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ad.jp/), encampassing the variaus thioredoxin isoforms
founJ in A. thaliana (fig. 2) Comparisons with prakary­
otic and cukaryotic sequences show that thioredoxins 111,

x, Clnd r are of prokaryotic origin [10. Il]. In contrast,
phyl0genetic analyses suggest a eukaryotic origin for
thiorecloxinsf h and 0 [10,12,13].
ln addition to primary structure analysis, subcellular 10­
callzatian the different thioredoxins is an important fac­
tor in unclerstanding the plant thiaredoxin system. The
chloroplast cantains the thiaredoxinsj, Ill, x and y and the
atypical DSP32. The corresponding amino acid se­
quences possess an N-terminal extension. Thcse exten­
sions arc 1ikely to correspond to a putati ve transi t peptide
for targe.ting to the chlaroplast. Ali sequences are pre­
dicted ta be addressed ta the chloraplast with a very high
score by Predotar, iPSORT and TargetP (links available at
http://www.expasy.ch). The chloroplastic localization of
(, m and x thioredoxins has been canfirmecl by fusion
green fluorescent pratein (GFP) experiments using the
A. tha/lana isoforms [14].
The thioredoxins 0, at least AtTrxo 1. have been recently
c1emonstrated to be present tn mitachondria. These iso­
forms, which exhibit a -terminal extension, are pre­
dicted ta be adclrcssed ta the mitochanclria. This localiza­
tion has been confinned by mitochondrial import experi­
ments [13] and by GfP fusion experirnents for AtTrxo 1

[14]. The mitochondtial system could be completed by at
least one isoform of thiorecloxin h. Based on primary
structure analysis, thiorecloxin h could be c1ividecl in
to three subgroups [15, 16]. Our group has recently
demonstrated that one poplar isoform (PtTrxh2) belong­
ing to the subgroup 2 [17] is associatecl with mitochon­
dria [18].
Besides this isoform, the thioredoxin h group found in A
tha/lana constitutes a large disparate group that inclucles
some thioredoxin isofomls exhibiting N-terminal exten­
sions. Nevertheless, cell sorting precliction programs
suggest that these isoforms are eytosol ic. This point is in
disagreement with previous results showing the purifi­
cation of thioredoxin h from Illitochondria [19, 20] and
endoplasmic reticulum [19]. Furthermore, Trxh 1 and
Trxh2 from soybean belonging to the same subgroup as
PtTrx.h2 exhibit a hydrophobie N-terminal extension,
suggesti ng that they cou Id be bound to membranes [2 J].
Nuclear localization of thioredox.in h has been also
c1emonstratecl [22]. Finally, recent c1ata demonstrate
that subcellular localization may not depend only on the
signal peptide presence [23. 24], suggesti ng that subceJ­
lular localization of thioredoxin h needs to be investi­
gated.
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Physical and mechanistic aspects of thioredoxin has been reviewed recently [4, 6, 8] and will be not
discussed here.

The chloroplastic thioredoxin system:
Composition, mode of reduction and target enzymes

Figure 3. Different pathways of Trx reduction. The chloroplastic
pathway involves ferredoxin-thioredoxin reductase (FTR). In mito­
chondria and cytoplasm, thioredoxins could be reduced by NADP­
thioredoxin reductase (NTR). Particular thioredoxins could also be
reduced via the glutathione (GSH/GSSG)/glutaredoxin (Grx) sys­
tem. Glutathionylation ofTrx has also been demonstrated.

The multiplicity of the different thioredoxin isoforms
found in chloroplasts 4m, 21, lx and 2y in A. thaliana
raises the question of thioredoxin specificity and func­
tion. It is weIl documented that chloroplastic thioredoxins
are associated with light regulation ofcarbon metabolism
through regulation of the reducing pentose phosphate
pathway and also ofthe C4 pathway. Under oxidizing con­
ditions prevailing in the dark, a number of enzymes are
inactive due to the oxidized state of critical cysteinyl
residues. Following a dark-to-light transition, these
residues are reduced to the thiol state by thioredoxins pre­
sent in the chloroplast stroma, leading in general to acti­
vation of the biocatalysts with the notable exception of
glucose-6-phosphate dehydrogenase, which is inhibited
during a dark-to-light transition [33]. The reducing power
provided by light is mediated by the ferredoxinlthiore­
doxin system composed offerredoxin, ferredoxin-thiore­
doxin reductase (FTR) and thioredoxins (fig. 3). This sys­
tem has recently been reviewed and will not be detailed
here [8, 34, 35]. Only two thioredoxin types have been
implicated together with the ferredoxin/thioredoxin sys­
tem, thioredoxins f and m. Historically, the Trxms were

SSG

NADPHLight

A thioredoxin is defined both by its structural and cat­
alytic characteristics. It is able to reduce disulfide bonds
(the model used is insulin). In addition, thioredoxins are
very stable proteins containing around 110 amino acids in
their mature form (excluding the transit peptides of the
nuclear encoded chlorop1astic and mitochondrial iso­
forms). The major feature ofthioredoxins is the presence
oftwo cysteinyl residues involved in the very conserved
catalytic site WC[G/P]PC. A few thioredoxin h isoforms
belonging to subgroup 3 [10, 16] exhibit an unusual cat­
a1ytic site where the C-terminal cysteine residue is
changed to a serine (CXXS). In classical catalytic sites,
both cysteinyl residues are involved in the cata1ytic activ­
ities of the enzyme, allowing disulfide bridge reduction
ofthe target protein (fig. 3). The redox potential ofthiore­
doxin is also critical in governing its activity. The redox
potential of plant thioredoxins ranges between - 285 and
-350 mV [14, 25], with the notable exception ofPtTrxh4.
This pop1ar isoform belongs to thioredoxin h subgroup 3
[16] and exhibits a redox potential around - 200 mV [un­
published results], explaining its unusual reduction path­
way, which invo1ves glutaredoxins (see below). The
amino acid environment of the cysteinyl residues is criti­
cal for thioredoxin disulfide reductase activity. Protein
disulfide isomerases (PDIs) catalyze the formation of
disulfide bridges and also possess a CXXC active site
(CGHC). Eukaryotic PDIs exhibit an Em ranging from
-147 to -175 mV [26]. In Dsba, which exhibits a CGHC
catalytic site and oxidase activity, the pKa of the N-ter­
minaI active site cysteine is decreased in comparison to
thioredoxin. Stabilization of the thiolate is due to an ad­
ditional hydrogen bond with the active site histidine [27].
Different mutagenesis studies have shown that the se­
quences of the x-x dipeptides are a determinant of the
redox potential of the thioredoxin superfamily of oxi­
doreductases and are also important in interactions with
target proteins [28-30]. In particular, several thioredox­
ins h exhibiting the unusual catalytic site WCPPC have
been reported [10]. In A. thaliana, among five isoforms
belonging to subgroup l, three are WCPPC [10]. The re­
dox potential ofthese isoforms is similar to the WCGPC
isoforms (around -285 mV) [25]. Nevertheless, yeast
complementation experiments have shown that modifica­
tion ofAtTrxh3 active site (WCPPC to WCGPC) restores
a partial sulfate assimilation phenotype [31]. Further­
more, mutation of the PtTrxh3 active site (WCGPC to
WCPPC) strongly modifies the protein conformation
[32]. AlI these data suggest that the prolyl residue could
play a role in the active site conformation, leading to spe­
cific interactions with target proteins.
Thioredoxins as weIl as the other members of the thiore­
doxin superfamily exhibit similar three-dimensional (3D)
architecture. The description of these 3D structures
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so named because they were able to activate the weIl­
characterized NADP ma1ate dehydrogenase (NADP­
MDH) [7], while Trx/has been demonstrated as a spe­
cific activator of fructose-l ,6~biphosphatase (FBPase).
Among the different protein targets biochemically char­
acterized so far, many Calvin cycle enzymes are redox
regu1ated via specific interactions with Trxl [7]. This
suggests a specificity of thioredoxin1for photosynthetic
carbon assimilation.
Among the four AtTrxms, AtTrxm1, m2 and m4 have
been shown to efficiently activate NADP-MDH [14].
Furthermore, using proteomic too1s, these three isoforms
have been found associated with the stroma1 side of the
thy1akoid membrane [36], even ifthis association seems
to be very weak [37]. This loca1ization has also been
shown for 2-Cys peroxiredoxin [36-38]. Peroxiredoxins
constitute a multigenic family involved notably in reac­
tive oxygen species reduction (ROS) [39]. Among the
nine expressed peroxiredoxins found in the A. thaliana
genome, four isoforms are found in chloroplasts, two
dimeric 2-Cys Prx, one type II Prx and one Prx Q [40].
Neverthe1ess, different chloroplastic thioredoxins if, m,
x and y) as weIl as one thioredoxin-like cWoroplast
drought-induced protein of32 kDa [41] are able ta reduce
in vitro 2-Cys AtPrx as weIl as poplar PrxQ [14, 42].
AtTrxx is the most efficient thioredoxin tested in the re­
duction of 2-Cys Prx, suggesting that this isoform could
be invo1ved in vivo in peroxide detoxication [14].
AtTrxm3 exhibits specials properties. In in vitro tests,
this isoform is not able either to activate NADH-MDH
and FBPase or to reduce 2-Cys Prx [14], and its expres­
sion pattern differs from the other thioredoxins m [43],
suggesting that this isoform could be involved in specific
functions in non-green plastids.
One Trxy isoform conserved in photosynthetic organisms
has been characterized in the green algae Chlamy­
domonas reinhardtii [Il]. CrTrxy is efficient in reduction
of various Prxs [Il, 42], but is probably not involved in,
in vivo activation ofFBPase or NADP-MDH [11].
The thioredoxin reduction pathway in ch10roplasts is
probably not only dependent on the FTR system. Indeed,
A. thaliana genome analysis has suggested the presence
of a putative NADPH-dependent thioredoxin reductase
(NTR, see below and fig. 3) containing also a thioredoxin
domain in chloroplasts [22, 44]. This protein has been
recently characterized in rice as a bifunctional enzyme
exhibiting both thioredoxin and NTR activity but not
a NTR/thioredoxin system. Nevertheless, the NTR do­
main is unable ta reduce the thioredoxins tested, parti­
cu1arly thioredoxins 1 and m. Knockout experiments
have suggested that this protein is probably involved
in protecting of chloroplasts against oxidative damage
[45].
The diversity of chloroplastic thioredoxin isoforms is in
accordance with the number of demonstrated or putative

target proteins. Nevertheless, in most cases the speci­
ficity of these protein-thioredoxin interactions remains
undefined. Recently, the deve10pment ofproteomics cou­
pIed with the identification of redox-regu1ated proteins
led to a dramatic increase of the number of potentia1
thioredoxin targets in cWoroplasts [46-48]. The potentia1
thioredoxin-interacting proteins are listed in table 1. The
number ofpotential functions cannot be detailed here and
remain to be confirmed in several cases. Apart from its
well-documented dark-to-light transition, the thioredoxin
system participates in responses against environmental
stresses. In most cases, abiotic or biotic stresses are
linked to the production of ROS. The thioredoxin system
is involved in ROS detoxication at least through several
peroxiredoxin isoforms [38, 42], glutathione peroxidases
[49] and peptide methionine sulfoxide reductases [50,
51 ].

The mitochondrial thioredoxin system:
composition, mode of reduction and ta.-get enzymes

The plant mitochondrial thioredoxin system involving
thioredoxin 0 and NTR was recently described in A.
thaliana [13]. In this system, reducing equivalents for
thioredoxin reduction are provided by NADPH through
NTR (fig. 3). This system is ubiquitous, but despite their
similarities the NTRs of plants and animaIs are funda­
mentaIly different. In animaIs, NTRs are very homolo­
gous to glutathione reductases [52]. These homodimers
of 55-kDa subunits usually contain a se1enocysteine
residue present in a carboxy-termina1 active site [53].
In plants, as weIl as in fungi, archea and bacteria, the
NTR proteins are found as homodimers of 35-kDa sub­
units without selenocysteine residues [54, 55]. Chlamy­
domonas reinhardtii exhibits both NTR forms [56]. In A.
thaliana, two genes encoding typica1 NTRs have been
found in the whole sequenced genome and called ntrA
and ntrB [10]. ntrA produced two different messengers:
one shorter, encoding a cytosolic protein, and one longer,
featuring a signal peptide that allows mitochondrial
importation of the protein [13]. This mitochondrial
NTRA has been shown to efficiently reduce AtTrxo1, the
first characterized plant mitochondrial thioredoxin [13].
Two thioredoxins 0 have been described in A. thaliana,
AtTrxol and AtTrxo2; nevertheless, only AtTrxo1 has
been shown to be localized in mitochondria, while the
subcellular localization ofAtTrxo2 remains unclear [13].
Thioredoxin 0 genes have been found in other plant
genomes [25]. Besides the 0 type of thioredoxins, plant
mitochondria could also contain thioredoxin h. The
poplar thioredoxin h2 (PtTrxh2) [17] was recently shown
to be associated with mitochondria using both GFP fu­
sion and immunolocalization experiments [18]. PtTrxh2
is reduced efficiently in vitro by AtNTRA, suggesting
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Table 1. Potential target of thioredoxins in the chloroplasts.

References References

Carbon assimilation Photorespiration
Transketolase [47] Glycerate kinase
Triose phosphate isomerase [47]
Ribulose-P-3-epimerase [47] Translation
Carbonic anhydrase [47] RB60
Sedoheptulose-l ,7-biphosphatase [78] Elongation factor Tu
Phosphoribulokinase [79] Elongation factor g
Glyceraldehyde-3P- dehydrogenase [80] Ribonucleoprotein
Rubisco activase [81] 30S ribosomal protein SI
Rubisco small subunit [47] Ribosomal protein S6 (PrpS6)
Fructose-l,6-biphosphatase [82]

DNA replication/transcription
Metabolism ATP-dependent DNA helicase
Glutamate synthase
3-deoxy-D-arabino-heptulosonate [83, 84] Plastid division

7-phosphate synthase FtsZ protein
NADP-malate dehydrogenase [85]
Acetyl-CoA carboxylase [86] Protein degradation
CFI ATPase [87] ATP dependent clp protease
Glucose-6P-dehydrogenase [88] Magnesium chelatase
Cysteine synthase [47]
ADP-glucose pyrophosphorylase [89] Vitamin biosynthesis
Cyclophilin [90] Thiamin biosynthesis protein
Phosphoglycerate dehydrogenase [47] Thiazole biosynthetic enzyme
Cysteine synthase [47]
6-phosphogluconate dehydrogenase [47] Stress coupled reactions
Enolase [91] Peroxiredoxin Q
l3-amylase [47] 2-Cys Peroxiredoxin

Glutathione peroxidase
Photosystem Methionine sulfoxide reductase
LHcn protein kinase [92]

[93]

[94]
[47]
[47]
[47]
[47]
[47]

[47]

[47]

[47]
[47]

[47]
[47]

[46]
[95]
[96]
[16]

that this isoform could also be reduced in vivo. These data
confirm previous studies demonstrating the presence of
Trxh in mitochondria [19]. The presence of at least two
distinct thioredoxins in mitochondria raises the question
of the specificity of each type. Recent proteomics exper­
iments have detected numerous potential thioredoxin tar­
gets in mitochondria involved in several fundamental
processes [57]. Indeed, up to 50 potential Trx-linked pro­
teins are potentiaIly involved in 12 processes: photorespi­
ration, citric acid cycle, lipid metabolism, electron trans­
port, ATP synthesis, membrane transport, translation,
protein folding, nitrogen metabolism, suIfur metabolism,
hormone synthesis and stress-related reactions. Bio­
chemical experiments now need to be performed to de­
termine the possible specificity of each mitochondrial
thioredoxin type towards these targets. In addition, Pt­
Trxh2 as weIl as AtTrxo1 have been shown to activate al­
ternative oxidase (AOX) [18]. AOX couples the oxidation
of ubiquinol to the complete reduction of oxygen to wa­
ter. This pathway does not contribute to ATP synthesis but
can dampen the mitochondrial generation of ROS. AOX
activity is submitted to post-translational regulation in­
volving the reduction of an intersubunit disulfide bridge
and allowing AOX activation by a-keto acids (for review,

see [58]). This disulfide bridge reduction could be per­
formed by thioredoxins. AOX could play a l'ole in the reg­
ulation of the programmed ceIl death [59]. In addition,
mitochondrial thioredoxins could play another role in
apoptosis regulation, modulating porin conformation
[57). The mitochondrial redox state and also probably the
mitochondrial thioredoxin system play a key role in plant
redox homeostasis and particularly in stress resistance in­
duction [59].

The thioredoxin h families and cytososolic
thioredoxins

Based on primary structure analysis, thioredoxins h con­
stitute a large disparate group which can be divided in the
three different subgroups [6, 10, 16], caIled subgroups l,
II and III [9].
The classification ofthioredoxins h needs to be improved
by considering both their subcellular localization and their
participation in distinct reduction pathways. We also pro­
pose a more detailed classification, presented below.
The subgroup l comprises thioredoxins, which are be­
lieved to be cytosolic. An analysis of 41 subgroup l
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Figure 4. Phylogenetic tree of several thioredoxins h belonging to
the subgroup 1. This tree was drawn using ClustalW. Three clusters
named lA, lB and IC can be distinguished according to their pri­
mary sequence. In clusters lB and IC, residue 101 is shown. The
codes used are the foIIowing: Ah: Arachnis hypogaea (CD038084);
Atl: A. thaliana (At3g51030); At3: A. thaliana (At5g42980); At4:
A. thaliana (At!gl 9730); At5:A. thaliana (Atlg45145); Bnl: Bras­
sica napus (U59379); Bn2: Brassica napus (U59380); Brl: Bras­
sica rapa (AB10434); Ca: Capsicumannuum (AY496104); Cp: Cit­
rus paradisi (AY27I308); Gal: Gossypium arboreum (BQ408049);
Ga2: Gossypium arboreum (TC25963); Gml: Glycine max
(AI4612l9); Gm2: Glycine max (BI699372) Hal: Helianthus an­
nus (TC12357); Ha2: Helianthus amuIs (TCI2867); Hb: Hevea
brasiliensis (CB377001); HvI: Hordeum vulgare (AY245454);
Hv2: HOJ'deum vulgare (AY245455); lbl: Ipomoea batatas
(AY344230); Ib2: Ipomoea batatas (BJ56I302); Le: Lycopersicon
esculentum (TCII6392); Mtl: Medicago truncatula (TC85696);
Mt2: Medicago truncatula (TC87208); Lsl: Lactuca sativa
(TC9289); Ls2: Lactuca sativa (BQ873424); Nt!: Nieotiana
tabacum (X58527); Nt2: Nieotiana tabacum (ZI1803); Osl: Ofyza
sativa (Q42443); Os2: Oryza sativa (Q9FRT3); Pg: Peppermint
glandular (AW255457); Pp: Prunus persica (AF323593); Psi:
Pisum sativum (AYI70650); Ps2: Pisum sativum (ABI0990); Ptl:
Populus trieocharpa cv. Trichobel (AF483625); Pt3: Populus tric­
oeharpa cv. Trichobel (BU822062); Rc: Ricinus eommunis
(Z70677); Sb: Sorghum bieolor (TC87208); Sr: Stevia rebaudiana
(BG525644); St: Solanum tuberosum (BMIllOlO); TaI: Thtieum
aestivum (CD886902); Ta2: Triticum aestivum (CD892602); Ta3:
Triticum aestivum (BJ210524); Vvl: Vitis vinifera (CF2l6136);
Vv2: Vitis vinifèra (CB3480 Il).

thioredoxins h shows that these proteins can be classified
into three different clusters, which we have named lA, lB
and IC (fig. 4). A. thaliana thioredoxins h3, h4 and h5 as
weIl as brassica sequences are related to cereal thiore­
doxins in cluster lB and IC, whereas AtTrxhl is present
in cluster lA. A classification has been recently proposed
based on the residue at position 101 [15, 61]. This residue
could be present on the protein surface from ca. 12 A of
the active site [61]. AtTrxh3 and AtTrxh5 cluster in IC
with thioredoxins exhibiting a hydrophobie residue in
this position (A, l or M). In contrast, AtTrxh4 is related to

thioredoxins harbouring a charged or hydrophilic residue
(R, K or N) in cluster IB. This 101 residue is also involved
in a structural motif [RIO,KDD] critical for transfer from
compallion cells to sieve~tube elements [62, 63]. lndeed,
thioredoxins h have been found abundantly in phloem
sieve tubes from several plants [62, 64, 66]. Nevertheless,
AtTrxh5 exhibits a [AIO,KDE] motifand has also been re­
ported to be expressed in vascular tissues [65]. Besides
this C-terminal motif, the N-terminal sequence MAAEE
also seems to be required for transfer through plasmodes­
mata [63].
Recent studies have shown that A. thaliana thioredoxins
h differ by their cell type and specificity of expression
[65, 67]. Among the thioredoxins h subgroup 1, Attrxhl
and Attrxh4 expressions are corre1ated with the cell cy­
cle, suggesting a role in redox control ofcell proliferation
[68]. In contrast, AtTrxh5 seems to be specificaUy in­
volved in response ofpathogens and to oxidative stresses
[67]. In cereals, thioredoxins h are found throughout the
plant but are more abundant in mature seeds [64]. During
seed maturation, TaTrxhA has been detected in the nu­
cleus of aleurone and scutellum cells, this localization
corresponding to oxidative conditions in these tissues
[22].
The second subgroup ofthioredoxins h encloses proteins
harbouring N-terminal extensions. Primary analysis of28
sequences show that these thioredoxins can be divided in
different clusters, one corresponding to cereal sequences
called lIA, one containing the mitochondrial PtTrxh2, At­
Trxh7 and AtTrxh8 (see above) named lIB and one con­
taining thioredoxins related to AtTrxh2 named IlC (fig.
5). Conceming proteins of cluster lIB, the different re­
ported sequences have been submitted to the prediction
program (http://hypothesiscreater.net/iPSORT/), show­
ing that these isoforms could also possess a signal
peptide. Nevertheless, AtTrxh7, which belongs to this
cluster, is not currently predicted to be associated with
mitochondria, which does not exclude a possible mito­
chondrial localization. Despite this obvious exception,
c1uster lIB may include mitochondrial thioredoxins h.
Cluster IlC also constitutes a homogeneous group which
exhibits a N-terminal extension. In soybean, a thiore­
doxin belonging to this subgroup has been shown to be
anchored to the plasma membrane [21]. Very few studies
have been performed on these thioredoxins, preventing
any conclusion about the significance ofthis N-terminal
extension. Complementation experiments have shown
that AtTrxh2 aUows yeast Trx mutants to grow on sulfate
[70]. Furthermore, Attrxh2 gene expression is correlated
to the ceU cycle, exhibiting a peak of expression in 02
phase [68].
The third subgroup ofthioredoxins h comprises the atyp­
ical thioredoxins CXXS and thioredoxins exhibiting the
usual catalytic site WCOPC (fig. 6). The CXXS thiore­
doxins cannot be considered as true thioredoxins and are
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Figure 5. Phylogenetic tree ofdifferent thioredoxins h belonging to
subgroup II. This tree was drawn using ClustalW Three clusters
named lIA, lIB and IIC can be distinguished according to their pri­
mary sequence. The codes used are the following: At2: Arabidopsis
thaliana (At5g39950); At7: Arabidopsis thaliana (Atlg59730);
At8: Arabidopsis thaliana (Atlg69880); Cp2: Citrus paradisi
(CF837405); Br3: Brassica rapa (AF352030); Ga3: Gossypium ar­
boreum (BG440056) Gm3: Glycine max (AW620807); Gm4:
Glycine max (BMI88930); Ha3: Helianthus amUis (TC13569); Ib3:
Ipomoea batatas (AY344228); Hv3: HOI-deum vulgare (BI960260);
Le2: Lycopersicon esculentum (TCI35169); Ls3: Lactuca sativa
(TC955l); Mc: Mesemblyanthemum crystallinum (BE033809);
Mt3: Medicago truncatula (AW560796); Mt4: Medicago truncat­
ula (AW686237); Os3: Oryza sativa (AK062383); Os4: Olyza
sativa (CB681257); Pa: Prunus anneniaca (CB818939); Ps3:
Pisum sativum (AYI70651); Pt2: Populus tricochmpa cv. Trichobel
(AF483266); Pt5: Populus tricochmpa Cl, Trichobel (BU869308);
Rc: Rosa chinensis (BI978567); Sb2: SOIghum bicolor (TC76743);
Ta4: Triticum aestivum (CD894811); Vv3: Vitis vinifera
(CF513794); Vv4: Vitis vinifera (TC25464); Zm: Zea mays
(AYI04013).

more likely related to the monothiol glutaredoxin super­
family [1]. Indeed, the absence of the second cysteinyl
residue in the catalytic site prevents 'true' thioredoxin ac­
tivity. In vitro experiments performed with PtCXXS3
have confirmed this hypothesis [16]. Nevertheless, these
atypical thioredoxin genes have introns at the same posi­
tions at the other thioredoxins h [10]. In fact, the main
feature ofthe third subgroup is possible interactions with
the glutaredoxin/glutathione system. Indeed, in contrast
with the other thioredoxins h (belonging to subgroups 1
and II), these proteins are not reduced by NTRs [15, 16].
PtCXXS3 is active in a glutathione:HED transhydroge­
nase assay, suggesting glutaredoxin-like activity [1]. Fur­
thermore, PtTrxh4, which possesses a classical WCGPC
active site, exhibits true thioredoxin activity but is re­
duced by glutaredoxins. An amino acid comparison of

Figure 6. Phylogenetic tree ofdifferent thioredoxins h belonging to
the subgroup III. Two c1usters named IIIA and IIIB can be distin­
guished according to their primary sequence. Cluster IIlA enclosed
the thioredoxins harbouring the usual active site WCGPC, whereas
the members of c1uster IIlB exhibit a CXXS catalytic site. The
codes used are the fol\owing: At9: Arabidopsis thaliana
(At3g0871O); Gm5: Glycine max (CA799351); Hb: Hordeum bul­
bosum (AFI59385); Hv4: Hordeum vulgare (AF435815); Lp:
Lolium perenne (159387); Ls4: Lactuca sativa (TC9851); Mc2:
Mesembryanthemum crystallinum (CA838461); Os5: Oryza sativa
(AF4358 17); Pc: Phalaris coerulescens (AFI59388); Pt4: Populus
tricocharpa cv. Trichobel (BU835000); Sb3: SOIghum bicolor
(TC72759); Sc: Secale cereale (AF159386); Ta5: Triticulll aes­
tivum (AF438359); Vv5: Vitis vinifera (CB004453); Zm2: Zea
mays (AF435816); AtCXXSl: Arabidopsis thaliana (Atlg 11530);
BpCXXS: Betula pendula (CD278293); CsCXXS: Citrus sinensis
(BQ623126); HbCXXS: Hevea brasiliensis (AF133127);
PtCXXS1: Populus tricocharpa cv. Trichobel (CA823821);
PtCXXS3: Populus tricochmpa cv. TJ"ichobel (BU874060);
VvCXXS: Vitis vinifèra (CF204852). The atypical AtCXXS2 clus­
ters separately. Databases analysis did not reveal any plant
AtCXXS2 orthologues. Consequently, AtCXXS2 has been omitted
in the construction of this phylogenetic tree.

different PtTrxh4-related thioredoxins shows that a third
cysteinyl is conserved in the N-terminal part of the pro­
tein (fig. 7). Mutagenesis experiments have shown that
this third residue is probably involved in protein reduc­
tion by glutaredoxin [E. Gelhaye et al., unpublished].
PtTrxh4 exhibits an Em value around - 200 mV at pH 7 [E.
Gelhaye et al., unpublished], a value quite elevated over
the one reported for other thioredoxins [18, 25], but ade­
quate to allow reduction by glutaredoxins [1]. This sub­
group also constitutes a direct interconnection between
the two major systems involved in cellular redox regula­
tion.
The number of potential targets of thioredoxins h has
considerably increased with the development of pro­
teomics [71-75]. Nevertheless, the as yet undefined
specificity of interactions between thioredoxins and tar­
get proteins prevents firm conclusions at this point.
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MGIG---KGR-SlVEEKLDFKGGNVHVlTTKEDWDQKlEEANKDGKIVVANFSAS
MGG: G- ·KD SIVEEKLDFKGGNVHVITTKEDWDQKIEEANKOOKIVVANLSA
MG -·K -GVVEEKLDFK GNVHVITTKEDWDQKIEEANKDGKlVV FSA
MG G--· DR-SlVEDKLDF GGNVHVlTTKEDWDQKVAEANKDGKlVVANFSA
MG G- - KDR - SIVEDKLDFK 'NVHVITTKEDWDQKVAEANKDGKIVVANFSA
MGG G--K IRHIEEDKLDFKGGNVHVITSKEDWDRKIEEANKDGKIVVANFSA
MG --KVR-RDDEEKLDFKGGNVHIITSNEGWDQKlAEi RDGKTVVANFSA
MG DKY RDA NDELHVEFAGGNVHLITTKES~VDQKLSEASRDGKIVL FSA
MG FMKHHNDDDDSDHNAAFAS tfVHL TTK~vEEKLAEASKDGKlVlANFSA

MGl FSSTHNDGDESDHNAEFAG NVTLVSSKDA'DQKLSEAKKDHKlVIANFSA
MGS SKN RDNDSDHNVDFAAGNVKLITTKEAWDQYLEEARROGKIVIANFS
MG AKS DRDNDSDQHVEFAAGNVALlTTKEAWDQKLEEAKKDGKIVIANFSA
MGS SK K D-DDSVHNVEFSGGNVHLITTKESWDDKLAEADRDGK VV FSA

VVAPVYAGHSKTYP
VIAPVYAEHSKTYP
VI APVYAEMSK'l'YP
VIAPVYAEHSKTYP
VIAPVYAEMSKTYP

• RVIAPIYAEMSK'l'YP
• RVIAPVYA MSKTYP
• RQIAPFYN LSEKYP

IAPFY ELSEAHP
IAPYYIELSEKHP
IAPYYCELSEKYT
IAPYYCEMSEKYT

• KIVAPF-IELSEKHS

Sc QLMFLTIDVDDLMDFsSTWDlRATPTFFFLKNGQQIDKLVGANKPELEKKVQALGDGs----------------
1'aS QLMFLTIDVDDLMDFSST~JDlRATPTFFFLKNGQQIEKLVGANKPELEKKVQALGDGS----------------

Hv4 QL~WLTIDVDDLMDF STV1DlRATPTFFFLKNGQQIDKLVGANKPEL KKVQALGDGS----------------
Hb QLMFLTIDVDDLMDFG.TWDlRATPTFFFLKNGQQIDKLVGANKPELEKKVQAL 005----------------
Lp QLMFLTIDVDDLMDFSSTiVDIRATPTFFFLKNGQLIDKLVG RPELEKKVQAIGDGS----------------

s5 QLMFLTIDVDDLMDFSSSWDlRAKPTFFFIKNEKQVDKLVGANKPELEKKV ALADGS----------------
Zm2 QLMFLTID~~DLMDFSSSWDlRATPTFFFLKNGQQIDKLVGANKPELEKKVLAAADASTS--------------

Pt4 SLLFLLVDVDELSDLSTSWElKATPTFFFLRDGKQLEKLVGANKPELQKKITAIVDSLPPS K----·-------
Vv5 SLMFLTVDVDELSEFSSSWDIKATPTFFFLRDGQQVDKLVGANKPELQKKITAILDSMTQCNK-----------
Ls4 SLMFLSVDVDELTDF TQWDIKATPTFFFLRN EQFDKLVGANKPELLKKINAIVDSEPPRRAV----------
Gm5 SMMFLVVDVDELTDFSTSWDlKATPTFFFLKDGQQLDKLVGANKPELQKKIVAINDSLPEYKQ----------
Mc2 SMMFLLVDVDELTDFSTSW lKATP'l'FFFLKOOQQLDKLVGANKPELEKKLVAIADSVPQISSDLFLFMFVDAT

t 9 SLMFLLVDVDELSDFSSSWDlKATPTFFFLKNGQQlGKLVGANKPELQKKVTSI IDSVPESPQRP- - - - - - -._-

Fi"urc 7. Amino aeid sequence comparison orthioredoxins belonging to the cJuster li lA. The alignment was perrortlJed with ClustalW.
The 'odes lIseJ are identical to those u:cd in figure 6. Catalylic sites and the third conserved cysteine me in white on black.

Conclusion and perspectives

The thioredoxin sy:tem is particularly complex in higher
plants. involving nllrnerous isoform~ presenl in ail plant
compartments. The chloroplast system is the besl doeu­
mented; nevertheless, the function of each isoform re­
mains unc1car. The developll1cnt of proteomics tools led
to the identificalion of numerous potential thiorec!oxin­
reglilated proteins; biochemical stuclies are needed to
eonfirm these interactions The plant lllitoehonclriai sys­
tem was di COy red only very rl;c ntly, ancl other thiore­
doxins may also be present in this organelle. Mitoehondr­
lai thioredoxins seem to be involved ln fundamental
processcs in particular in apoptosis regulation; again
these interactions have to be eonfirmed.
ln the field ofredox regulation. it is obviolls that the dif­
ferent systems are direetly connectee!. 1ndeed, human
thioredoxin activity is Illodulated by glutathionyJation
[76], and yeast GrxS may be reduced by Trx [77]. In
plants, PtTrxh4 is directly redueed by Grx, and
PtC'XXS3 exhibits a gllltaredoxin-like aetivily. Further­
more, it was reeently established that PtTrxh2 redox
potential is lllodlilated by glutathionylation (fig 3)
[18]. These interconnections between major redox
reglilating systems are probably physiologically im­
portant. The stlldy of these relationships will cel1ainJy

lead to a better underslanding of plant cclI redox regu­
lation.
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A côté de ces Trx stricto sensu, Il existe aussi des Trx atypiques, qui vont

contenir un ou plusieurs motifs Trx fonctionnels à l'intérieur d'une séquence plus

langue. C'est le cas de la protéine CDSP32 identifiée chez Arabidopsis tha/iana, qui

possède un motif Trx CxxC dans sa partie C-terminale et qui possède une activité

Trx au sein du chloroplaste (Broin et al 2000, Broin et Rey 2003, Rey et al 2005).

C'est le cas aussi de la NTRC d'A. tha/iana, qui contient un module thiorédoxine

réductase couplé à un module thiorédoxine, et qui est capable de réduire

efficacement une Prx 2-Cys en présence de NADPH (Moon et al 2006). Cette

enzyme semble nécessaire au fonctionnement du chloroplaste, la délétion du gène

correspondant induisant d'importantes perturbations du métabolisme, en particulier

en conditions de stress (Perez-Ruiz et al 2006). Une autre enzyme appelée

nucléorédoxine (Nrx) contient trois modules Trx, dont deux possèdent des sites

actifs de séquence CPPC, et est présente chez les végétaux supérieurs. Elle est

localisée dans le noyau, où elle pourrait réguler des facteurs de transcription

(Laughner et al 1998). On peut noter que chez certains organismes, appartenant le

plus fréquemment au monde bactérien, on retrouve aussi des motifs Trx dans des

protéines de fusion naturelles, comme dans la protéine PilB de Neisseria

meningitidis, dont le module MSR utilise le pouvoir réducteur fourni par le module

Trx (Ranaivoson et al 2006). Les investigations pour comprendre le fonctionnement

des protéines multi-modulaires et les mécanismes biochimiques sous-jacents sont

un champ d'investigation récent et prometteur (Rouhier et al 2006b).

Chez le peuplier, notre modèle d'étude, il existe 5 gènes codant pour des

isoformes de Trx cytosoliques, appelée Trx h1.1 et h1.2, h3, h4.1 et h4.2. La

mitochondrie abrite elle aussi des isoformes spécifiques telles que la Trx h2, mise
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en évidence récemment et interagissant notamment avec l'alternative oxydase

(Article IV: Gelhaye et al 2004). Une Trx de type 0 a aussi été mise en évidence au

niveau génomique mais n'est pas encore caractérisée chez le peuplier. Chez

Arabidopsis thaliana, la Trx 01 est mitochondriale, alors que la Trx 02 ne possède

pas d'extension N-terminale. La Trx h5 quand à elle, possède un peptide signal et

semble être secrétée, comme cela a été montré pour la protéine homologue chez le

tabac (Juarez-Diaz et al 2005). Au niveau chloroplastique, on trouve dans le

génome du peuplier au moins 7 gènes codant pour des Trx de type m, un pour une

Trx de type f, une pour une Trx de type x, et 2 pour des Trx y. De plus, trois gènes

codant pour des protéines Trx-like au site actif CXXS sont présents dans le génome

du peuplier, de même que d'autres gènes de Trx-like, homologues à celles

d'Arabidopsis thaliana (Meyer et al 2005, Gelhaye, données non publiées). Les

fonctions de ces Trx-like ne sont pas connues. La détermination du rôle

physiologique de toutes ces isoformes est une question majeure des recherches

actuelles chez les végétaux supérieurs, où le nombre d'isoformes est

particulièrement élevé. Cette problématique se pose aussi pour la famille des

glutarédoxines.

d- Les glutarédoxines (Grx) :

Les glutarédoxines appartiennent à la même famille d'oxydoréductases que

les Trx. Ce sont aussi généralement des protéines de faible masse moléculaire, de

10 à 15 kDa, largement présentes chez tous les organismes. Le travail de

recensement et d'inventaire réalisé chez les végétaux dont le génome est connu, ie.

l'arabette, le peuplier, et le riz, indique que ces Grx forment des familles
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multigéniques contenant de très nombreuses isoformes (Lemaire 2004, Rouhier et

al 2004b, Rouhier et al 2006a). Chez les plantes supérieures, ces protéines se

répartissent en trois groupes, suivant la séquence de leur site actif. Le groupe le

plus important sur le plan du nombre d'isoformes est composé de protéines

possédant un site actif de type CCx(C/S/G). On trouve aussi des Grx de type

Cxx(C/S). Enfin, il existe des Grx possédant une cystéine conservée au niveau du

site actif, de type CGFS. Les Grx utilisent le pouvoir réducteur du GSH pour réduire

directement le déhydroascorbate (DHA) par exemple, mais aussi pour réduire de

multiples protéines cibles telles qu'une Trx h4 (Gelhaye et al 2003) ou des Prx de

type Il (Rouhier et al 2001) chez les plantes supérieures. Les Grx sont aussi

impliquées dans la glutathionylation de certaines protéines. Pour accomplir ces

réactions de glutathionylation, seule une des cystéines des Grx est nécessaire.

Récemment, il a été montré qu'une Trx f d'Arabidopsis thaliana était régulée par ce

processus, le GSH se fixant à une cystéine située hors du site actif (Michelet et al

2005). Enfin, comme pour les Trx, des protéines contenant des modules Grx ont été

mises en évidence par des analyses de séquences, mais leur fonction n'est pas

toujours déterminée (Rouhier et al 2004b). Une exception notable est la

caractérisation des fusions Prx-Grx présentes chez certaines bactéries telles que

Haemophilus influenzae ou Neisseria meningitidis (Pauwels et al 2003, Rouhier et

Jacquot, 2003). A l'instar des thiorédoxines, l'identification et l'étude des protéines

multimodulaires avec un domaine glutarédoxine est un champ d'investigation en

développement, notamment pour l'étude des relations structure-fonction chez ces

enzymes (Rouhier et al 2006b).

D'autres propriétés remarquables ont été mises à jour par l'étude extensive

des Grx de peuplier, avec notamment la présence d'un centre Fer-Soufre (Fe-S)

sen UHP NANCY 1.
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Figure 8. Schéma de principales voies de réduction des Trx dans les cellules

végétales. Les réductases sont figurées en jaune. Le système dépendant de la

lumière est localisé uniquement dans le chloroplaste. Le transfert d'électrons et

protons s'effectue depuis le I\IADPH ou la Fd jusqu'aux différentes protéines cibles

oxydées (d'après Gelhaye et al 2005).



chez l'une d'entre elles, dont le rôle reste inconnu (Feng et al 2006). Ce résultat est

particulièrement intéressant puisqu'il a déjà été montré in vitro que certaines Grx de

levure et d'Escherichia coli participent à l'incorporation de centres Fer-Soufre (FeS)

dans les protéines (Achebach et al 2004, Molina-Navarro et al 2006).

Un schéma récapitulatif des systèmes réducteurs Trx et Grx-dépendants est

présenté en figure 8.

e- Les glutarédoxines-like

En plus de l'identification de modules Trx ou Grx dans d'autres protéines,

l'analyse des séquences génomiques permet de mettre à jour des gènes

apparentés codant pour des protéines possédant un ou plusieurs motifs conservés

de type CxxC. C'est le cas d'une classe de protéines encore non caractérisées et

dénommées Grx-like. L'annotation automatique du génome du peuplier et d'autres

génomes avait initialement classé ces protéines comme des Grx-like à cause d'une

faible homologie de séquences, mais l'analyse détaillée des séquences et les

connaissances sur les Grx ont permis par la suite de les dissocier de celles-ci. Elles

ont pour principale caractéristique de posséder 4 motifs CxxC, regroupés sous la

forme de deux séquences CXXCX7CXXC situées dans la partie C-terminale des

protéines. Elles ont été regroupées en une famille distincte des Grx et leur

caractérisation est en cours. L'analyse in silico de cette famille de protéines est

l'objet de l'article III (Navrot et al 2007b).
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Article III : Identification of a new family of plant proteins loosely related to

glutaredoxins with four CxxC motives

Nicolas Navrot, Eric Gelhaye, Jean-Pierre Jacquot and Nicolas Rouhier

Photosynthesis Research (2006) 89: 71-79

Cet article décrit une nouvelle famille de protéines, mises en évidence lors de

travaux d'annotation du génome du peuplier. Ces protéines ont été appelées Grx­

like du fait d'une faible homologie avec les Grx déjà connues. Elles sont aussi

décrites comme riches en cystéine, ceci à cause de la présence de quatre motifs

CxxC strictement conservés dans la région C-terminale. Les protéines contenant

ces motifs sont regroupées au sein d'une famille multigénique qui n'existe

quasiment que chez les plantes supérieures, seules quelques isoformes étant

retrouvées chez les mammifères et les arthropodes. Trois sous-groupes ont été

distingués selon la taille des protéines et la conservation et l'organisation des

séquences adjacentes aux motifs CxxC. Ces protéines, de fonctions inconnues,

pourraient appartenir aux systèmes oxydoréducteurs thiols-dépendants, et

semblent être capables de fixer un ou plusieurs atomes de fer dans leur structure.

L'expression des gènes codant ces protéines a été analysée, grâce aux banques

d'EST, aux microarrays d'Arabidopsis thaliana disponibles en ligne et à des études

de RT PCR semi-quantitatives.
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Abstract The annotation of the recently released
Populus trichocarpa genome, has allowed us to
characterize extensively the multigenic families of
the redoxin proteins. Proteins with two cysteines
separated by two amino acids (CxxC motif) are
often involved in redox reactions by promoting the
formation, reduction or isomerization of disulfide
bonds or by binding prosthetic groups or metals. We
report here the presence of a new protein family in
higher plants, constituted of 19 members in Popu­
lus trichocarpa, 15 in Arabidopsis thaliana and 17 in
Oryza sativa. These proteins are almost specific to
higher plants, with only two homologous genes
found in mammals and arthropoda but none in
other kingdoms. While these proteins were predicted
as glutaredoxin-like proteins (GRL) in the auto­
matic annotation procedure, they do not share the
major conserved features of glutaredoxins but in­
stead they display four conserved CxxC motives. A
classification of these proteins, based on sequence
similarity, gene structure and predicted cellular
localization is proposed. The expression of these
genes was also investigated by analyzing EST data­
bases and Arabidopsis microarray results.
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GRL Glutaredoxin-like protein
GRX Glutaredoxin
AU Arbitrary unit

Introduction

Although one of the less abundant amino acids, cys­
teine is present in the catalytic site of many enzymes
and frequently employed for redox functions, being
involved in the binding of sorne cofactors and pros­
thetic groups or in thiol-disulfide exchanges. In addi­
tion to the well-known CxxC motif, two cysteinyl
residues separated by two amino acids, recent analyses
using new developing tools and softwares have identi­
fied similar roles for CxxS or CxxT motives (Fomenko
and Gladyshev 2003, 2004; Ginalski et al. 2004). In the
case of thiol-disulfide oxidoreductases, these motives
are frequently found upstream of an a-helix (Fomenko
and Gladyshev 2003; Coudevylle et al. 2005). Another
important point is the nature of the two amino acids
included in these motives. They were shown in many
enzymes to be crucial to maintain low pKa values of
the N-terminal cysteine but also to influence their
redox potential (Grauschopf et al. 1995; Chivers et al.
1997; Moutevelis and Warwicker 2004). In addition to
thiol disulfide oxidoreductases, the CxxC motif is also
present in many thioredoxin or glutaredoxin-interact­
ing proteins, in zinc-finger proteins, like transcription
factors (Takatsuji 1998), as weIl as in many metal­
containing proteins involved in electron transfer
(ferredoxin, cytochromes, scaffold proteins, CCmH for
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cytochrome assembly) (Meyer 2001; Meyer et al. 2005)
or in sorne eukaryotic or prokaryotic repairing systems
(methionine sulfoxide reductases B) (Vieira Dos San­
tos et al. 2005; Ranaivoson et al. 2006), just to name a
few.

The sequencing of land plant genomes, coupled to
microarray technology, has permitted to identify new
gene families and to study their expression, but func­
tional annotation of protein sequences is another cur­
rent challenge. We report here the analysis of a new
family of proteins that we discovered in silico during
the annotation process of the Populus trichocarpa
genome, released by the US Department of Energy
Joint Genome Institute (http://genome.jgi-psf.org/
Poptrl). Indeed, during the inventory and annotation
of glutaredoxin (Grx) genes (Rouhier et al. 2006), we
identified several additional genes, computer-tagged as
glutaredoxin-like proteins (GRL) or as cysteine-rich
glutaredoxins, due to a low homology to classical Grx.
The motif enabling to classify them as GRL concerns
few amino acids essentially present in the C-terminal
part of the protein, but not the active site motif CxxC/S.
After retrieving the gene and protein sequences, fur­
ther investigations rather suggest that these proteins
constitute an independent class of proteins that could
be putative redox dependent enzymes based on the

Photosynth Res

presence of repeated CxxC motives, somehow analo­
gous to the nucleoredoxin or to the protein disulfide
isomerase family. In order ta obtain a more general
view concerning the distribution of this protein family,
homologous genes were searched in the various se­
quenced genomes. A complete classification of the
plant proteins is proposed based on sequence and
phylogenetic analyses.

Analysis of the GRL family in Populus trichocarpa

Using the sequences automatically annotated and
additional blast searches, the entire gene family coding
these related proteins is reported in P. trichocarpa.
The main characteristic we looked for was the con­
servation of specifie patterns in the C-terminal part
that seem to be characteristic of this type of protein.
We identified the GRL family as proteins constituted
of eight strictly conserved cysteines, arranged in two
CXXCX7CXXC clusters. Based on this motif, we have
identified 19 putative GRL genes in the poplar gen­
orne, which are listed in Table 1. Based on the high
homologies that several couple proteins display both in
amino acid sequence and length, it is likely that seven
of these sequences have been duplicated, indicating
that there are in fact only 12 original sequences. As a

Table 1 Characteristics of the different glutaredoxin-like proteins (GRL) from Populus trichocarpa genome

Name Gene model Localization TP length Size ESTs At homolog Os homolog Number
(AA) of exons

GRLla estExCGenewise1_vI. Chloroplastic 54 266 4 At5g13810 1
C_LG_I7084

GRLlb estExt_fgenesh4_pg. Chloroplastic 54 259 4 At5g13810 1
CLG_III1668

GRL2a eugene3.00011881 Chloroplastic 52 253 6 At5g58530 1
GRL2b gwl.IX.2948.1 Chloroplastic 247 0 At5g58530 1
GRL3a eugene3.00031141 Cytosolic 364 4 Atlg64500 OsOlg13480 1
GRL3b gwl.I.8540.1 Cytosolic 362 1 At1g64500 Os01g13480 2
GRL4a eugene3.00061459 Cytosolic 407 3 At5g03870 Os04g33680 1
GRL4b gw1.xVI.2517.1 Cytosolic 412 0 At5g03870 Os04g33680 1
GRL5 estExt_fgeneshLpm_vI. Secreted 25 112 7 At5g15802 Os03g30092 2

C1550005
GRL6a eugene3.00080131 Cytosolic 401 3 At5g01420 Os07g06600 1
GRL6b gwI.X.3332.1 Cytosolic 379 0 At5g01420 Os07g06600 1
GRL7a grai13.0030002601 Secreted 24 290 2 At5g06470 1
GRL7b gwl.xVI.2146.1 Secreted 24 290 1 At5g06470 1
GRL8 gwl.I.5479.1 Chloroplastic 73 341 0 At4g10630 Os02g01200 1
GRL9a gwI.XVI.1350.1 Cytosolic 412 4 At3g57070 Os03g24030 1
GRL9b gwI.VI.1079.1 Cytosolic 413 4 At3g57070 Os03g24030 1
GRLlO gwl.XVII.I039.1 Mitochondrial 25 383 2 At3g28850 Os03g07470 2
GRLlI EstExtjgenesh4_pg. Chloroplastic 20 162 7 At3g44020 Os01g70460.2 4

C_LG_IX0141
GRLl2 Grail3.0041009401 Secreted 17 118 11 Atlg22630 Os05g01530 4

Gene models and number of exons were found in the US Department of Energy Joint Genome database (http://www.jgi.doe.gov).
Localization and transit peptide length were predicted using TargetP software (http://www.cbs.dtu.dk/serviceslTargetP). For GRL2b,
the transit peptide length was omitted, since software prediction is probably not significant (5 amino acids length). Arabidopsis and rice
homologs were found in the respective TIGR genomic databases (http://www.tigr.org)
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Fig.] Sequence alignment of type J poplar glularedoxin-like
proleins (GRLs). The alignment was perfol-med using ClustalW.
Close genes which are assumed la be duplicated are nol
indicaled in this alignmenl. The main conserved regions are in
boxes 1-4. 1denticaJ amino acids are figured on black back-

consequence 5 sequences (GRL 5, 8, 10 Il and 12)
have not been duplicated in P. trichocarpa. The GRL
arnino acid sequences have been analyzcd for the
presence of putative N-terminal signal peptides and
their characteristics are summarized in Table 1. We do
not show here a complete sequence alignrnent of the
whole poplar GRL family because the sequences of
GRL5, 11 and 12 are very divergent outside the cys­
teine clusters and, in addition, they are shorter. These
sequences have thus been orniued in the poplar
sequence comparison shown in Fig. 1, but separate
sequence comparisons are shown with their plant
homoJogs in Fig. 2. Likewise, only 7 of the 14 genes
derived from putative duplications are included in this
sequence cornparison.

AIl the GRL proteins, except GR 5,11 and 12, form
a subgroup that we call hcre type l GRLs (upper part of
Fig. 3). Overall, the genes coding for type 1 GRLs are
generally constituted of a single exon, except for iso­
forms 3b and 10, whose genes are encoded by two ex­

ons. Wc hypotl1esize that following the duplication
event from GRL3, an intron has been acquired in
GEUb but not in GRUa. The length of these proteins
ranges from 247 to 413 amino acids, including an N­
terminal putative signal peptide for sorne isoforms.
According to software predictions, 6 isoforms are pre­
dicted to be chloroplastic (GRL la, lb, 2a, 2b, 8), 2 to

be secreted (GRL 7a, 7b) and 1 to be mitochondrial

89

ground, simiJarity is figured on grey background. Predicted N­
terminal signal peptides are on grey background. The nine
conserved cysteines are in white font on red background and are
numbered according ta P1GRL la sequence

(GRL 10). The other isoforms are predicted to be
devoid of signal peptide and thus to locate in the
cytosol. The pOOl' conservation in both bomology and
length in the N-terminal part of these proteins is
striking, suggesting that these parts may not be
essential to the protein function, but could glve
specificities to the different isoforms (Fig.]). The
only four regions shared witl10ut any gap and with
substantial homology among the whole family are
boxed in Fig. 1. In box 1, an interesting Eeature is the
presence of a first conserved single cysteine (Cys 138
in GRLla). The eight other conserved cysteines are
arranged in two clusters in the C-terrninal boxes 3 and
4, respectively, with the sequence CXXCX7CXXC. The
number of amino acids between the two clusters
varies from 14 to 18 amino acids for most of the
sequences, but in GRL8 and la, the spacer region is
25 and 31 amino acid-long, respectively. In the seven
amino acids between the two CxxC groups, the se­
quences share sorne homology. ln the first cluster, an
arginine and a phenylalanine at positions 226-227 are
strictly conserved. Two other residues, a glycine and a
lysine, are also conserved at positions 235 and 238. ln
the second cJuster, the sequence NENGL starting at
position 254 is strictly conserved in poplar, and
strongly conserved in other organisms (see Fig. 4). A
proline in position 262, adjacent to the first cysteine of

the last CXXC motif, is conserved.

~ Springer



Photosynth Res

A

.~

" ,

I·;r

.... t. H 1 h S

L H V A ~

r-" N "'1 L S g

M r L .r;, S

;\ s
,·r 0 t. SI;
yt~ L s~r

\' r. L .s;!

rl.t~L SS

}<: 1 • 5

fi K 1

" 1
l(] T L

P 1\ V 1\ 1

(- r: V r,
1 1.' V t\

~ V G

Dl K L

o L R L

P l R ~\ ]

[1 L f{ 11

N V R R T

o V N V

o K Il V

Dt K H V

o t R l V

S 1 T

o V
J S V

11/\ F.

S~::lAF -t::A'f

tl l' R Sv t\

'(E-~' GAE':'K'TSNLVP

DV l7l.jU gr-,~?

SDEvr KH.:; ....

IDD'::~'ESL:;G D5i<VKT

SLGG DEKVrT

I::.Tl"i!lR.E ['VKi'

i L: l) M \

V r DL 'i

r E P

r E f'

L n

K tG

K S G

l K 5 G

l K S a
V R K Gv

T

T

T

S

Br

C':.

At':R~5

_S":;RLS

B
Mr\3RrL~5 ...

H .; ~ L 5 C '(; i~

Hl\S rH-";LC

";,\FrSsc--SLH

l"t\TJl.SH"'SLY

l':ATTLSH

f; t. 1 .:; H H li f.: ,'1 lJ ;1 l-: L S

1. Res A " ~. f A - ! A A A G

LPl1...YS (' ~·~~V<..

PSLfRfSF ~:'NsNYi(

f'PVLST r Qftl.J

IPVl.- sC' y J10~

r' 1 rI \'''; y L "H L

R 0 P " p,

f' P l

~ 0
fi 1'. 1

f K l t

FrT'QP TNL,

OHl::'lLDF

-- --sssrKt:'T7KtlI-FHyr

c· ..• 7sllsrr f('rKPl:T'1J

;= ~;ç Hf-"I-L Pl F'HFFPT

l. SlS- S- SK'I' H'-' LP~.3JoC

H ') IC~::-SLt FTC""'P:;

(-{: __ ~s SST CS.3l.t' t'1C(:t-' ~r

:.[ A -:' P H r- P L f' 3 F CSS V T l ri F N il T

r;"AAA.="(f :..tF~.sfl f(~

r
r
c
p 1,

L L L- H .!>'

Vv

P":ç~FLJ l

Le

:le
Ha

sCPL

A AL

1\ "1.
T 1\ l-
e; AL

V S L

S V ~ L

L V V A L1 V .,

F" t AT

F L V 1"

r.. L ::; r
FLA l'

l' A or

'" L ,:...
L 1.1 r s

\' .... =' A F D G G G G ,.

Ft t\G FDRP

F" D R P

DT r
v c.. Li r
l/G '~'Dsr

S - ...i F K F

;.. 'f ,~ y G lJ V L E Ji

K \' E. S ;·1 '.,' 0

l'..' E'! L .... D

,)(;'I:.;1-AO

"K E;

..f, K E T ~

l' E /': l I­
R :.! E (.: 3

i< V l'

T \ JI ri S .;'>, il

E J ? ":' t·, f. t.
7 l. r.

r ! r -,Jl,~ ~ t L H HA': j:'

F f- r t-
nr 1 r

At -:;PL ...

:.'j

1 Il

~APssr

Vv

PlfC' 11

1 ..

Ho

"3 ilU-l1

.~l':::_~L1

:'1
VI.:

c

l,' ;.. A r il A r 1 N Y i 0 " .,.
M ~- t ;., ': 1', A \ ;.. ~ ...

Atùh:"

"n

ft.'r- I ':;f.!,Ll"

r-~ l

AtGFI.17.

l'fi

SC
Pg

C!3,:.f<t 12

fol 1 ~ L '(

Ir' f" 1 Y. L ~; l'!

l' L Y. r p
t·j .... .P P t

···AI~V;~

l.:-;SILNG

L~'lSFL:ZK

L G S 1 F' il:

r; F K ~

" S
F' N S

r\'KVShü

H :l !~ "" p.. L

'1 ppp

S E. L E fi !<

(j '-; E $ t\-

e " s

G C; "
G G i(

G l Y.

T 1 11 P G [P [. 1( ~ ,. 1'1 M t: E K 1< V R j V ,., V

i-'I'-;PHC'LAr- LLi< T uHftPRAVAv r

1 AfF (l 1. V S Ç" ~;, 1 J l\ V

.... ,;~,..AAS lS Sv1RRl, VLGRROiVt<V

PTrS':'~N TVNLRGC:?frT

PN GE f: flGJi.RRIFTVS

S·~ K KhRMio.MA

>. G F

G f

Fig. 2 Sequence alignmellts of type II and ]JI glutaredoxin-like
proteins (GRLs) from higher plants. The alignment was
performed using C1ustalW The GRL characteristic c1ustered
cysteines are displayecl on red background, identical residues on
black background. and similarity on grey background. Gene
models for Popu/us Irichocarpa G RLs are lisled jn Table 1. (A)
Poplar GRL 5 homologs: AtGRL 5. Arabidopsis Iha/iana.
At5g15802: OsGRL 5, Oryza saliva. Os03g30092; Ha: He/iall­
l!lus aIlIlUUS, AJ828571; Ls: Lacluca saliva, DW084724; Ptr:
Popu/us Iremu/a x Iremu/oides. DT489588: Mt: Medicago lrun­
calu/a, BE123933: Br: Brassica rapa, CX271064; Bn: Bras-

sica napus, CD811743. Consensus signal peptide is underlined.
(B) Poplar GRL 11 homologs: AtGRL 11. Arahidopsis Iha/i­
ana, At3g44020; Md: Ma/us domeslica; Vv: Vilis vini/era: Le:
Lycopersicon escu/enlum; Nt: Nicoliana labacum, EB429795:
Ha: He/ial1lhus anl1ttllS, DY925373: OsGRL 11, Oryza saliva,
Osülg7ü460. (C) Poplar GRL12 homologs: AtORL 12. Arabid­
opsis Iha/iano, ALlg2263ü; Md: Ma/us domeslica, EBISül27; Bn:
Brassica /1apus, CD82ü121: SI: So/anulI1 lltberosul71 , CV498905;
Pg: Panox ginseng, DV553436; OsGRL 12, Oryza sali­
va. Os05g0153ü
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Type 1

Fig. 3 Phylogenelic Iree including the glutaredoxin-like protein
(GRL) sequences [rom Pop/lI/I.\ Irichocarpn, Arahidoflsis Ihali­
ana and Oryza saliva. The tree was built using C1ustalW and
visualized using TreeView. Gene models numbers Eor poplar
GRL (Pla 10 P12) are listed in Tnble 1. Olher accession numbers
are as [ollows: Al, AISg13810; A2, AtSgS8530; A3, Atlg64500:
1\4. I\ISg03870: AS. Ar5g15802.1; A6, A15g01420; A7.
At5g06470; A8a. Allg32760: A8b. At4g10630; A9a, At3gS7070:
A9b. AI2g41330; AIOa, A13g288S0; AlOb. At5g39865;
Al], At3g4402U; A12, AI]g22630.1; 03,OsOlg13480: 04.

The second type of G RL is represented by a single
isoform .. namely GRL 5. This isoform is shorter Lhan
the type 1 proteins with 112 amino acids length. It is
encoded by a Lwo- exon gene, and the corresponding
protein is predicted to be secreted.

A third type includes isoforms GRL 11 and 12,
which are also very different from the main GRL
subgroup. Although coding Eor shorter proteins than
those oE type l, both genes are composcd of four exons.
GRL 11 is constituted of 162 amino acids and is pre­
dicted to be targeted to chloroplast, while GRL 12 (118
amino acids) is probably secreted. The mature proteins
devoid of N-terminal extensions are constituted of 142
and 101 amino acids, respectively. Sequences of the
type Il and III are isolated subgroups, identified in the
section located in the lower part oE Fig. 3.

91

Types Il and III

Os04g33680; 05, Os03g30U92: 06a, Os07g066üO;
06b,Os03g446S0; 08.0s02g01200: 09a.Os03g24030: 09b.
Os07 46570; 0 JO, Os03g07470; 011. OsOlg70460:
012.0s05g01530: On. Os02g51370: 0]4, Os06g12]90: 015.
Os05g39450; 016. OsO]g61350; 017. Os04g54860: 018,
Os05g28530. The corresponding protein sequences are given as
supplemental material. ln green are the predicted chloroplastic
isoforms. in red the secreted ones, in purple the mitochondrial
ones, and in wl,ile Ihe cytosolic on es. In blue are figured the Iwo
subgroups of ri ce-specifie GRL proteins

Homologs in other plants

As the genomes of two other model plants, Arabid­
opsis thaliana and Oryza saliva are avaiJable, we also
performed an in-depth search for GRLs in these
organisms using TIGR and MIPS data bases (http://
www.tigr.org) (Arabidopsis Genome Initiative 2000;
International Rice Genome Sequencing Project
2005). A total of 15 and 17 homologous genes were
found, respectively, in the Arabidopsis and rice
genomes. ln these genomes, the gene structure is
similar to P. trichocarpa as ail the genes encoding
type 1 GRLs are constituted of a single exon, while
the GRL 5, 11 and 12 genes contain 2, 4 and 4 ex­
ons, respectively. The on1y obvious exceptions,
mentioned earlier, concerned GRL 3b and 10, which
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Fig. 4 Amino acid sequence comparison o( glutaredoxin-like
protein (GRL) trol11 c1irferent kingdoms. The alignmenl was
performed using ClustalW, The GRL characlerislic cJustered
cysleines are displayed on red background, idenlical residues on
black background, and funclionai homology on grey back­
ground. enbank accession number, are as follows: human

contain two exons in P. trichocarpa, but only one in
Arahidopsis or rice, We did nol find LR homologs
111 lhe unicellular pbotosynthelie organism Ch/a­
mydomonas reinhardtii.

We built a phyJogcnetic lree using the GRL se­
quences from Popu/us, Arahidopsis, and Oryza
(Fig. 3). ln general, proteins which group into specifie
branches are homologous and posscss the same pre­
dicled subcclluJar localizalion than the poplar proteins,

cverlhcless, the distribulion of the sequences in lhe
various groups also depends on the organism consid­
ered as the sequences of 0- sativa are generally more
divergent, and lhey do not always group with poplar
and ArabidopsÎs sequences. ln addition, O. sativa
possesses a specific set of additional GRLs compared
with the two other organisms, these sequences were
called OsGRL 13-18 (Fig, 3). On the conlrary, no

homolog of poplar GRL 1, 2 and 7 was found 111

0- sativa,
For the specific isoforms of lype II and III GRL

(GRL S, 11 and 12). we found homologs in several
higher plants (Fig. 2), The sequences are generally

highly eonserved in the C-terminal part, in the neigh­
bourhood of the CxxC c1uslers. Nevertheless, some
distinctions can be made. For the GRL 5 proteins, the

~ Springer

HsGRL 1: XM_94 1109, HsGRL 2: XP_945052, mouse
MmGRLl XM_485620, MmGRL 2: NP_OO1028598, drosophila
DmGRL l' P_731045, OmGRL 2: P_726866. poplar
PtrcGRL la: estExl_Genewisel_vl.C_LG_170S4

pUlative secretion signal sequence is highly conserved,
whereas the spacer region between lhe XXCX7CXXC
is poorly conserved (Fig. 2A). On the conlrary, the
N-lerminal parls of GRL 11 and 12 are nol conserved,
whereas the e-terminal regions are ( ig. 2B, C). Il is
nOliceabJe thal poplar and Arabidopsis GRL 12 are
predieted lo be secreted, while al! other sequences used
in the alignment would rather be rouled to plastids. Al!
GRL 11 sequences are predicled to be chloroplastic

Homologs in non-plant organisms

Il seems thal these proleins are aJso present in few
other organisms, as we also found lwo isoforms
belonging to the type l GRL 111 mammals
(Homo sapiens and Mus muscu/us) and in arthropoda
(Drosophila me/anogaster), ln Fig, 4, six isoforms from
the organisms mentioned earlier are aligned with
poplar GRL la. Although they belong to differenl
kingdoms (i.e. mammals, arthropods and plants) and
the length of some isoforms is very differenl (the
Drosophila sequences are considerably longer), al!
these proteins share the eighl elustered C-terminal
cysteines. Apan from these 8 cysteines, some residues
are also strictly conserved among these various
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organisms. Thus, il would nol be surprising 10 find 111

furlher sludies thal these residues are invoJved ID

prolcin activity or foJding. Neverlheless, the ninth
cyslcine, corresponding to CysJ38 in poplar type 1
GRLs, which was conserved in planls, is replaced by an
arginine in lWO mammalian sequences (GRL 2 from
JJomo sapiens and Mus muscuLus). IL is also noliceable
lhaL excepl for poplar GRL la, the length of the
spaccr region betwecn lhe two cysleine clusters is
conserved. Finally, no protein equivalent to the shorter
paplar GRLs (GRL 5,11 or 12), was found by blasting
the different organism data bases available.

Expression studies

For A. thaLiana genes, il is now possible, using micro­
array data and useful softwares such as Genevestigator,
to follow the expression pallern of a specifie gene
family in differcnl plant organs or 111 plants submitted
lo various environmental condilions (Zimmermann
el al. 2004). We show here an expression profile for the
different Arabidopsis GRL in the differenl plant
organs (Fig. 5). The A. thaliana GRL (AtGRL) genes
seem la be differenlially expressed in several parts of
lhe plant. A1GRL 1 is slrongly expressed in ail tissues
analyzcd. AlG RL 11 and 12 are expressed in differ­
entialcd green lissues, i.e. not in calli or rools. On the
contrary, AtGRL 10a is expressed mostly in calJi, roots

3000

2000

and cell suspensions. Whcn looking more carefulJy at
these profiles, some genes are also very specifically
expressed in particular organs and lissues. For exam­
pie, AtGRL 1, 2 and 10a are strongly expressed (8079,
6192 and 12649 AU, respectively) in pollen (a subdi­
vision of inflorescence) and AtGRL 3 (4088 A ) is
very specifie ta cauline leaves (a subdivision of rosette)
(data not shown). These informations have ta be con­
firmed experimentally to become really physiologically
relevant, but they can be helpful ta undersland the
specificity or redundancy between these genes. For
example, AtGRL 1 is strongly expressed in ail plant
parts and even more in pollen, unlike AtGRL 2 which
has low levels of expression in aIl plant parts bUl in lhe
pollen.

ln a second step, we tried ta evaluate the influence
of growth conditions on the Arabidopsis GRLs tran­
script level using lhe Response Viewer tool of Gene­
vestigator software. The different GRL transcripl
levels available were analyzed individually. AtGRL 1
and AlGRL 2 do nol show parlicular induction or
repression, with stress la control ratios between 0.37
and 2.76. On the contrary, AtGRL 3 transcriplion
seems strongly influenced by the growlh condi tions.

or example, il is repressed (ratio of 0.01-0.04) when
the plant is in contact with palhogenic agents BS Myzus
or Agrobacterium. Different light qUBlities and Bnoxia
BIsa induce a slrong expression of this gene, with a

DAI
.A2
DA3
DA4
DABa
DA9a.'
.A1QA
.AII
OAl2

000

o

Fig. 5 Expression of the glularedoxin-like protein (GRL) gene
family in differenl Arabidopsis Ihaliana organs or tissues. Gene·
vestigator GeneAllas profiling was perfonned for the available
genes based on the ATHI chips (Affymetrix) available in Ihe
database. Some transcript levels are missing due to an absence of
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specifie probe on these chips. Data are expressed in arbitrary
unit corresponding to the expression values and standard elTors
according to the software settings. AI, AtSg1381D: A2. AtSgS8S3D;
A3, AIIg64SDD; A4, At5g0387D: A8a, Atlg3276D; A9a, A13gS7D7ü:
A9b. At2g4133D: AlDa. At3g288S0: Ali, At3g44020: A12, Atlg2263ü

~ Springer



ratio between 5 and 13 in the first situation and a ratio
of 8 in the second. AtGRL 4, AtGRL 8a are too
weakly expressed to provide significant conclusions.
AtGRL 9a and 9b are regulated in various conditions
(ratio: 0.31-4.71) including pathogen infection, but
their expression level is quite low (below 500 AU). The
transcription of AtGRL 10a is slightly repressed in
various light conditions, with a ratio down to 0.31, but
more interestingly the expression of this gene is
strongly induced (ratio of 17) by treatment with
cycloheximide, an inhibitor of protein synthesis. Con­
sidering the shorter GRL isoforms, AtGRL 11 is
poody expressed and moderately regulated in stress
conditions (ratio: 0.09-2.02). Finally, AtGRL 12 is
likely to be regulated in various conditions, in partic­
ular it could be repressed upon pathogen infection, for
example by Agrobacterium (ratio of 0.05). As a con­
clusion, even if experimental data are still required, it
is likely that the GRL genes are not equally repre­
sented at the transcript level and that their transcrip­
tion can be regulated according to the plant growth
conditions. Thus, GRL proteins could potentially play
a role in the plant development and in its response to
changing conditions.

Conduding remarks

Software analyses presented the family of proteins
described here as GRL, which is a quite teasing name,
but in this case rather misleading. This genomic sequence
analysis indicates that the GRL family is quite large, as it
is constituted of three subgroups with at least 12 different
isoforms in poplar. Compared to rice proteins, which are
slightly divergent, poplar and Arabidopsis GRL families
are more closely related, based on the phylogenetic tree
and percentage identities, this being in agreement with
the closer relationship of the two dicotyledonous species.
This type of protein is likely to be widespread in the plant
kingdom, with large GRL families in Arabidopsis and
rice genomes (see sequences in Figs. 2, 3). In addition,
EST sequences corresponding to these proteins are
widely present in the databases and thus most of these
genes are presumably expressed in plant cells. Never­
theless, their role is still unknown, and their character­
ization just started. An in silico analysis of expression
data indicates that sorne of these proteins could be in­
volved in the response to pathogen infection or to
changing light conditions. From sequence analysis, a role
of these proteins in redox processes is possible based on
the presence of repeated CxxC motives. Nevertheless,
the arrangement of the conserved cysteines also presents

~ Springer
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a low sequence homology with Dnal chaperones and
may be also a signature of zinc-finger domain. It is
especially true for isoforms 5, 11 and 12, which share
conserved residues with sorne Dnal family members.
They contain, respectively, 1, 3 and 2 Dnal zinc-finger
patterns in their sequence, i.e. amino acids CxxCxGxG
(Miernyk 2001). On the other hand, their sequences
differ considerably when other Dnal characteristics are
considered, and especially they do not possess the HPD
peptide signature. Another putative function of these
clusters may be to bind an iron-sulfur cluster, as is the
case for sorne plant and mammals glutaredoxins (Lillig
et al. 2005; Feng et al. 2006; Rouhier et al. unpublished
results) or other metals such as the zinc ions bound to
methionine sulfoxide reductase B using two CxxC mo­
tives (Kumar et al. 2002).
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3 Les protéines cibles des systèmes thio/-dépendants

Depuis leur découverte, il a été démontré que les Trx régulent ou servent de

donneur de pouvoir réducteur à de nombreuses enzymes, incluant certaines

protéines spécifiques du métabolisme végétal. Parmi les protéines particulièrement

bien caractérisées figurent la ribonucléotide réductase (RNR), la fructose-bis­

phosphatase (FBPase), la malate déshydrogénase à NADP (NADP-MDH) ou

encore plus récemment les méthionine sulfoxyde réductases (MSR) et les

péroxyrédoxines (Prx). Les thiorédoxines interagissent aussi avec des facteurs de

transcription induisant la transcription de gènes impliqués dans les systèmes

antioxydants, tels que le gène codant une MSR de type A chez la levure (Hanbauer

et Moscovitz 2006). Les détails moléculaires de l'une de ces interactions Trx-facteur

de transcription sont bien connus pour le système NF kappa B-Trx (Qin et al 1995).

L'inventaire des protéines interagissant avec les systèmes Trx ou Grx est

devenu un sujet d'intenses recherches depuis quelques années, avec l'émergence

de techniques permettant un traitement de masse des protéines, couplé à une

identification relativement aisée. Ces techniques reposent notamment sur

l'utilisation de mutants monocystéiniques, qui permettent de retenir des protéines

potentiellement capables d'être réduites par les Trx (Balmer et al 2003). Un

marquage des protéines par des marqueurs spécifiques des thiols est aussi

couramment utilisé, en association avec une électrophorèse bidimensionnelle

(Wong et al 2002). Enfin, des techniques utilisant du GSH radiomarqué ou biotinylé

permettent d'identifier les protéines glutathionylées, qui sont des cibles potentielles

des Grx (Ito et al 2003). Ces différentes techniques donnent des listes imposantes
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de protéines, dont une petite partie était déjà connue. Des cibles spécifiques de

certains organites comme le chloroplaste ou la mitochondrie (Balmer et al 2003,

Balmer et al 2004, Millar et al 2005) ou de certains stades de développement,

comme la germination (Wong et al 2003, 2004, Maeda et al 2004) ont été

identifiées. D'autres travaux se sont intéressés à l'identification des protéines cibles

de l'oxydation dans les cellules (M0l1er et Kristensen 2004). Ainsi, parmi ces cibles

potentielles s'ouvrent de nouvelles pistes de recherche, avec des protéines non

identifiées auparavant. C'est le cas par exemple de certaines kinases, comme les

nucléoside diphosphate kinases (NOK), qui sont en cours d'étude au laboratoire. Si

la régulation de ces enzymes de manière redox était avérée, elle constituerait un

nouveau lien, en plus des interactions ROS-MAP kinases, entre les voies de

régulation redox et celles des phosphorylations. Les cibles identifiées doivent

ensuite faire l'objet d'analyses plus spécifiques, qui visent à confirmer la possibilité

et la nature de ces interactions, par analyse biochimique, par co­

immunoprécipitation, par complémentation fonctionnelle dans la levure, ou encore

par des systèmes « double-hybride)} dans la levure (Vignols et al 2005). On entre

alors dans une phase d'études post-protéomiques, qui vont chercher à établir la

réalité et les caractéristiques de l'interaction enzyme-cible (Verdoucq et al 1999).

Les interactions entre différents groupes de peroxydases thiol-dépendantes et leurs

réducteurs ont été particulièrement étudiées ces dernières années. Parmi ces

peroxydases, on peut distinguer deux familles de protéines divergentes au niveau

de leur structure primaire, d'une part les peroxyrédoxines (Prx), et d'autre part les

glutathion peroxydases (Gpx).

a- Les peroxyrédoxines (Prx)
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Les peroxyrédoxines sont des peroxydases non-hémiques de faible masse

moléculaire, généralement autour de 20 kDa. Elles sont présentes chez la plupart

des organismes, et chez les plantes, il en existe de nombreuses isoformes. Par

exemple, il existe 10 gènes codant pour des Prx chez Arabidopsis thaliana, 9 chez

le peuplier et 9 chez le riz (Dietz et al 2006, Rouhier et Jacquot 2005, Rouhier,

données non publiées). Chez les plantes, elles sont groupées en 4 types, suivant

leur séquence primaire et la position des cystéines conservées. Les Prx à une

cystéine conservée (Prx 1-Cys) sont les seules à posséder une seule cystéine

conservée. Les Prx des autres classes ont deux cystéines conservées. Parmi elles,

on trouve les Prx 2-Cys, les Prx de type Il et les Prx Q. Les différentes classes de

Prx ont des mécanismes réactionnels spécifiques mais partant d'une étape

commune, dans laquelle le substrat va réagir avec la cystéine conservée N­

terminale, appelée cystéine catalytique ou peroxidasique, pour former un acide

sulfénique, qui sera par la suite régénéré en thiol.

Les Prx à une cystéine conservée, ou Prx 1-Cys sont les moins bien

caractérisées biochimiquement pour le moment. Elles sont principalement

localisées dans le noyau des cellules, mais leur mécanisme de régénération n'a pas

encore été démontrée expérimentalement. On suppose que l'acide sulfénique

formé lors de la catalyse est directement attaqué par un composé ou une protéine

possédant au moins un groupement thiol (GSH, Grx, Trx). L'influence de la

glutathionylation de la cystéine catalytique sur la structure oligomérique d'une Prx Il

de peuplier, qui pourrait appartenir aux Prx 1-Cys, a par ailleurs été récemment

démontrée (Noguera et al 2006).
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Les Prx 2-Cys dites à 2 cystéines « classiques », fonctionnent sous forme

d'homodimères. La cystéine C-terminale d'un monomère va réagir avec l'acide

sulfénique du monomère associé pour former dans ce cas un pont disulfure

intermoléculaire (Konig et al 2003). Deux isoformes de cette catégorie sont

présentes dans les chloroplastes chez l'arabette et le peuplier.

Les Prx de type Il sont les plus représentées en terme de gènes chez les

plantes supérieures. Chez l'arabette, il en existe 6 isoformes, nommées Prx Il A à

F, mais l'une d'entre elle (Prx liA) ne semble pas exprimée. Certaines Prx de type Il

sont réduites à la fois par des Trx et des Grx, c'est le cas de la Prx liB de peuplier

(Rouhier et al 2001, 2002), alors que la Prx liB d'A. thaliana ne semble réduite que

par des Grx (Brehelin et al 2003). D'autres, les Prx IIF de peuplier et d'Arabidopsis

thaliana, semblent pouvoir en plus accepter directement le GSH comme réducteur

(Gama et al sous presse, Finkemeier et al 2005). Toutefois, ces études ne testent

généralement pas toutes les isoformes existantes et il est par conséquent très

difficile d'aboutir à des conclusions fermes. La régénération de ces enzymes

s'effectue vraisemblablement directement par réaction du groupement sulfényl (­

SOH) soit avec les Trx, soit avec le glutathion, soit avec les Grx, sans passer par la

formation d'un pont disulfure intramoléculaire. En effet, bien que très conservée,

une deuxième cystéine située 25 acides aminés après la cystéine peroxidasique est

absente chez certains organismes, ou n'intervient pas dans le mécanisme

catalytique (Seo et al 2000). De plus, le remplacement de cette cystéine par une

sérine dans une Prx végétale n'abolit pas complètement l'activité de la protéine

(Rouhier et al 2002). Enfin, la distance observée entre les cystéines de la Prx liB de

peuplier, bien que résolue sous forme réduite, n'est pas en faveur d'une réaction

possible entre les cystéines (même si des réarrangements structuraux sont
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Figure 9: Schéma du mécanisme de réduction de la Prx superoxydée sous forme

acide sulfinique en acide sulfénique par la sulfirédoxine (d'après Jeong et al 2006).

La Srx ayant fixé un groupement phosphoryl va le transférer à la Prx pour former un

ester phosphoryl sulfinique (1). Cet ester est ensuite converti en monoxyde disulfide

par réaction avec un thiol en solution, qui va libérer un groupement phosphate (2). La

réaction de ce monoxyde avec un second thiol en solution va aboutir à la formation

d'un dithiol oxydé et de la Prx sous forme acide sulfénique (3), qui sera réduite

ultérieurement par les voies thiol-dépendantes classiques.



évidemment possibles dans une forme oxydée). De ce point de vue, ces protéines

devraient appartenir aux Prx à 1 cystéine conservée.

Enfin, il existe une forme atypique de Prx à deux cystéines, la Prx Q, qui est

chloroplastique. Elle est attachée aux thylacoïdes et semble jouer un rôle dans la

protection des photosystèmes (Lamkemeyer et al 2006). Pour leur mécanisme

réactionnel, les Prx Q sont actives sous forme de monomères, et la seconde

cystéine conservée va réagir avec la fonction SOH formé au niveau de la cystéine

catalytique, générant un pont disulfure intramoléculaire, qui sera ensuite réduit

spécifiquement par les Trx, mais pas le glutathion ou les glutarédoxines (Collin et al

2004, Rouhier et al 2004a).

De manière générale, les Trx, Grx ainsi que les protéines CDSP32 et

cyclophilines peuvent réduire les ponts disulfures au sein des Prx, avec des affinités

variables suivant les isoformes, donnant parfois une indication sur le donneur le

plus probablement impliqué in vivo (Collin et al 2003).

Des études portant sur les Prx 2-Cys humaines ont montré que l'oxydation

de Prx par une concentration élevée de peroxydes aboutit à l'inactivation de

l'enzyme due à la formation d'un acide sulfinique au niveau de la cystéine

catalytique de l'enzyme (Rabilloud et al 2002, Yang et al 2002). Cette inactivation

fut d'abord considérée comme irréversible mais récemment de nouvelles enzymes

ATP-dépendante, la sulfirédoxine (Srx) et la sestrine, ont été mises en évidence

chez la levure, chez les mammifères ou encore dans les chloroplastes des plantes.

Elle sont capables de réduire l'acide sulfinique des Prx en acide sulfénique, qui

serait réduit par la suite via les Trx ou le GSH (Biteau et al 2003, Budanov et al

2004, Liu et al 2006). Le mécanisme de cette réaction a été décrit plus récemment

pour l'isoforme humaine de la Srx (Jonsson et al 2005, Jeong et al 2006). Il est
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Figure 10: Schéma des principaux états d'oxydation de la cystéine. Les enzymes

impliquées sont encadrées. Trx : thiorédoxine, Grx : glutarédoxine, Srx :

sulfirédoxine. GS : groupement glutathionyle, GSH : glutathion.



détaillé dans la figure 9. En cas d'oxydation encore plus importante, la cystéine

passe sous forme d'acide sulfonique, cette dernière réaction étant irréversible

(Figure 10). Un rôle important des Prx pourrait être la régulation de la concentration

en ROS dans la cellule, tant qu'elles restent sous forme catalytiquement active.

Lorsque les concentrations en oxydants augmentent, les Prx seraient

réversiblement inactivées, d'autres systèmes prenant alors éventuellement le relais.

C'est cette sensibilité à l'oxydation qui permettrait aux Prx de jouer un rôle dans la

transduction des signaux. Wood et al (2003) suggèrent que les Prx joueraient un

rôle d'élimination des ROS jusqu'à une certaine concentration seuil, au-delà de

laquelle elles seraient inactivées par suroxydation, permettant aux ROS d'activer

différentes voies de réponses cellulaires, notamment via des facteurs de

transcription. Cette théorie du « floodgate }} est renforcée par la possibilité de

réduction des acides sulfiniques formés sur les Prx in vivo, et donc la réactivation

de celles-ci une fois un épisode de stress oxydatif aigü terminé (Georgiou et Masip

2003). Toutefois des questions demeurent concernant cette régulation, et chez

Schizosaccharomyces pombe, ce système semble aussi être impliqué dans la

régulation de la transcription de certains gènes en réponse à de faibles

concentrations en H20 2 via la régulation de la protéine APi (Vivancos et al 2005).

b- Les glutathion peroxydases (Gpx)

Les Gpx chez les mammifères

Les glutathion peroxydases (Gpx) constituent la principale voie de

détoxification des ROS chez les animaux (Maiorino et al 1990, 1991). Il en existe au

107





moins six isoformes, et quatre d'entre elles possèdent une sélénocystéine (Sec)

dans leur site actif (Brigelius-Flohe 1999). Cet acide aminé atypique est identique à

la cystéine mais il possède un atome de sélénium à la place d'un atome de soufre

dans la chaîne latérale. Il est incorporé dans les protéines grâce à un codon UGA,

combiné à une machinerie spécifique d'incorporation. Celle-ci est composée d'une

séquence nucléotidique spécifique, nommée séquence d'insertion de la

sélénocystéine (SECIS) qui va former une structure de type tige-boucle à proximité

de la séquence codante sur l'ARNm correspondant à la protéine. Des protéines

spécifiques vont ensuite reconnaître cette structure et incorporer la Sec au niveau

du codon UGA (Low and Berry 1996). Cette machinerie a été mise en évidence

chez les animaux, chez certains procaryotes ainsi que chez Chlamydomonas

reinhardtii (Novoselov et al 2002). Pour le moment, aucune machinerie ni

sélénoprotéines ne sont connues chez les végétaux supérieurs. La sélénocystéine

a une très forte électronégativité et un pKa plus bas (5,2) que celui de la cystéine

(8). La présence de cet acide aminé atypique va conférer aux Gpx à sélénium une

plus grande efficacité catalytique pour la réduction des peroxydes. Ces enzymes

ont fait l'objet d'intenses recherches dans le domaine médical ces vingt dernières

années, et leur importance est cruciale en tant qu'antioxydants mais aussi en tant

que catalyseurs de l'agrégation de protéines riches en cystéine au cours de la

formation de la capsule mitochondriale des spermatozoïdes (Maiorino et al 2005).

Ces enzymes ont aussi permis de mettre en évidence et d'évaluer la nécessité de

l'apport en sélénium pour les animaux (Arthur 2000). Parmi les Gpx animales à

sélénocystéine, les Gpx1 à 3 sont tétramériques, tandis que la Gpx4, aussi

nommée Phospholipid Hydroperoxyde Gpx (PHGpx) est monomérique. Cette

dernière enzyme a un rôle d'élimination des peroxydes, et notamment des
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peroxydes de phospholipides au niveau des membranes (Thomas et al 1990). Il est

à noter qu'en plus de l'activité GSH-dépendante, il a été montré que la Gpx3

humaine peut fonctionner en utilisant le pouvoir réducteur des systèmes Grx et Trx

(Bj6rnstedt et al 1994). Néanmoins, cette activité a fait l'objet d'assez peu d'études.

La Gpx5, dépourvue de sélénocystéine, est localisée dans l'épididyme et les

spermatozoïdes de mammifères (Drevet 2006). C'est une enzyme dimérique, qui

possède une activité de réduction de l'H202 et joue un rôle important dans la

protection de ces tissus en conditions de stress oxydant (Vernet et al 1996, 1999).

D'autres protéines Gpx-like, ne contenant pas de sélénocystéine, ont aussi été

identifiées, dans l'oeil de boeuf (Singh et Shichi 1998) ou encore dans le système

olfactif de mammifères (Dear et al 1991 ).

Les recherches sur les Gpx, notamment en médecine, ont aussi permis

d'identifier ces protéines chez de nombreux microorganismes, pathogènes ou non,

et de caractériser leur fonctionnement enzymatique, avec pour objectif d'évaluer

leur potentiel en tant que cibles thérapeutiques. Une isoforme de Gpx, similaire à la

PHGpx humaine, a ainsi été caractérisée chez le pathogène Schistosoma mansoni,

qui contient une sélénocystéine dans son site actif (Maiorino et al 1996). Par contre,

chez Plasmodium falciparum, une protéine homologue à la PHGpx humaine

contient une cystéine à la place de la sélénocystéine typique, et montre une activité

de réduction de certains hydroperoxydes qui est Trx-dépendante (Sztajer et al

2001 ).

Les Gpx de bactéries et champignons
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" existe encore peu d'études portant sur les homologues des Gpx de

mammifères chez les bactéries, ou chez les champignons, levure exceptée. Des

recherches dans les génomes et les bases de données EST montrent que de

nombreux genres bactériens, comme Escherichia coli possédent une Gpx, qui

contient trois cystéines conservées en général, et deux chez certains genres

(Yersinia, Xanthomonas par exemple). Les propriétés de ces enzymes et leur rôle

sont encore peu connus. Chez les champignons, il existe aussi une Gpx, deux chez

certaines espèces comme Cryptococcus neoformans (Missall et al 2005). Là aussi,

très peu de travaux sur ces enzymes ot été publiés. Seules les Gpx de levure, au

nombre de trois, ont été extensivement étudiées. Les Gpx bactériennes et

fongiques sont plus proches de celles de la levure que des Gpx de mammifères.

Les Gpx de levure

Dans la levure, trois isoformes de Gpx ont été découvertes, et leurs

séquences se rapprochent de celle de la PHGpx humaine (Inoue et al 1999, Avery

et Avery 2001). Ces enzymes sont toutes des formes dépourvues de

sélénocystéine, qui est remplacée par une cystéine conservée dans le site actif.

L'expression des isoformes Gpx1 et Gpx2 est induite par un stress oxydant alors

que Gpx3 est constitutivement et fortement exprimée. De plus, l'expression de

Gpx2 est sous le contrôle du facteur de transcription Yap1 (Inoue et al 1999). Plus

récemment, il a été montré que la Gpx2 de levure possède une activité de réduction

de peroxydes importante lorsqu'elle utilise la Trx comme donneur d'électrons. En

revanche, contrairement à ce qui est observé chez les Gpx animales à

sélénocystéine, cette activité est très faible lorsque le GSH est utilisé (Tanaka et al
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2005). Ceci a amené à reconsidérer ces protéines à cystéine, et à les ranger avec

les Prx parmi les peroxydases Trx-dépendantes. Delaunay et al (2002) ont par

ailleurs montré que Gpx3 participe à la transduction du signal en cas de stress

oxydant. Sous forme oxydée, Gpx3 va induire la formation d'un pont disulfure

intramoléculaire dans le facteur de transcription Yap1, le rendant actif et capable de

s'accumuler dans le noyau de la cellule où il va induire l'expression de certains

gènes.

Les Gpx d'organismes photosynthétiques

Unicellulaires

Les Gpx sont aussi présentes chez les organismes photosynthétiques, des

cyanobactéries jusqu'aux plantes supérieures. Chez le protiste photosynthétique

Euglena graciUs, une Gpx, dépourvue de sélénium, a été mise en évidence

(Overbaugh et al 1985). Chez la cyanobactérie Synechocystis PCC 6803, deux Gpx

ont été isolées. Elles ne contiennent pas de sélénocystéine, et réduisent différents

types de peroxydes dont des peroxydes de phospholipides. Ces enzymes ne sont

pas capables d'utiliser le GSH comme réducteur mais, de manière surprenante,

elles sont efficacement réduites par le NADPH (Gaber et al 2001). Il a aussi été

montré que la transcription des gènes codant pour ces deux Gpx est induite en

conditions de stress, comme une forte lumière ou une salinité élevée (Gaber et al

2004). Chez l'algue unicellulaire Chlamydomonas reinhardtii, une isoforme de Gpx

a été isolée, et il a été montré que cette protéine est une isoforme contenant une

sélénocystéine dans son site actif (Shigeoka et al 1991, Fu et al 2002). La présence
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d'isoformes à cystéine est aussi vraisemblable, comme cela a été montré chez

l'espèce halotolérante Chlamydomonas W80 (Takeda et al 2003), et confirmé par

l'analyse du génome de C. reinhardtii (http://genome.jgi­

psf.org/Chlre3/Chlre3.home.html). " semble cependant que l'existence de

sélénoprotéines chez les organismes photosynthétiques se limite à ces seules

algues vertes.

Plantes supérieures

A partir des informations disponibles, notamment la présence d'activité

glutathion peroxydase dans des tissus végétaux (Drotar et al 1985), et au vu de

l'importance des Gpx chez les mammifères, des équipes de chercheurs en biologie

végétale ont recherché des homologues de ces protéines chez les plantes

supérieures. Dès 1992, Criqui et al mettaient en évidence un gène homologue aux

Gpx animales et son expression dans des protoplastes ainsi que différents organes

de tabac. D'autres gènes homologues de l'isoforme PHGpx humaine furent par la

suite mis en évidence chez différentes plantes, comme chez le riz (Li et al 2000,

Kang et al 2003). En 1995, une Gpx végétale, nommée Cit-SAP (Citrus Salt

Associated Protein) a été purifiée pour la première fois à partir de cultures de

cellules de Citrus sinensis tolérantes au stress salin, et son activité de réduction des

peroxydes démontrée in vitro (Beeor-Tzahar et al 1995). Cette activité était d'autant

plus délicate à mettre en évidence qu'il était déjà connu que certaines glutathion-S­

transférases (GST) de plantes peuvent aussi montrer une activité de ce type

(Bartling et al 1993). La faible activité GSH-dépendante de cette Gpx végétale,

expliquée alors par la présence d'une cystéine classique dans le site actif, laissait
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planer un doute sur l'implication de cette famille de protéines dans l'élimination des

peroxydes in vivo (Eshdat et al 1997). Les résultats des études au niveau de la

transcription des gènes de Gpx végétales ont montré que l'expression de ces gènes

est induite par de nombreux types de stress différents, notamment stress salin chez

Citrus sinensis (Beeor-Tzahar et al 1995), stress mécanique au niveau des tiges de

tomate (Depège et al 1998), stress oxydant chez l'orge (Churin et al 1999), stress

métallique chez Arabidopsis thaliana (Sugimoto et Sakamoto 1997), stress biotique

chez le tournesol (Roeckel-Drevet et al 1998). L'influence de la lumière, des

kinases, ainsi que de substances de type hormone (acide jasmonique, acide

abcissique), ou encore l'interaction avec un pathogène (Magnaporthe grisae) jouent

sur le taux de transcrits d'une Gpx de riz (Agrawal et al 2002). Des influences

semblables (kinases, hormones), ainsi que d'autres dues à l'infection par un

champignon pathogène (Plasmopara) ou à l'oxyde nitrique ont aussi été mises en

évidence chez le tournesol (Herbette et al 2003). Ainsi, l'expression de ces gènes

de Gpx végétales est induite en conditions de stress et ces protéines ont

certainement un rôle dans la défense cellulaire contre le stress oxydant (Rodriguez­

Mi/la et al 2003). Il a été montré que la surexpression de gènes de Gpx dans la

levure ou dans des cellules de tabac augmente leur tolérance au stress oxydant

causé par différents agents (Chen et al 2004, Yoshimura et al 2004).

Grâce à la production de protéines recombinantes, d'autres études ont

consisté à tester in vitro l'efficacité de nombreux réducteurs sur ces protéines.

Herbette et al (2002) ont montré que deux Gpx de tomate et de tournesol pouvaient

réduire des peroxydes de nature variée en utilisant le GSH, mais aussi la Trx d'E.

coli, cette activité Trx-dépendante étant d'ailleurs plus importante que l'activité

GSH-dépendante. Jung et al (2002) ont caractérisé une enzyme de type Gpx chez

119



ROOH

(1 )

ROH H20

Figure 11. Mécanisme réactionnel de la Gpx humaine, d'après Prabhakar et al

(2005). Lors de la réaction (1), le peroxyde ROOH est réduit en alcool correspondant

ROH, avec formation d'un acide sélénénique au niveau de la cystéine catalytique de

la Gpx. La protéine va ensuite fixer une molécule de glutathion réduit GSH, pour

former un sélénosulfide (2). dans l'étape (3), une deuxième molécule de GSH va

attaquer le sélénosulfide pour régénérer la Gpx sous forme réduite et active.

Globalement, deux molécules de GSH sont consommées et deux molécules d'eau

produites par cycle de l'enzyme.



le chou, et ont montré que son activité était strictement dépendante de la Trx d'E.

coli in vitro, et faisait vraisemblablement intervenir les 3 cystéines conservées

présentes chez les Gpx végétales. Ainsi, le mécanisme biochimique de la réduction

des peroxydes par les Gpx végétales serait différent de celui des Gpx animales

(Figure 11), déjà connu et récemment réexaminé en détail (Prabakhar et al 2005).

Cela a été montré indirectement lors du remplacement dans une Gpx de Citrus

sinensis de la cystéine conservée chez les plantes par la sélénocystéine typique

des Gpx animales. Cette substitution a induit une augmentation de l'activité

enzymatique, mais elle reste très inférieure à l'activité des enzymes animales

(Hazebrouck et al 2000).

La croissance exponentielle du nombre de séquences nucléotidiques

disponibles, sous la forme d'ESTs d'abord, puis de génomes complets, a donné de

nouveaux moyens d'analyse des gènes présents chez les plantes, aboutissant,

comme pour de nombreuses autres enzymes (Trx, Grx, Apx), à la découverte de

familles multigéniques. Ainsi, chez Arabidopsis thaliana, une famille de sept gènes

a été mise en évidence par des recherches in silico (Rodriguez-Milla et al 2003). Un

huitième gène a ensuite été ajouté à cet inventaire (Rouhier & Jacquot 2005).

L'expression de ces différents gènes est variable selon l'isoforme considérée, et

selon l'organe ou le tissu végétal. Cette expression est également influencée par

les conditions environnementales, ou l'action d'hormones (Rodriguez-Milla et al

2003, cette étude).

L'analyse des séquences protéiques par des logiciels de prédiction indique

que les Gpx végétales sont susceptibles d'être présentes dans différents

compartiments cellulaires (Herbette et al 2004). Une Gpx de tomate est localisée
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dans le cytoplasme ainsi qu'au niveau de la paroi. Des études d'import dans des

organites isolés ont depuis confirmé la présence de Gpx dans les chloroplastes de

pois (Mullineaux et al 1998). De même, l'expression dans des cellules de tabac de

fusion Gpx-GFP ont mis en évidence une localisation d'enzymes de peuplier dans

les mitochondries et chloroplastes (cette étude).

IV Mon travail de recherche

Mon travail de thèse s'inscrit dans la thématique de l'étude des systèmes

antioxydants redox-dépendants chez le peuplier, qui est développée au sein du

laboratoire. En particulier, le groupe s'est efforcé depuis plusieurs années d'étudier

le système thiorédoxine chez le peuplier, à travers l'étude biochimique et

physiologique des Trx et de leur cibles. Le développement des programmes de

séquençages d'EST puis du génome de peuplier a encore élargi ce champ

d'investigations. Par exemple, de nouvelles isoformes, comme les Trx h4 et h5, ou

encore de nouvelles cibles identifiées comme potentiellement intéressantes, telles

que les nucléoside diphosphate kinases, ou encore les métallothionéines, ont pu

être obtenues et au moins en partie caractérisées durant ma thèse. Des résultats,

préliminaires ou partiels ont été obtenu pour certaines enzymes, mais ne sont pas

détaillés dans ce manuscrit.

Le plus grande part de mon travail, a été consacrée à la caractérisation de la

famille des Gpx chez le peuplier, en lien avec les autres composants des systèmes

de détoxication redox cellulaire: Trx, Grx et Prx. L'implication des Gpx dans les

mécanismes de défense cellulaire contre le stress oxydant dans les cellules
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végétales semble très probable. Cependant, si les données sur l'expression des

gènes sont nombreuses et abondent dans ce sens, les études portant sur

l'expression et l'activité des protéines sont rares. Nous avons donc axé l'étude de

ces enzymes sur la caractérisation de leur propriétés biochimiques et l'étude de leur

expression, comparée à celle des autres membres de la famille des Prx.
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RESULTATS

Le travail présenté dans ce manuscrit concerne tout d'abord l'étude des

thiorédoxines de peuplier. Ces travaux ont donné lieu à deux articles publiés et un

article en préparation présentés ici, dans lesquels les investigations portent sur les

interactions entre Trx et cibles.

Le premier d'entre eux, l'article IV : Gelhaye E et al. (2004) A specific form of

thioredoxin h occurs in plant mitochondria and regulates the alternative oxidase,

décrit la caractérisation d'une isoforme de Trx mitochondriale de peuplier, la Trx h2.

Les interactions entre le système Trx et l'ascorbate peroxydase ont aussi été

étudiées, et font l'objet de l'article V : Gelhave E et al (2006), Ascorbate

peroxidase-thioredoxin interaction. Il apparaît que le système Trx peut entraîner une

inactivation de l'Apx, et il semble donc que les deux systèmes puissent interagir,

notamment lors d'un stress oxydant.

Une isoforme particulière de Trx, la Trx h4, a fait l'objet d'études biochimiques,

qui sont présentées ici sous la forme d'un article en préparation (Article VI : Gelhave

E (en préparation) Catalvtic Mechanism of a Glutaredoxin-dependent Thioredoxin

from Poplar), et d'études structurales qui sont en cours au laboratoire de

cristallographie LCM38 de Nancy.

Nous avons aussi entrepris la caractérisation d'une isoforme de Trx h, la Trx

h5, qui pourrait être secrétée par la cellule végétale, compte tenu de la présence

d'une séquence d'adressage pour les voies de sécrétion et de l'homologie avec une

Trx de type h secrétée in vitro chez le tabac (Juarez-Diaz et al 2005). La forme

recombinante mature de cette protéine a été produite dans E. coli sans son

extension N-terminale. Elle possède une activité classique de thiorédoxine, mais





semble aussi posséder une activité peroxydase, en réduisant notamment l'H20 2 . Elle

est un donneur d'électrons pour différentes Gpx de peuplier, dont une isoforme aussi

potentiellement secrétée. Des études de localisation de cette protéine, par fusion de

la séquence d'adressage avec une protéine fluorescente (GFP) ont été entreprises.

La deuxième partie, et la plus importante part de mon travail, a été de

caractériser une famille de protéines cibles des Trx, les glutathion peroxydases

(Gpx), chez le peuplier. Au commencement de ma thèse, ces enzymes étaient

encore peu caractérisées et leurs relations avec les autres systèmes redox­

dépendants (Trx, Grx) faisaient l'objet d'un nombre très limité d'études.

Le travail de recensement des gènes codant pour ces protéines, leur clonage,

expression et purification, sont inclus dans l'article VII: Navrot N et al (2006) Plant

glutathione peroxidases are functional peroxiredoxins distributed in several

subcellular compartments and regulated during biotic and abiotic stresses. Des

études biochimiques, concernant les caractéristiques et le mécanisme réactionnel de

ces enzymes, ainsi que des études d'expression dans des conditions

environnementales variées ont permis d'évaluer et de discuter les capacités et les

rôles potentiels de ces Gpx dans la réponse et l'adaptation de la plante à son

environnement. Nous avons ainsi pu établir que ces Gpx possèdent une activité Trx­

dépendante et peuvent être regroupées dans la famille des Prx végétales.

La structure de la Gpx5 de peuplier sous forme oxydée et réduite a aussi été

résolue, en collaboration avec le laboratoire de cristallographie LCM3B de Nancy et

fait l'objet d'un article en préparation (Koh et al, en préparation). Ce travail a permis

d'établir que la Gpx5 de peuplier existe sous forme de dimère non-covalent, stabilisé

par des interactions hydrophobes. Le mécanisme catalytique proposé suite aux





études biochimiques et de mutagénèse réalisée sur la Gpx3.2 est aussi en accord

avec la présence dans la structure de la forme oxydée de l'enzyme d'un pont

disulfure entre les cystéines homologues aux Cys1 07 et Cys155 de la Gpx3.2.





Résultats

Article IV : A specifie form of thioredoxin h occurs in plant mitochondria

and regulates the alternative oxidase.

Gelhaye E, Rouhier N, Gerard J, Jolivet Y, Gualberto J, Navrot N, Ohlsson PI,

Wingsle G, Hirasawa M, Knaff DB, Wang H, Dizengremel P, Meyer Y, Jacquot

JP.

Proc Natl Acad Sci USA. 2004 Oct 5;101(40):14545-50. Epub 2004 Sep 22.

Cet article décrit une nouvelle isoforme de Trx mitochondriale chez le peuplier.

En plus des Trx de type 0, une Trx de type h, la Trx h2, est importée dans la

mitochondrie chez le peuplier. Sa localisation a été démontrée par des études

d'expression (Western blot), ainsi que par microscopie, à l'aide d'une fusion entre la

séquence d'adressage de Trxh2 et la GFP, une protéine fluorescente. Cette Trx h2

est capable de réduire l'alternative oxydase (Aox), une enzyme mitochondriale, pour

la rendre active. Elle n'est cependant pas capable de réduire efficacement une

glutathion peroxydase mitochondriale (Gpx3) de peuplier. La Trx 0 d'A. thaliana n'est

pas capable non plus de réduire la Gpx3. Cette étude met en évidence une Trx de

type h mitochondriale qui peut être glutathionylée et décrit son interaction avec

différentes protéines cibles de ce compartiment. La présence de cette isoforme de

Trx dans la mitochondrie renforce l'idée d'un réseau complexe de protéines redox-

dépendantes dans la mitochondrie végétale.
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The plant mitochondrial thioredoxin (Trx) system has been de­
scribed as containing an NADPH-dependent Trx reductase and Trx
o. In addition to the mitochondrial isoform, Trx 0, plants are known
to contain several chloroplastic Trx isoforms and the cytosolic Trx
h isoforms. We report here the presence in plant mitochondria of
a Trx isoform (PtTrxh2) belonging to the Trx h group. Western blot
analyses with mitochondrial proteins isolated from both poplar
and GFP fusion constructs indicate that PtTrxh2 is targeted to plant
mitochondria. The recombinant protein, PtTrxh2, has been shown
to be reduced efficiently by the mitochondrial Trx reductase
AtNTRA. PtTrxhl is also able to reduce alternative oxidase ho­
modimers and to allow its activation by pyruvate. In contrast,
neither PtTrxhl nor AtTrx01 exhibits activity with several poplar
glutathione peroxidases and especially a putative mitochondrial
isoform.lncubation of PtTrxh2 wrth glutathione disulfide led to the
formation of glutathionylated Trx, identified by mass spectrome­
try. The formation of a glutathione adduct increases the redox
potential of PtTrxhl from -290 to -225 mV. In addition to Trx 0,

this study shows that Trx h could also be present in mitochondria.
This previously unrecognized complexity is not unexpected, con­
sidering the multiple redox-regulated processes found in plant
mitochondria.

poplar 1 glutathione peroxidase 1 glutathionylation 1 redox potential

Thioredoxins (Trxs) are small proteins involved in cellular
redox rcgulatioll. These ubiquitous proteins. which are

prCSèllt in ail organisms from prokaryotes to eukaryotes, display
a particularly large div rsity in photosyntheric organisms (1,2).
For example, at Jeast 21 genes encoding Trxs have been detected
in the fully scquenced genome of Arabidopsis Ihaliana (3). In
plants, several Trxs are found: the ch loroplastic Trxsj~ni ,x,y, and
CDSP32, the mitochondriaJ Trxs 0, and the Trxs ft, which
previously have been thought to be present exclusively in the
cytosol. The chloroplastic Trxs, which are nuclear-encoded, are
recluced by ferredoxin in a reaction catalyzed bya heterodimeric
ferredoxin-Trx reductase (2). Recently, a mitochondrial system
involving a NADPH-Trx reductase (NTR), NTRA, ane! al least
one l'l'X 0 has been detected in A. lizaliana (4).

The members of the thire! l'l'X group, called Trxs h, possess al
least one specific characteristic Hlat allows their identification;
the presence of a conserved Trp residue (W l6 in poplar Trx hI)
that produces a unique characteristic shoule!er at 290 nm in the
UV-region absorbance spectrum (5). Based on primary struc­
ture analysis, Trxs Il coule! be classified into three subgroups (3,
6). Members of subgroups l and II are reducee! by NTR, whereas
members of subgroup ru are depene!ent on the glutathione/
glutaredoxin system (7). In ae!dition, ail mel1lbers of the second
group contain N-terminal extensions (3). l'Ile significance of
these extensions rCl1lains unclear, given that prediction pro-

grams, such as TARGETP (www.cbs.dtu.dkhervices/TargetP) or
PSORT (http;//psort.ims.u-tokyo.ac.jp), suggesl that a majority of
these proteins should be cytosolie (3).

A poplar l'l'X, called PtTrxh2, belonging to subgroup II, waS
characterized recently (8). The recombinant protein has becn
produced in Escflerichia coli. In this C[lSè, the N-lerminal èxten­
sion 'las cleavcd in the E coli cells, with the fir.t 19 amino acids
missing, suggesting the presence of a putative cleavage site in the
N-terminaJ extension of the protein.

We report here that PtTrxh2 is associated with l1litochondria.
The redox properlies of PlTrxh2 were invesligated by examining
its interaction with (wo potential mitochondrial rx targcls,
alternative oxidase (AOX) and glutathione peroxidasc (Gpx). In
addition, we report that this 'l'l'X e!isplays a potcntial sile for
glutathionylation and that formation of the glutathione adduct
alters its redox potential.

MateriaIs and Methods
GFP Experiments. For in l'il'O intracellular localization. the cDNA
sequences of the putative transit peptide and the first putative
O'-helix of PtTrxh2 were cloncd betwccn the NcoI and Bal7lHI
sites o[ plasmid p :K-GFP3A, which allows the expression o[
protein-enhanced-Gl'P fusions under the control of a 35S
promotcr. The following oligonucleotides were usecl to oblain a
chimeric protein containing the l'irst 65 amino acids of PtTrxh2
connected to GFP: forward oJigonucleotide. S'-C CCCA rc­
CCTAATTTTGATCACTCCAATGGA-3'; reverse oligonu­
clcotide, 5' -CCCCGGATCCGCCGTGAATTCAAT' C-]'.
The resultanl plasrnid was transfected in tobacco leaves by
bombare!ment, and images were obtained with a Zeiss LSM5l0
confocal microscope. The pCK-mRFP plasmid, which harbors
the DsREDI gene (C1ontech), which codes for the l'cd fluores­
cent protein fused to the mitochondrial yeast COXIV prcse­
quence, was usecl as am itochondriaJ marker. It was cotransfected
with the tested construction

Mitochondria Purification. Mitochondria, isolated from 13-day-oJe!
soybean (Glycine max) cotyledons, were purified as described in
ref. 9. For poplar (Populus tremula X Populus alba, clon...:
717-1-B4, Institut National de la Recl1erclle Agronomique Or­
léans, Olivet Cedex, rance), growing leavcs [1'0111 6-month-old
cultings were used. The leaves (60 g) were washed with eùlcl
e!istillcd water, cut, ancl placee! in 300 ml of extraction mecliurll
(30 mM Mops buffer. pH 7.4/0.4 M mannitol/l % (wt/vol)

Abbreviations: AOX, alternative oXldase; Gpx, glutathlone peroxldase; GSSG, oxidlzecl
glutathione; Trx, thloredoxln; NTR. NADPH-Trx reductas·.
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Trx Activity. The reduction o[ Trx by NADPH and the recombi­
nant A. tholiol/o NTRA or -13 '.l'as followed at 412 nm by using
5,5'-dithiobis(2-nitrobenwic acid) as a substrate (4).

Expression and Purification of the Recombinant Proteins. For Pt·
Trxh2 production. E. coli sll'ain I3L2l(DE3) '.l'as eotransformed
with the helper plasmid pSBET and the recombinant plasmid
(13). Production and purification of the recombinant protein
were performed as described in ref. 8.

The procedures for the expression and purification of
AtNTRA, AtNTRB, AtTrxol, PtTrx/zl, PtTrxh3, and PtPrxQ
are described in rcfs. 4 and 14-17.

Cloning of Processed PtTrxh2. Because the full-lengtll recombinant
protein is proccssed in E. coli (8), the ORF o[ poplar Trxh2. in
which the nucleotide sequence eneoding the first 1<) amino acicls
'.l'as dektcd, '.l'as eloned by PCR, by using the previously
described plaslllid p ~T-popTrxh-2L (8) as a tcmplate, into thc
expression plasmicl pET-3d between the two restriction sitcs
Ncol and BamHI with the following oligonucleotides: rorward,
5'·CCCCCATCCCTAATTTTGATCACTCC ATGGA-3';
reVL:rse, S'-CCCC CGATCCTTATATCATCCCATGCTTC­
TCAAT-3'. In this construction, the recombinant protein st arts
with the sequence MAN <OH.

Results

Mitochondrial localization of PtTrxh2. Two sets of expcriments
aimed at investigating the subcellular localization of PtTrxh2
were undertaken. First, a transient expression experiment was
carried out by llsing a cl1illleric protein obtained by fusing the
putative transit peptide of PtTrxh2 to GFP. After bombarcllllent
of tobacco lea[ cpiclermis, lhe protein- ,FP fusion was found
only in mitochondria (Fig. lA)

The mitochondrial localjzation '.l'as further dcmonstl·ated by
using specjfic antibodies together with Illitochondria puritied
l'rom poplar leaves (Fig. lB) The quality of the mitochondrial

Gelhaye el al.

Gpx Activity. The Gpx activily '.l'as measured by folJowing H202
reduction. The reaction meclium had the following composition:
50 mM TriS'HCI, plI 80/500 ,uM DTT/500 ,uM 1120 2 with
varying amounts of PtTrxs and PtG pxs. Arter 1 min of incubation
at amhient tempcralure, the reaction '.l'as startecl hy adding
H202. I-"or each time point, 50 ,ul o[ the reaction mixture '.l'as
added 10 950 ,ul or FOX2 reagent a~ c1escribed in ref. 17. The
absorbance at 560 nm '.l'as read :lIter (1 1-h incubation

'.l'as measured with a Clark-type 02-electrode (Rank Brothers,
Cambridge, U.K.). Purified soybean mitochonclria were oxidizcd
with 10 mM diamide, washed, ancl frozen, allowing mel11branc~

to break down. The mitochondria then were suspended in 1 ml
of reaction medium containing 0.3 M SUC rose, :) mM KH 2P04,

10 mM N-[tris(hyclroxymcthyl)methyl]-2-aminoethanesulfon ic
acid (pH 70), 10 mM aCI,2 mM MgS04 , and 0.1% (wt/vol)
BS/\ at 25°e. PtTrxh2 (500 ,uM) '.l'as recluccd in 30 mM Tris'I{ 1
(pH 8)/1 mM DT \ buffer by using the NADPfl/ t TRB
system described in ref. 8. Subsequent additions were made as
described in Resulfs.

Redox Potential Determination. Titration 01 Trx h2 redox potential
'.l'as determined by using the monobromobimane mcthod de­
scribed in ref. 19. PtTrxh2 redox potentia[ also \Vas determinecl
by using atNTRB-catalyzed poising by direct reduction by

AD? 1 / ADPH (20). PtTrxh2 and GSSG-treated PtTrxh2
(10-4011 )weremixedwithI08,uM OP] [in500,u1. Thcn,
85 nM AtNTRB '.l'as added, and the ADPr-I nxidized wa~

determined at :\40 nm against an identical blank witl10ut
NADPH. To c1Cl<::rmine the reclox potential, the experilllent '.l'as
continued by adding 1 mM NADP' to reverse the equilibrium
of the reactiLJn. The concentratiun of the ADP' stock solution
'.l'as checkecl by reading the A at 260 nm, assuming thal E; = 15._
mM -I·cm-I. From the cquilibrium concenlration . redox poten­
tials '.l'cre calculated by using the Nernst equation (20).

Electrospray MS. A Micromass Q-Tor Uilima (Waters) hybrid
landem mass spectrometer was used [or the acquisition of the
eleclrospray ionization mass spectra. This instrument i~

equipped \Vith a nanoflow-electrospray source. The sample~

were infused into the mass speetrometer by using nanoiiow
capillaries (Proxeon Biosyslems, Odense. Denmark). The necdlc
voltage was "" 1,800 V, and the collision energy '.l'as 10 eV for thL:
MS analyses. Samples for flow injection analyses were diluted
1:20 with a solution o[ 50:50 acetonitriie and 0.1 % formic acie!.
Data analysis '.l'as accomplished with a MassLynx data system
and TRANSfORM deconvolution software supplied by the man­
ufacturer (Waters).

Glutathionylation Experiments. The reaclion mixture (50 ,ul) con­
tain ing 30 mM Tris'HO (pl 18), 1 mM OTT, and 50 ,ug of paplar
Trx Iz l, h2, or Iz 3 (concentration o[ =80 ,uM) \Vas incubated 10
min before adcling 5 mM oxidiz'd glutathione (GSSG). The
excess of GSSG '.l'as removed by extensive dialysis (1/25,000),
and the resultant glutathionylatecl protein '.l'as concentrated by
ul trafi Itra tion.

w.pnas.org/cgi/doi/l 0.1 073/pnas.04052821 0114546 1

Western Blot Analysis. PolycJonal antibodies (IgGs) against paplar
PtTrxh2 and poplar chloroplaslic methionine sulfoxide reduc­
tase A were raised in rabbils and pllrified rrom the serum by
affinity chromatography involving covalently linking proteins to
Sepharose columns by using a technique similar to the one
described for type JI peroxiredoxin in ref. 11. Antibodies against
glycine c1eavage system subun ils P and T were gifts from J.
Bourguignon (Centre Nationale de la Recherche Scientifique,
Grenoblc, France) (l2).

Protein extraction from leaves, stems, and roots '.l'as carried
out as described in ref. 11. Wt:stern blots were performed by
using polyvinylidenè difluoride membranes (Millipore) and the
Immun-Star Goat Anti·Rabbit Detection kit (Bio-Rad).

BSA/3 mM cyslcine/4 mM DTT/1.25 mM EGTA/2.5 mM
MgCJ 2/OAo/r (wt/vol) polyvinylpyrrolidone/OA% (wt/vol) phe­
nollchloroform/polyvinylpolypyrrolidone J. After two rounds of
homogenization at a low speed for 2 s with a Waring blender, the
homogellate was rapidly filtered through two layers of Miracloth
(100 ,um). The leaf fragments retained by the net were homog­
enized again (three times for 2 s) with 200 ml of the c;xtraction
medium and !ïltered as described above. The two fjJtrak~ were
pooled and suhjected to differential centrifugations as described
in ref. 9. Mitochondria were resuspended in washing mcdiun
[OA mM mannitol/lO mM Mops buffer, pH 7.2/0.5% I3::;A
(wt/vol)1 and puritïed as described in ref. 10. Mitochondria were
washed twice in 30 ml of washing medium devoid of BS/\. The
final pellet, suspended to "" 1.5 ,ug of protein per ,ul of washing
medium, was stored at -80°e.

AOX Reduction and Activity. The reduction of soybean AOX by
Pt rxJ12 '.l'as performed as follows. PtTrxh2 '.l'as reduced by
incubation with 10 mM .oTT for 30 min and then c1ialyzed to
remove .oTT. The absence of detectable .oTT in the protein
preparation '.l'as checked by using 5,5' -dithiobis(2-nitrobenzoic
acld). Purified frozen/thawecl soybcan mitochonclria samples
containing 2.5, 5, or lO,ug of total protein were incubated for 30
min with 150,uM PtTrxh2 or 40 mM .olT before being subjectecl
to nonreductive SDS/PAGE. AOX immunodetection also '.l'as
performed by using monoclonal antibodies la gencrous gift from
T E Eilhon (University of Nebraska, Lincoln) to YJ.I raised
against the Sauromofllln gulfofwn AOX (18).

To test the AOX activity, mitochondrial oxygen consumption
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PtTrxh2 ~

P subunit
T subunit

Fig. 1. Mitochondriallocalization of PtTrxh2. (A) M.tochondriallocalization of the PtTrxh2 fused to enhanced GFP in N. tabacum stomata. (Image 1) Image
of stom ta trom Nicotiana ben hamiana under visible ligh . Only the lower guard cell was transfected. (Image 2) Autofluor~c,l~nce of chlorophyll (blue) and
fluorescence of the mitochondrial marker (red). (Image ) Fluorescence of the fusion protein (green). (Image 4) Merged image,. (B) Immunodetl?ction of PtTrxh2
(Left), melhionine sulfoxide reduetase A (Center), and glycine decarboxylase complex subunits P and T (RighI) in poplar purified mitochondria.
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pl' 'paration was checked by using antibodies recognizing hoth
chloroplastic and C)'losolic methionine sulfoxide reduclases
( .R., unpublished data) ln this case, no ~ignaJ could be
deleckd by using thc mitochondrial prcparation (Fig, lB Cen­
1er), whereas a strong signal could be deleckd in whole poplar
leaf cxtracts (dala nol shown), The PtTrxJz2 ~ignal intensily (Fig.
lB Leif) wa similar 10 lhat oblaincd by using anlibodics raised
againsl glycinc d~carboxylas' complex subunil, (Fig. lB RighI)
used as mitochondrial markcrs.

PtTrKh2 Belongs to a Specifie Subgroup of TrKS h. Trx h have been
classifïed inlo lhrec dirfcrent sllbgroups based on primary
structure analysis P). Subgroup II incluc\\; Trxs exhibiling an
N-terminal eXlension (6). A phylog nic trce ha, been con­
si rucled by using variou' Trxs h belonging la suhgraup Il (Fig.
2). These Trxs could be further div ided into three subclasses: one
group containin proleins related 10 AlTrxh2 calJed nA: one
group conlaining proleins from cereals, which clusler separalely
(!lB); and a lhird group (IIC) thal conlain protc:ins reJaled to
AlTrxh8 and alsu incll.ldc:s PtTrxJ12. Prediction af sl.Ibcellular
localilalian of each prolcin was performed by using a combi­
nation of Iwo program~, TAfWETP and IPSOKI. Wilh lhe excep­
[ion of AlTrxh7, PtTrxh2-relaled mcmb rs ail are predicted 10

poscss a peptide signal. ln conlrast, AITrxJl2-rclaled sequences
are mainly predicted 10 be cylosolic. However, il should be
poinled out that soybean Trxs, which have heen shown 10 be
anchored 10 plasma membranes (21), arc pl'edicled 10 be chlo­
roplastie proleins by lhese programs. These analyses suggesllhat
milochondrial Trxs Il could constilule a quile homogeneous
sllbclass in l'l'X h subgroup II.

Expression of PtTrKh2. The expression of PtTrxh2 in plant organs
was invesligaled by recording the number of -STs coding for lhis
prolein among ail of the poplar ESn present in lhe GenBank
dalabase. Araund 80 ESTs are present of a lotal21O delecled for
the who le Trx h group. For comparison, onl)' six ESTs encoding
Trx 0 have been found in the database. The Pllrxll2 gene lhus
appear' 10 be transcribed at high levels in leaves (=69~hilS) and
allow levels in raots (5 hits) and petioles (5 hits). Trx h2 also \Vas
i'ollowed al lhe protein Icvcl in l'oots, stems, and leaves. The
prolein is presenl in similar cJeleclable amounts in ail parts of the
plant (dala not shown),

Gelhaye et al

atNTRA and atNTRB. The presence of NADPH Trx reduclasc: in A,
lhaliana milochondria is demonslraled in ref, 4. The aClivily of
PtTrxJz2 has been monilored in lhe presence of both cytosoJic
(AlNTRB) and milochondrial (AI TRA) ADPH TrxA. llwli-

Fig.2. Phylogenetic tree of various Trxs h belonging 10 the subgroup II. The
ClUSTAlW software was used to generate the phylogenetic tree of the following
Trxs (GenBank accession numbers in parentheses): At2, A. thaliana Trxh2
(558123); At7, A. thaliana Trxh7 (AAD39316); At8, A. thaliana Trxh8
(AAG52561); Bv, Beta vulgaris (BQ4891 03); Br, Brassica rapa (AF352030); Cs,
Citrus sinensis (CF837405); Ca, Capsicum annuum (CA523711); Ga, Gossypium
arboretum (BG440056); Gm l, G max (AW620807); Gm2, G. max (BM188930);
Ha, Helianthus annus (TC13569); Hv, Hordeum vulgare (BI960260); lb, Ipo­
moea batatas (AY344228); Mc, Mesembryanthemum crystallinum (BE033809);
Mtl, Medicago truncatula (AW560796); Mt2, M truncatula (AW686237); Ls1,
Lactucca sativa (BU008396); Ls2, L. sativa (TC9551); Ly, Lycopersicon esculen­
tum (BG126499); Pr, Prunus armeniaca (CB818939); Os1; Oryza sativa
(AK062383); Os2, O. sativa (CB681257); Ps, Pisum salivum (AY17065l); Pt2,
Populus trichocarpa Trxh2 (AF483266); Pt5, P. trichocarpa Trxh5 (BU869308);
Rc, Rosa chinensis (BI978567); 5b, 50rghum bico/or (AW747151); Ts, Triticum
aestivum (CD914485); Vv, Vilis vinifera (CF513794); Zm. Zea mays (AY104013).
The subcellular prediction (C, cytosol; M, mitochondria; P, piast id) was per­
formed by using IPSORT (http://hypothesiscreator .nel/iP50RT).
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Glutathionylation of PtTrxh2. To investigate the susceptibility of
PtTrxh2 to glutathionylation. the prolt:'in was recluced by TT,
incubalèd with exl'CSS GSSG, and an;Jlyzed by quaurupole
time-of-flight. Reducecl recombinant PlTrxh2 hild the expected
Illoiecular rnass of 14,056.1:\75 Da. QuadrupoJe time-of-flight
analysis of PtTrxh2 that h:Jd been treated with GSSG showed tllc
formiltion of a peak with a mass of ]4,361.125 Da, compatible
witll the addition of one glutathione moleculc (305."- Da). A
represenlative analysis of untreatcd PtTrxl12 and GSSG-treated
PtTrxh2 is shown in Fig. 6. When the GSSG-treated PtTrxh2 was
rereduceu by using 10 mM DTT, a peak al 14,059 was obtained
(data not shown), as expeetcu for reduetive dCilvage of the
adducl. PtTrxh 1 and PtTrxh3, two other poplar -rxs h, also were
testeel. Jn both cases, no glutéllhione addition was detectcd on
these Trxs in thcsc cxperimental condillons.

To investigate the effect of glutalhionylation on the enzymalic
aclivity of Pt rxh2, the time courses of reelLlction and rcoxida-

(data not shown). The mitochondrial AtTrxul was also unable to
reduce the different isoforms of PlGpx (délta not shown).

lime course (min)

300

Fig. 5. Gpx aC1ivity. The reduction of Hi02 by popl r Gpx 3 (P1Gpx3) was
ml'asured by following the disappearance of 500).LM H20, with 500 /lM on
or 20 ).LM of different Trx isoforms and 2 fLM Gpx3 in a typical fl'rrous
oxidation-xylenol orange (FOX) assay.• , minus Trx; _, 20 fLM P1Trxh2; À. 20
fLM P1Trxhl; x, 20 fLM PtT.xh3.

G Ihayl' et al.

Fig. 4. AOX activation. NAOH oxidation by mitochondria isolated from
soybean cotyledons. (A) Purified mitochondria in respiration medium. (B-O)

Purified soybean mitochondria \Nere incubated for JO min with 10 mM dia­
mide and washed two times, and the oxygen lIptake was measured in sucrase..
depleted respiration medium. Where indicated, the following additions were
made to the oxygen electrode cham ber: 35 fLM NTR reduced P1Trxh2 (B).
P1Trxh2 (875 /lM) was previously redllced du ring 15 min in the presence of
atNTRB (12.5 fLM) and NAOPH (25 mM). As control, either4 mM OTI(e) oronly
NAOPH/NTR (0) was added. Numbers on the traces represent nmol 02 per min
per mg of protein.

105.0

150 ~M PtTrxh2

2.5105.0

40 mM on

2.5105.0

Native

2.5

Gpx Aetivity. Despite their classification, plant Gpxs use Trxs for
peroxicle reduction (23). The ability of PtTrxh2 to reduee poplar
Gpx~ in vitro has been investigated. A representative experiment
involving the putative mitochondrial PtGpx3 is shown in Fig. 5.
Surprisingly, PtTrxh2 remained completely inactive in this te t, in
contrast to the cytosolic PtTrxh1 and PtTrxh3. Similar results were
ohlained with the other tested Gpx isoforms. PtGpxl and PtGpx5

14548 1 www.p nas.org/cgl/doi/l0.1073/pnas.0405282101

ana reductases (data not shown). The observed activily when
usin \5' -c1ithiobis(2-nitrobenzoic acid) as an electron acceptor
was ~imilar regardlcss of which NTR was used, suggesting that
PtTrxh2 could be recluced by NTR in mitochonclria.

In éldditional cxperiments, SDS/PAG performed without
reductant addition showed lhat PtTrxh2 is prc·.ent mainly élS
homodimers, which could be reduced by DTT (data not shown).
The thiol content of the prepmation was determined by using the
5,5'-c1ithiobis(2-nitrobenzoic acid) method, As expected, JlC:~arly

three thiols arc titraled t'Ol' the reduccd protcin and nearly no SH
group (0.01 SH pero protein) is present in the oxidized protcin,
suggesting that Cys-29 is involved in a disulfide bridge, possibly
iinking two monomers together.

AOX Reduction. AOX, a pOlential mitochondrial Trx taroet, has
been shown to be redox-regulated (22). Western blot cxperi­
ments allowing thc uctcctinn of oxidizeu AOX dimers a weil as
reduccd AOX monoOle,' were performed by using PtTrxll2­
treated or untredted sO'l'Jean mitochondria (Fig. 3). As a control,
similar experimeots \Vere carried out by using DTT as reductanl.
A significant reduction of inactive dimers to monomers by
PtTrxlt2 was observed, suggesting that Trx could regulate AOX
dimerization and possibly its aetivity in mitochondria.

To confirm this hypothesis, the activity of AOX also was
monitored in the presence or ab~ence of NTR-reduced PtTrxh2
by using purified soybean mitochondria (Fig. 4). Purified mito­
chondrja presented a high phosphorylative efficiency and a
cyanide resistance estimated al 30% of the state-3 rate when

DH was uscd as substrate (Fig. 4A). The cyanicle-insensitive
respiration was l'ully il1hibited by propylgalate, a specifie inhib­
itor of AOX. To study lhe effecl of PtTrxh2, mitochondria were
oxidized by using diamide (3 mM), and oxygen uptake was
recorded élfter il 2-min incubation in the electrode medium
devoid of sucrose. Under these conditions, the subsequent
addition or pyruvate poorly stimulated the cyanide-insensitive
respirntion (Fig. 48), eonfirming that the AOX protein needs to
be reduced to be aClivated by this eHector. The addition of

TR-reduced PtTrxh2 enhanced the recorded AOX activity
(Fig. 48). A similar effect was obtained \Vith DTT (Fig. 4C).
Moreover, the addition or tlle recluctant system oCTrxs, depleted
of Trxh2, poorly modified the oxygen uptake (Fig. 40). Similar
experiments performed with AtTrxol and the cytosolic PtTrxh1
indicilted thal these isoforms also could activate AOX (elata not
shown).

Fig. 3. AOX reduction. Purified and frozen/thawed soybean mitochondria
(2.5, S, and 10 fLg of proteins) \Nere mixed with reduced 150 fLM P1Trxh2 or 40
mM OTI and incubated for 30 min before being sllbjected to 50S/PAGE. AOX
dimers and monomers were immunodetected.
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poplarTrx h (PtTrxh2) helonging to this subgroup is associated with
mitochondria. This mitochondriallocalization is in agreement with
previous evidence for the presence of Trxs ane! particularly Trxs Jz
in plant mitochonclria (26, 27). This mitochondrial localization of
PtTrxh2 raises the possibility of suhcellular organelle localization
for other Trxs h with N-terminal extensions. The phylogenic tree
presented in thi, stue!y raises the pos:)ibility that mitochondrial
Trxhs could constitute a distinct subdiv;:;ion of the Trxh subgroup
II. However, the physioJogical ,ignificance of the N-terminal ex­
tensions found in other proteins of this subgroup remains to he
elucidated.

The mitochondrial localization of PtTrxh2 increa~cs the com­
pJexily of the Trx system in this organelle, beeause it l'las recently
shown that Trx 0 and NTRA are also localiœd in mitochondria (4).
ln poplar, EST database analysis indicated the presence of at kast
one mitochondrial Trx 0 (7). The presence of at kast two distinct
isoforms ofTrx in mitochondria raises the question of the speeilïcity
and also the. function of these Trxs in this organelle, bath isoforms
being reduced by NTR. EST data hase analysis suggested that
PtTrxh2 may be expn:sscd ln a significanlly larger extcn[ than
PtTrxo, sugge,ting a major rok for lhis isoforlll in poplar.

The functions of Trx in planl mitoehondria remain larg Iy
unknown. Nevertheless, recent data collected by using pro­
lcomic approaehes suggcsl the presence of at Icast 50 polenlial
Trx-linked proteins involved in different fundamental processes
(28). Among the,e potential targets, Gpx has been identified.
Interestingly, PtTrxh2 and atTrxol are not able to serve as
electron donors for different isoforms of poplar Gpx. whereas
these Gpxs ,HC recluced by either PtTrxh 1 or PtTrxh3, two
putative cytosolie isol'orms. Among the tcsted PtGpxs, PtGpx3 is
predicted to be largeled ta mitochondria and could be elas~ified

as part of a miloehondrial Gpx subgroup including AtGJ1x6 (29).
The mitochondrial potato homolog of AtGpx6 has bCl'n found
lo he a potential largel of Trx (28). Because tlle f;," value of
PlTrxh2 is Cluile similar to lhosc of other Tm, (24) and lhal
PtTrxh2 is able to interael with nonmitochondrial proteins (d
17), il is likely that ',lruclural tC:<llures, rather than thermody­
namie factors, are re::;pun,ibJe lur the absence of interactions
between PtTrxh2 and PIGpXS. The details of this Trx/target
interaction specifieity lhus reguirc further investigation. Taken
togelher. these data suggest Ihat additional Trxs could cxist in
mitoehondria and that the Trx system of this org<lI1eJlc may be
as complex as lhal found in chloroplasts. Il is also possible that
other unidenlified reduclants Illay be prc;;cnt in mitoehondria.

Anolher pOlential targel of mitochondrial Trxs is AüX.
Besides the cytochrome c palhway, planl mitochondria have an
alternative respiratory palhway involving the homodimcrie
AOX. AOX plays a mIe in deereasing lhe formation of miru­
chondrial reactive oxygen species (30-32). A redox regulalion of
AOX has been idenlified. When the subunits are linked by a
disulfide bond. the enzyme is inactive (22). In conlrasl, when the
disulficle is reduced, monomers could he activated by u-keto
acids (33, 34). The ree!uctive activation of AOX dimer. by
PtTrxh2 and AtTrxo 1 dèscrihed in this study suggests lhat Trxs
could play a major l'ole in the activatiun of AOX and also in
reactive oxygen speeics detoxificarion.

Anoliler characteristie of PtTrxJr2 is its ability to be glutathio­
nylaled. This property may be unique for PtTrx!r2, because two
other poplar Trxs, PtTrxhl and PtTrxh3, are not glutathiony­
lated. Data on glutathionylation processes in plants are scarce.
ln contrast, this phenomenon is weil known in mammalian
systems. For instance, glUlathionylation of human Trx has been
shawn to reduce its enzymatic activity (35). ln this study, we have
shown that glutathionylation significantly alters the PtTrxh2
redox potential, suggesting thal gIutathione aclduct eould a[so
modulate its enzymatic aetivity. The physiological sign ificanœ of
this posttrans[ational modification of PtTrxh2 remains to be
elueidated and deserves further investigation.
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Fig. 7. Determination of redox potentiat of PtTrxh2 and glutathionytated
PtTrxh2. Reduction of disutfides in 26.6 p.M PtTrxh2 (~) and 26 p.M GSSG­
treated PtTrxh2 (.) was started by the addition of 85-nm Trx reductase B from
A. thaliana. When the reaetion was s1opped. NADP" was added to a final
concentration of 1.0 mM. The formation of NADPH was followed from the
increase at 340 nm.

tion of disulfides in GSSG-treated PtTrxh2 and PtTrxh2 in the
presence of 85 nM AtNTRB are compared in Fig. 7. For PtTrxh2,
the amount of oxidized NADPH e!etermined in the tirst part of
the curves indicates that the three cysteines are reduced (= 1.5
oxidized NADPH per protein). In contrast, the amount of
oxidized NADPH corresponds to only one disulfide bridge in
GSSG-treatee! PtTrxh2 (=1 oxidized NADPH per protein).
From equilibrium constants, redox potentials of -287 :!: 15 mV
for PtTrxh2 and --225 =- 15 mV for GSSG-treated PtTrxh2 l'lere
calculated by L\sing a value of -320 mV for the couple NADP ,
NADPH al pH 7.0 and 2U°C. The oxidation-reduction midpoint
potential (Fm) of PITrxh2 also l'las measured by using tlle
monobromobimane titration metllod. Thc Em value is approxi­
mately - 292 mV =10 mVat pH 7.0, a value similar to tllat found
with the NTR method ane! for other Trxs h (24. 25).

Fig. 6. Glutathionylation of PtTrxh2. The deconvoluted speetra of native
PtTrxh2 (A) and PtTrxh2 incubated with 5 mM GSSG (8) are shown.

.. .....

Discussion
In poplar, as weil as in other plants, tlle Trx h group can be divided
into three distinct subgroups. The main characteristic of subgroup
11 memben, is the presence of an amino acid N-terminal extension.

cvertheh.:ss, it had been tllought that these isoforms l'lere localized
in the cytosol (2,3). In this study. l'le demonstrate that at least one

Gelhaye et al.
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Article V : Ascorbate peroxidase-thioredoxin interaction.

Eric Gelhaye, Nicolas Navrot, Isabel K. Macdonald, Nicolas Rouhier, Emma

Lloyd Raven, Jean-Pierre Jacquot

Photosynthesis Research, accepté.

Cet article décrit la mise en évidence d'interactions entre les systèmes thiol­

dépendants et les peroxydases dépendantes de l'ascorbate chez les végétaux

supérieurs. Nous avons montré que l'ascorbate peroxydase de pois est capable

d'oxyder le GSH ou encore une Trx de peuplier. La réaction avec ces composés

contenant des thiols va aboutir à la consommation d'02 couplée à une production

d'H20 2 et à l'inactivation de la peroxydase. Cette inactivation n'est pas uniquement

due à j'action d'H20 2 mais aussi à j'action de radicaux formés par l'oxydation des

groupements thiols du GSH, de la Trx ou encore du DTT. Il est donc possible qu'Apx

et Trx (ou GSH) puissent interagir in vivo, particulièrement en cas de stress oxydant,

quand le substrat réduit de l'Apx, l'ascorbate, pourrait être présent en quantité plus

faible, et en présence d'H20 2. Cette interaction entre des protéines présentes dans le

cytosol, pourrait aussi avoir lieu dans d'autres compartiments (le chloroplaste

notamment), mais sa signification et son rôle physiologique restent à déterminer.
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Abstract Proteomics data have suggested ascorbate
peroxidase (APX) to be a potential thioredoxin-inter­
acting protein. Using recombinant enzymes, we ob­
served that incubation of pea cytosolic APX with
reduced poplar thioredoxins h drastically inactivated
the peroxidase. A similar inactivation is induced by
reduced glutathione and dithiothreitol, whereas dia­
mide and oxidized glutathione have no effect. Oxygen
consumption measurements, modifications of the APX
visible spectrum and protection by hydrogen peroxide
scavenging enzymes suggest that APX oxidizes thiols
leading to the generation of thiyl radicals. These radi­
cals can in turn react with thiyl anions to produce the
disulfide radical anions, which are responsible for
oxygen reduction and subsequent hydrogen peroxide
production. The APX inactivation is not due solely to
hydrogen peroxide since fluorimetry indicates that the
environment of the APX tryptophan residues is dra­
matically modified only in the presence of thiol groups.
The physiological implications of this interaction are
discussed.
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Introduction

The regulation of the cellular redox state is crucial
for plant development and adaptation to environ­
mental stimuli. Several redox metabolites are invo­
lved in this regulation. Among them, ascorbate plays
a major role, particularly as a substrate for ascorbate
peroxidase (APX), an enzyme converting hydrogen
peroxide to water. APX has been identified in many
higher plants and constitutes a family of isoenzymes
distributed in different subcellular compartments
(Shigeoka et al. 2002). In Arabidopsis thaliana, three
APX isozymes are present in chloroplasts: a thyla­
koid-bound APX, a lumenal APX, and a stromal
APX, the latter having been recently shown to be
targeted both to the stroma and mitochondria (Chew
et al. 2003). The cytosol contains one cytosolic APX
(APX1), and an additional APX (APX2) that is
inducible essentially under extreme light or heat
stress conditions (Karpinski et al. 1999; Panchuk
et al. 2002). APXs contribute together with other
enzymes to the control of hydrogen peroxide con­
centration, a signaling molecule involved in the reg­
ulation of key biological processes, such as
programmed cell death, abiotic stress response and
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pathogen defense (Gechev and Hille 2005; Schutz­
endubel and Polle 2002; Overmyer et al. 2003).
Cytosolic APXl has been shown to play a key roIe in
protecting chloroplasts against oxidative stress during
photosynthesis, suggesting a cross-compartment pro­
tection mediated by this enzyme (DavIetova et al.
2005).

Ascorbate peroxidase which belongs to the class l
heme peroxidases has been extensively studied as a
peroxidase model and the 3D structure of the APX­
ascorbate compIex has been solved (Sharp et al.
2003a). APX, as other peroxidases, is able to catalyze
the oxidation of non-physiological, aromatic substrates,
at rates comparable to those recorded with ascorbate
(Sharp et al. 2003b). Furthermore, thiol-containing
compounds such as glutathione have been found to be
good substrates for horseradish peroxidase (Bumer
and Obinger 1997) and lactoperoxidase (Guo et al.
2004).

Besides ascorbate, thiol-depending pathways, and
especially thioredoxins, also play a major role in the
cellular redox control (Gelhaye et al. 2005; Buchanan
and Balmer 2005). Thioredoxins are small ubiqui­
tous disulfide oxidoreductases with two redox active
cysteines in the catalytic site. The development of
proteomic tools has led to identify several putative
thioredoxin-interacting proteins (Balmer et al. 2003;
2004; Wong et al. 2004; Yamazaki et al. 2004).
Among these, cytosolic ascorbate peroxidase has been
postulated to interact with thioredoxins h (Marchand
et al. 2004; Yamazaki et al. 2004). Thioredoxins h
constitute a subfamily of thioredoxins, essentially
located in the cytosol (Meyer et al. 2002; Gelhaye
et al. 2004a); however, at least one isoform has been
found in mitochondria (Gelhaye et al. 2004b). Thior­
edoxins h are usually reduced by a flavoprotein called
NADPH Thioredoxin Reductase (NTR), which has
also been found both in the cytosol and in mito­
chondria (Florencio et al. 1988; Laloi et al. 2001). The
putative interaction between ascorbate peroxidase
and thioredoxin could be very important in the
understanding of the global cellular response to oxi­
dative stress. Indeed, APX is known to play a major
role in the regulation of the cellular redox state
(Davletova et al. 2005) and the relationship between
this enzyme and the thioredoxin system remains lar­
gely unknown.

The aim of this study was to investigate potential
interactions between thioredoxins and APX. Using
recombinant proteins of cytosolic origin, we demon­
strate that the thioredoxin system (NTR/Trx) as well as
glutathione are oxidized by pea cytosolic APX, this
process leading to an inactivation of the peroxidase.
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Materials and methods

Enzymes

APX was expressed and purified according to pub­
lished procedures (Metcalfe et al. 2004). Poplar thior­
edoxin hl(PtTrxhl), thioredoxin h2 (PtTrxh2), type
II peroxiredoxin (PtPrxII) and methione sulfoxide
reductase A (PtMsrA) have been prepared as desc­
ribed previously (Behm and Jacquot 2000; Gelhaye
et al. 2002; Gelhaye et al. 2003). NADPH-thioredoxin
reductase B (NTR) from A. thaliana has been isolated
as described in Jacquot et al. (1994).

Time dependence of inactivation

The inactivation of APX by the NADPH-Thioredoxin
system (NTS) was followed by incubating APX (2 ,aM)
with NADPH (2.2 mM), NTR (9.75 ,aM) and PtTrxhl
(10.5 or 100 ,aM) in 50 mM phosphate buffer, pH 7.0.
The reaction was initiated by the addition of APX. At
the appropriate times 10 /lI aliquots were removed and
their enzymatic activities were determined in the
ascorbate peroxidase assay (500 /lM ascorbate, 100 /lM
HzOz in 50 mM phosphate buffer, pH 7.0).

The assays determining the influence of different
compounds on APX activity have been performed as
follows. APX (6.6 /lM) was incubated with the tested
compound during 30 min and 5 /lI aliquots were re­
moved and their residual activity was determined using
the ascorbate assay (500 /lM ascorbate, 100 /lM HzOz
in 50 mM phosphate buffer, pH 7). The relative
activity of APX control (without addition) was defined
as 100.

Kinetic parameters have been determined using
APX (13 ,aM) pre-incubated during 20 min with NTSl
(PtTrxhl 100 /lM) as described above. The resulting
mixture has been dialyzed over-night against 50 mM
phosphate buffer, pH 7.0 in order to remove NADPH
and activity measured using 28 nM of APX. As a
control, APX has been submitted to the same treat­
ment but without NTR addition.

APX activity assay

APX activity was determined in assays containing
100 /lM hydrogen peroxide and either ascorbate or
guaiacol (a substrate of APX) in 50 mM phosphate
buffer, pH 7.0. For ascorbate, the activity was followed as
the decrease in A Z90 due to the consumption of ascorbate
(EZ90 = 2800 M-1 cm-1

). The activity with guaiacol
wasdeterminedat470 nm(E470 = 26600 M-1 cm-1).The
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reactions were initiated with hydrogen peroxide
(100 .uM).

Altematively, HzOz disappearance was followed
directly. The reaction mixture (500 .ul) contained
50 mM phosphate buffer pH 7.0, 500.uM ascorbate,
30 nM APX. The reaction was started by adding 1 mM
HzOz. After the given incubation times, 2.5 .ul was
mixed with 1000.u1 of FOXl (ferrous oxidation in
xylenol orange) reagent (Wolff et al. 1994). The
absorbance was then read at 560 nm after 1-h incuba­
tion.

DTNB reduction

The reduction of thioredoxin by NADPH and
recombinant NTR from A. thaliana was followed
at 412 nm using 5,5'-dithiobis(2-nitrobenzoic acid)
(DTNB) as a substrate (Jacquot et al. 1994).

Oxygen consumption assay

Oxygen consumption measurements were made with a
Clark-type oxygen electrode filled with 1 ml of 50 mM
phosphate buffer. The reagents were added in the
following order: first, 50 mM phosphate buffer (pH
7.0) containing either GSH (1 or 10 mM) or NTSl
[NADPH (2.2 mM), PtTrxhl (35 .uM) and NTR
(0.8.uM)], then after 5 min base-line measurement,
reactions were initiated with 9.5.uM of APX. AlI
experiments were done at room temperature.

Fluorescence measurements

activity due to inactivation by NTSl (NADPHINTRI
PtTrxhl) was followed over time, with ascorbate as a
substrate. APX inactivation requires reduced NTR and
is enhanced in presence of thioredoxin (Fig. 1).
Control experiments, where NADPH or NTR were
omitted did not induce any inactivation, confirming the
need for reduced thiol compounds. The NTS1-treated
APX exhibited much lower catalytic rates with either
ascorbate or guaiacol than untreated APX (Fig. 2).
Steady-state oxidation of guaiacol by APX obeys
Michaelis-Menten kinetics (Lad et al. 2002). The
NTSl incubation of APX leads to a strong decrease of
kcat from 1410 to 350 min-l, whereas no significant
changes in Km values were observed (around
10 ± 4 mM). Steady state oxidation of ascorbate by
APX did not obey Michaelis-Menten kinetics and the
data were fitted to the Hill equation (Lad et al. 2002),
leading to a kcat value of 9400 ± 1600 min~l for the
untreated enzyme. Nevertheless, after NTSl treat­
ment, the obtained data could be fitted to Michaelis­
Menten equation, the kcat value being dramatically
decreased (kcat = 2200 ± 374 min-1

).

The NTS1-inactivation of APX was also confirmed
when measuring HzOz disappearance instead of
ascorbate oxidation (Fig. 3), showing that the observed
inactivation does not result from a competitive reduc­
tion of HzOz by NTS1. We have observed many times
in separate experiments, that the NTS system is unable
to reduce HzOz by itself.

After incubation with APX, the NTSl system
remained fully active when tested in the DTNB assay
suggesting that NTR and Trx are not irreversibly
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Apx (9.5 .uM) in 50 mM Tris buffer pH 7.0 was excited
at 280 nm and emission spectra were recorded with a
Cary ec1ipse fluorescence spectrophotometer (Varian).
Similar experiments were also performed by adding
GSH (10 mM) or HzOz (10 mM), emission spectra
being recorded after 10 min.

Inactivation of APX by the thioredoxin system
0.01

405 10 15 20 25 30 35
Incubation time (min)

Fig. 1 Inactivation of APX by NADPH Thioredoxin System.
Apx (2 /lM) has been incubated with; ., NADPH (2.2 mM); 11III,
NADPH and NTR (9.75 /lM); Â, NADPH, NTR and PtTrxhl
(10.5 /lM) and; 4D, NADPH, NTR and PtTrxhl (100 /lM) in
phosphate buffer 50 mM, pH 7. Aliquots were assayed at the
specified time for residual activity with ascorbate (ascorbate
500 /lM and HzOz 100 /lM)

In order to test the effect of reduced compounds (e.g.
thioredoxin or glutathione) on APX, we have devised
an experimental setup that inc1udes two consecutive
phases. The APX is first preincubated with the desired
compound in an Eppendorf tube for a given time, and
then an aliquot of APX is used for determining its
activity in a spectrophotomoter. The decrease in
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APX-inactivation and peroxidases

APX has been preincubated during 30 min with vari­
ous compounds and its relative residual activity
determined using ascorbate as substrate (Fig. 4). A
strong inhibition of APX activity was observed using
glutathione (1 mM) or DIT (1 mM). PtTrxh2 is a
mitochondrial thioredoxin, which differs from PtTrxhl
by at least the catalytic site, WCGPC and WCPPC,
respectively. The observed APX inactivation is similar
with both thioredoxins and requires reduced forms of
the tested compounds. In aIl cases, the APX-inactiva­
tion is prevented in the presence of ascorbate (1 mM)
or guaiacol (9 mM).

Effects of various thiol compounds on APX

Nitrites, which have been shown to be electron donars
for heme peroxidases (Guo et al. 2004) are able to
prevent at least partially APX inactivation by NTSl
(Fig. 5).

Two other proteins containing thiols in their cata­
lytic site have been tested, PtMsrA (Gelhaye et al.
2003) and PtPrxII (Rouhier et al. 2001). PtMsrA is a
methionine sulfoxide reductase, whereas PtPrxII is a
type II peroxiredoxin catalyzing the reduction of
hydrogen peroxide. Both proteins require thioredoxin
as a reductant. The APX inactivation by NTSl is

inactivated during the interaction with APX (data not
shown).
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Fig. 2 Steady-state activity of NTS inactivated APX. Apx
(13.3 {lM) was incubated with 100 {lM PtTrxh1, 6.5 {lM NTR et
0.4 mM NADPH during 30 min, dialyzed in order to remove
NADPH and the activity of the treated sample (II1II) was assayed
in comparison with a control (.) incubated 100 {lM PtTrxh1,
6.5 {lM NTR and also dialyzed. The activity has been tested
using 30 nM of APX with 100 {lM HzOz varying the ascorbate
(A) or guaiacol (B) concentrations
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Fig. 3 Hydrogen peroxide disappearance in presence of NTS­
inactivated APX. Apx (13.3 {lM) was incubated with 100 {lM
PtTrxh1, 6.5 {lM NTR et 0.4 mM NADPH during 30 min,
dialyzed in order to remove NADPH and the activity of the
(.) treated sample was assayed in comparison with a control (II1II)
incubated 100 {lM PtTrxh1, 6.5 {lM NTR and also dialyzed. The
activity has been tested using 30 nM of APX, 1 mM HzOz and
600 {lM ascorbate

III

Fig. 4 Effect of various thiol compounds on APX activity. Apx
(6.6 {lM) has been incubated during 30 min in presence of
various compounds. NTSl: NADPH 180 {lM, PtTrxhl 35 {lM,
NTR 0.8 {lM; NTS2: NADPH 180 {lM, PtTrxh2 35 {lM, NTR
0.8 {lM. An aliquot (5 Ill) has been assayed for activity in
presence of 600 {lM ascorbate and 100 {lM HzOz, the control
(100%) exhibiting an activity of 53 mUI
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Fig. 5 APX inactivation and peroxidase. Apx (6.6 /lM) has been
incubated during 30 nlln in presence of NTSl: NADPH 180 /lM,
PtTrxhl 35 /lM, NTR 0.8 /lM; with or without catalase (67, 134
and 670 /lglml), PtMsrA (2 /lM), PtPrxII (2 /lM), sodium nitrites
(1 mM). An aliquot (5 J-ll) has been assayed for activity in
presence of 600 /lM ascorbate and 100 /lM H20 2

enhanced in presence of PtMsrA, while the presence of
PtPrxII prevents, at least partially, APX inactivation.
In complementary experiments, the effect of various
concentrations of catalase has been tested showing that
this enzyme can also prevent to sorne extent the NTS1­
induced APX inactivation. Taken together, these data
suggest that APX-inactivation process could be linked
to hydrogen peroxide formation.

Oxygen consumption

The formation of hydrogen peroxide is consistent with
a reaction of thiols with APX generating highly reac­
tive thiyl radical intermediates which can react with
oxygen to product hydrogen peroxide according to the
following reactions with glutathione as example (Guo
et al. 2004):
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Fig. 6 Oxygen consumption during APX inactivation. APX (14,
5 /lM) has been incubated: l1li, alone as control; ., with 1 mM
GSH; ., with 10 mM GSH in 50 mM phosphate buffer, pH 7.0

activity. Oxygen consumption was greatly accelerated
when the GSH concentration was increased to 10 mM.
A weak oxygen consumption was also detected III

presence of APX and NTSl (data not shown).

Effect of thiols on the spectrum of APX

When GSH (1 mM) was added to APX, the APX
spectrum was strongly modified in the Soret region
with a maximal absorption peak at a wavelength of
414 nm (410 nm for the untreated APX) (Fig. 7).
Furthermore, the spectrum was also altered in the 500­
700 nm region. These modifications are similar to those
obtained in presence of NTSl (data not shown), sug­
gesting that APX was able to oxidize sulfhydryl groups.

Effect of thiols on Trp fluorescence

The fluorescence emission spectrum of APX (excita­
tion at 280 nm) was dramatically modified in the
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Fig. 7 Effects of glutathione on spectral changes in APX. The
reaction was started by adding 1 mM GSH to 6 /lM APX and
spectra have been recorded immediately (dotted line) and after
30 min of incubation (solid line). The graph in the inset
corresponds to the visible part of spectra

Oxygen consumption experiments have also been
performed (Fig. 6). Oxygen consumption is detected in
presence of APX (14.5 ,uM) and GSH 1 mM, whereas
APX alone does not exhibit oxygen consumption

Gssâi"+02 ---+ GSSG + 0;
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Discussion

decrease of ascorbate oxidation. All these data suggest
that this residue is located close to the ascorbate­
binding site confirmed crystallographically (Sharp
et al. 2003a) with the binding of aromatic substrates
such as guaiacol occurring at a different site (Mand­
elman et al. 1998; Lad et al. 2002; Sharp et al. 2004).

In this study, we show that thioredoxins as well as
reduced glutathione are able to inactivate APX in well
defined conditions. Taken together the obtained data
suggest that APX is able to oxidize thiol compounds
leading to the formation of thiyl radicals. Concerning
thioredoxins, the presence of two cysteinyl residues at
the catalytic site leads to the formation of a disulfide
bridge as shown previously (Goldman et al. 1995).
Similar mechanisms could also be proposed for NTR.
This process is in agreement with the fact that the NTS
enzymatic capacity is not lowered after incubation with
APX. Similarly, reduced glutathione could be oxidized
by APX as shown previously for other peroxidases
(Guo et al. 2004). It is well known that the highly
reactive thiyl radical intermediates can react with thiyl
anions to produce the disulfide radical anion, which is
responsible for oxygen reduction and consequent
hydrogen peroxide production (Guo et al. 2004).
Detection of oxygen consumption in presence of thiols
is consistent with this hypothesis whereas APX exhibits
no catalase-like activity (this work, Hiner et al. 2001).
Another piece of evidence supporting this hypothesis is
that catalase and peroxiredoxin prevent at least par­
tially the inactivation. Finally, the modification of the
APX UV/visible spectrum in presence of thiols is
consistent with the oxidation of sulfhydryl groups,
leading to thiyl radical formation and finally hydrogen
peroxide generation. In this context, ascorbate and
guaiacol can prevent APX inactivation probably
reacting both with APX as substrates and with thiyl
radicals to prevent hydrogen peroxide formation. Ni­
trites, as electron donars, are also able to partially
protect APX against inactivation allowing a reduction
of APX (Guo et al. 2004).

Inactivation of cytosolic APX has been shown in
presence of hydrogen peroxide as sole substrate. In
these conditions, the formation of a protein radical has
been detected (Hiner et al. 2000; Hiner et al. 2001).
By analogy with another peroxidase (Ccp), it has been
suggested that a tryptophan residue could be involved
(Trpl71), the electron transfer from the heme leading
to the formation of a Trp radical. Nevertheless, the
inactivation of APX in presence of thiols cannot be
explained only by the generation of hydrogen perox­
ide. The Trp fluorescence is indeed dramatically
modified in thiol-inactivated APX, whereas no change
has been detected in H20z- treated APX (Fig. 8).
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presence of 10 mM GSH, suggesting that the Trp
environment is altered during interaction between
GSH and APX. Interestingly, addition of hydrogen
peroxide (10 mM) had no effect on Trp fluorescence
(Fig. 8). A similar increase in fluorescence emission
was observed when APX was previously treated with
hydrogen peroxide (10 mM) befare GSH addition
(data not shown).
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Fig. 8 Effects of glutathione on Trp fluorescence elTIlSSlOn
spectra. Apx (9.5 pM) in 30 mM Tris-HCl, pH 7.0, was exited
at 280 nID (A), and in presence of either (l1li) 10 mM GSH or (.)
10 mM H20 2• As control, (4D) 10 mM GSH in 30 mM Tris-HCl,
pH 7.0 was also used

Cytosolic APX has been found as a potential target of
both thioredoxin (Yamazaki et al. 2004; Marchand
et al. 2004) and glutaredoxin (Rouhier et al. 2005).
These results from three different laboratories have
been obtained using two different approaches. In the
first case, affinity columns using monocysteinic mutants
of either thioredoxin or glutaredoxin have been used,
allowing the formation of stable mixed disulfides be­
tween the potential targets and the mutants. The
trapped targets were then eluted with DTT (Yamazaki
et al. 2004; Rouhier et al. 2005) and characterized. In
the second case, APX has been detected after direct
reduction of the targets by enzymatically reduced Trx
followed by labelling of unmasked thiols (Marchand
et al. 2004).

Alignment of primary sequences of plant cytosolic
APX shows the presence of only one conserved cys­
teine, Cys32. The role of this cysteine in the APX
catalytic mechanism has been extensively studied
(Mandelman et al. 1998; Lad et al. 2002). Although
Cys32 is located in the vicinity of the ascorbate binding
site, modification of this residue with Ellman reagent
does not affect oxidation of aromatic substrates as
guaiacol. In addition, the C32S mutant exhibits similar
activity with guaiacol but, in contrast, there is a dramatic
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The observed inactivation of APX in presence of
sulfhydryl components is probably not due simply to
an alteration of APX Cys32. Indeed, in the tested
conditions, incubation of APX with sulfhydryl groups
altered both guaiacol and ascorbate oxidation whereas
Cys32 is only involved in the ascorbate binding site
(Mandelman et al. 1998; Lad et al. 2002; Sharp et al.
2003a, b, 2004).

Taken together, these data suggest that thiyl radi­
cals induce large changes in APX (particularly in the
vicinity of Trp residues) leading to the inactivation of
the enzyme. The exact location of these changes is
not defined and remains to be determined. Further­
more, it is not clear if these changes are reversible or
not. We suggest that the thioredoxin-dependent
APX inactivation leads to the exposure of a buried
cysteine (probably the conserved Cys32) explaining
the fact that APX was found as a potential thiore­
doxin target, again this hypothesis needs to be
confirmed.

The obtained results raise interesting questions
about the physiological significance of this possible
interaction between APX and thiols. Clearly, APX is
able to oxidize exposed protein cysteine residues as
shown for thioredoxin and PtMsrA as well as reduced
glutathione. From a physiological point of view, this
phenomenon could occur when the ascorbate pool
decreases and in presence of hydrogen peroxide. In
these conditions, APX could play a role in thiol oxi­
dation generating thiyl radical, which finally could lead
to glutathionylation. This hypothesis needs further
experiments to be confirmed.

This study highlights unexpected interactions be­
tween ascorbate peroxidase and thioredoxin that can
result in a reductant-linked inactivation of APX.
These reactions illustrate that the delicate interplay
between the various cellular reducing systems can
result in unwanted consequences. In this study, for
convenience, we have used recombinant proteins that
are normally targeted to the cytosol. Given the
functional homology between cytosolic APX and its
chloroplast counterparts, and also between thiore­
doxins of the various compartments, we expect that
the APX-thioredoxin interaction could also take
place in other compartments than the cytosol, and
notably in the chloroplasts. Given the importance of
APX in the protection of chloroplasts against reac­
tive oxygen species, this leads to suggest that there
should be sorne type of mechanisms that could pre­
vent this negative effect. One possibility that imme­
diately cornes to mind is that a temporalltopological
segregation of these systems should be able to pre­
vent the putative damage linked to this reaction.
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Résultats

Article VI : Catalytic Mechanism of a Glutaredoxin-dependent Thioredoxin

from Poplar.

Eric Gelhaye, Nicolas Rouhier, Masakazu Hirasawa, Nicolas Navrot, David

B. Knaff, Gunnar Wingsle and Jean-Pierre Jacquot

En préparation.

Cet article décrit la caractérisation d'une isoforme particulière de Trx chez le

peuplier. Cette isoforme n'est pas réduite par la voie classique de la NADPH­

thiorédoxine réductase, mais elle obtient son pouvoir réducteur des Grx. La Trx h4

présente la particularité de comporter une cystéine conservée en position N­

terminale, supplémentaire à celles du site actif. L'étude biochimique des mutants

cystéiniques de cette protéine a permis de proposer un mécanisme catalytique pour

cette enzyme: l'attaque nucléophile se fait sur la cystéine catalytique typique des Trx

(Cys 58). Un pont disulfure se forme ensuite entre Cys58 et Cys61. Ce pont disulfure

est alors converti en un pont disulfure entre Cys61 et Cys4, qui est ensuite réduit par

la Grx en présence de G8H et GR. La Trx h4 de peuplier est de plus capable de

réduire une M8R de type A de peuplier, mais pas les différentes isoformes de Gpx

testées. Il s'agit de la première étude montrant la réduction spécifique d'une Trx par

une Grx. La glutathionylation de cette Trx est aussi discutée.
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Running Title: Glutaredoxin-dependent thioredoxin

Surnrnary

A poplar thioredoxin of the h type (PtTrxh4) has recently been shown to accept electrons from

reduced glutaredoxin (Grx). Unlike other thioredoxins h characterized so far,

NADPH:thioredoxin reductase is not able to catalyze reduction of PtTrxh4. PtTrxh4 contains

three cysteines, one localized in a N-tenninal extension (Cys-4) and two (Cys-58 and Cys-61)

in the usual thioredoxin active site (WCGPC). Mutants in which each cysteine was replaced

bya serine were constructed to investigate the mechanism of the Grx-dependent reduction and

the properties of the mutants suggest that aIl three cysteines are involved in catalysis.

Mutation of Cys-58 demonstrates that it is responsible for the initial nucleophilic attack

during the catalytic cycle. The observation that the C4S mutant is inactive in presence of Grx

but fully active when dithiothreitol is used as reductant suggests that Cys-4 is required for the

interaction of PtTrxh4 with Grx. Thiol titrations and redox potential determinations showed

that two intramolecular disulfide bridges involving Cys-58 can be fonned, linking it to either

Cys-61 or Cys-4. Overall the results support a three-step reaction mechanism: 1) Cys-58

attacks the sulfur atom of a target protein, 2) the heterodisulfide is then reduced via a double

displacement mechanism involving formation of a disulfide bond between Cys-58 and Cys­

61, followed by fonnation of a disulfide bond between Cys-4 and Cys-58, which liberates

Cys-61, and 3) the disulfide bridge between Cys-4 and Cys-58 is then reduced either by a

bicysteinic glutaredoxin or through a monothiol pathway involving a monocysteinic

glutaredoxin.
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Introduction

Thioredoxins are small molecular weight proteins found in all organisms from prokaryotes to

higher eukaryotes. They are involved in many cellular processes, dealing primarily with cell

redox regulation. In plants, numerous isoforms have been reported. For example, at least 20

genes coding for thioredoxins are present in the completely sequenced genome ofArabidopsis

thaliana (1). The thioredoxins J, m, x and y are present in chloroplasts (2, 3), whereas the

thioredoxins 0 are localized in mitochondria (4). The thioredoxins h constitute a large

disparate group including cytosolic and mitochondrial thioredoxins (1, 5, 6, 7). Thioredoxins

h have been divided in three distinct subgroups in a classification based on protein primary

structure and position of the introns (1). Members of the first and second groups are reduced

by NADPH in a reaction catalyzed by NADPH-Thioredoxin Reductase (NTR). NTR is a

homodimeric flavoprotein, with each subunit containing one NADPH-binding domain and

one flavin adenine dinucleotide (FAD)-binding molecule. Members of the first and second

thioredoxins h subgroups contain a conserved WC(G/P]PC catalytic site. The first cysteine is

the one involved in the nucleophilic attack on disulfide bridge present in target proteins,

leading to the formation of a disulfide bridge between the target protein and thioredoxin. This

intermolecular disulfide is then reduced by the second cysteine, leading to the release of

reduced target protein and oxidized thioredoxin.

It is only recently that members of plant thioredoxin h subgroup 3 have been detected. Poplar

is among the plants in which this type of thioredoxin has been detected (8, 9). A poplar

thioredoxin, PtTrxh4, contains the usual catalytic site WCGPC but differs from previously

characterized thioredoxins h in the reduction pathway used. Indeed, this isoform is not

reduced in vitro by NTR but by glutaredoxins (8). This unique feature raised several questions

about the mechanisms of reactions involving PtTrxh4. For example, as most characterized
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Trxs have a redox midpoint potential of ca -290 mV while Grxs are more electropositive (ca ­

200 mV), questions about the therrnodynamic favorability of reduction of a Trx-like molecule

by Grx naturally arise.

The unique properties of PtTrxh4 are analyzed in this paper and it is demonstrated that, in

contrast to other thioredoxins, three cysteines rather than two are involved in the catalytic

mechanism. Two of these cysteines are present in the usual thioredoxin catalytic site

(WCsSGPC61), whereas the third is localized in the N-terrninal extension (Cys-4). The

existence of alternative disulfide bridges inside the protein has also been demonstrated. From

these data and kinetic experiments, a catalytic mechanism has been proposed for this

thioredoxin isoforrn.

4



Experimental procedures

Cloning and mutations ofPtTrxh4

The procedures for cDNA isolation and its subsequent cloning are described in (8). The

PtTrxh4 mutants C4S, C58S, and C61S were generated by PCR using the cloning and

mutagenic oligonucleotides shown below (NcoI and BamH1 sites are underlined and

mutagenic bases are in bold): PtTrxh4 direct, 5'- CCCCCCATGGGACTTTGCTTGGAT -3';

and PtTrxh4 reverse, 5' CCCCGGATCCTCATTTGTCACTAGGGGGCAA 3'; PtTrxh4C4S

direct, 5'-CCCCCCATGGGACTTAGCTTGGATAAGCAT-3'; PtTrxh4C58S direct, 5'-

TTCAGTGCAACATGGAGTGGTCCTTGTAGACAG-3'; PtTrxh4C58S reverse, 5'-

CTGTCTACAAGGACCACTCCATGTTGCACTGAA-3'; PtTrxh4C61S direct, 5'-

ACATGGTGTGGTCCTAGTAGACAGATTGCACCG-3'; PtTrxh4C61 S reverse, 5'-

CGGTGCAATCTGTCTACTAGGACCACACCATGT-3'.

The mutated PCR products that contained the restriction sites were in tum cloned into the

expression plasmid pET-3d, yielding the constructions pET PtTrxh4C4S, pET PtTrxh4C58S

and pET PtTrxh4C61S. The mutations of the recombinant plasmids were verified by DNA

sequencmg.

Expression andpurification ofthe recombinant proteins

AlI procedures for the expression and purification of Arabidopsis thaliana NADPH Trx

reductase B, poplar PrxQ, and Grx (WT and mutants) are described elsewhere (10, 11, 12,

13). For the expression of PtTrxh4, the recombinant plasmids were used to transforrn

Escherichia coli strain BL21 (DE3), which was also co-transforrned with the plasmid helper

pSBET as described in (14). AlI purification steps are similar to that one described in (8).
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Thiol Content Titration

The thiol content of each protein preparation was measured using the DTNB procedure as

described in (12).

Glutathionylation experiments

The reaction mixture (50 /lL) containing 30 mM Tris-Hel, pH 8.0, 1 mM DTT and 50 /lg

poplar thioredoxin (concentration ca 80 /lM) was incubated for 10 minutes before adding 5

mM oxidized glutathione.

Electrospray Mass Spectrometry

A Micromass Q-Tof Ultima (Waters Micromass MS Technologies) hybrid tandem mass

spectrometer was used for the acquisition of the electrospray ionization (ESI) mass spectra.

This instrument is equipped with a nanoflow electrospray source, The samples were infused

into the mass spectrometer using nanoflow capillaries (Proxeon Biosystems, Denmark). The

needle voltage was 1800 V, and the collision energy was 10 eV for the MS analyses.

Samples for flow injection analyses were diluted 1:20 with a solution of 50:50

acetonitrile:0.1 % forrnic acid. Data analysis was accomplished with a MassLynx data system

and Transform deconvolution software supplied by the manufacturer (Waters Micromass MS

Technologies).

Redox potential determination.

Oxidation-reduction titrations were carried out as described previously using the fluorescence

of the monobromobimane (mBBr)-modified forrn of the reduced protein to monitor the extent

of the protein's reduction (15, 16). Ambient potentials (Eh) were established using mixtures of
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oxidized glutathione (GSSG) and reduced glutathione (GSH) and the PtTRXh4 samples were

incubated at these defined Eh values for 2 hours to allow redox equilibrium to be attained, Ern

value was shown to be independent of and the total [GSSG plus GSH] concentration present

in the redox equilibration buffer over the range from 2 to 5 mM. The oxidation-reduction

midpoint potential (Ern) was ca1culated by fitting the data to the Nernst Equation for a two­

electron process as described previously (17).

PrxQ activity measurement

The reduction of HzOz by poplar PrxQ in the presence of PtTrxh4 was followed

spectrophotometrically, using a Cary 50 spectrophotometer, by monitoring the decrease in

absorbance arising from the oxidation of NADPH in a coupled enzyme assay system. The

reaction mixture (500 IlL) contained 30 mM Tris-HCI pH 8.0, 1 mM EDTA, 200 /lM

NADPH, 1 mM GSH, 0.5 lU glutathione reductase, 6 /lM Grx, 16 /lM PtTrxh4 WT and

mutants, 500 /lM HzOz and 2 /lM PtPrxQ.

Alternatively, HzOz disappearence was followed directly. The reaction mixture (100 IlL)

contained 30 mM Tris HCI pH 7.0, 500 /lM DTT, 4 /lM PtPrxQ and 36 /lM PtTrxh4. The

reaction was started by adding 500 /lM HzOz. After given incubation times, 5 IlL were mixed

with 495 IlL ofFOXI (ferrous oxidation in xylenol orange) reagent (18). The absorbance was

then read at 560 nm after one-hour incubation.
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Results

PtTrxh4 belongs to the third subgroup of thioredoxin h and exhibits the usual thioredoxin

WCGPC catalytic site. Apart from cysteinyl residues found in the catalytic site, members of

this subgroup exhibit one other conserved cysteine (Fig. 1). This residue is found in a N­

terminal extension, another feature of the third subgroup members. Sequence analysis using

several localization prediction programs suggest that the N-terminus extension does not

correspond to a signal peptide and that this protein is probably cytosolic. In order to

investigate the putative role of the three conserved cysteines in the catalytic mechanism of

PtTrxh4, site-directed mutagenesis has been used in order to produce the following

recombinant proteins in E.coli: PtTrxh4C4S, PtTrxh4C58S and PtTrxh4C61 S.

Thiol content determination

The thiol content of all protein preparations was estimated using the DTNB method. AlI

titrations were performed on enzymes that were free from reductant and after the addition of

SDS (see "Experimental procedures"). Consequently, all thiols are titrated regardless of

whether or not they were accessible in the native protein. A summary of these data is shown

in Table 1. Near1y three thiols per protein are titrated for the reduced WT protein, and

approximately one SR group is present in samples of the WT protein in the absence of an

added reductant. Under reducing conditions, the thiol contents of the C4S, C58S and C6lS

mutants were aIl close to 2SR/mol in good agreement with the expected theoretical values. In

the absence of an added reductant, C61S is fully oxidized while C4S and C58S mutants are

only partially oxidized (i.e., thiol content values lower than 1 SR/mol were measured).
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SDS-PAGE analysis

SDS-PAGE was performed either in presence or in absence of reductant (Fig. 2). In absence

of DTT, WT and C6lS dimers were detected but monomers were the most abundant forms

observed for both proteins. Gnly the monomer was observed for the C4S mutant, suggesting

that an intramolecular disulfide bridge is formed between Cys-58 and Cys-61. In the case of

the C58S mutant, oligomeric forms of the protein were present in high abundance, suggesting

the presence of intermolecular disulfide bridges involving Cys-4 and/or Cys-6l. The fact that

both cysteines were fully oxidized in the C6l S mutant protein (Table 1) suggests that an

intramolecular disulfide bridge between Cys-4 and Cys-58 could be also present in the wild­

type protein. The dimer formation observed with the C6lS mutant suggests that Cys-58

and/or Cys-4 could be also involved in intermolecular disulfide bridges.

Redox potential determination

The redox titrations of wild-type PtTrxh4 and of its three C/S variants, have been carried out

at pH 7.0. Each result represents the average of at least two determinations and the average

deviations suggest that the experimental uncertainty in Em is between 5 and 10 mV. Fig. 3A

shows the results of a redox titration of PtTrxh4 WT over the potential range from -50 to

-250 mV. The data give a good fit to the curve expected for a single two-electron process

with an Em value of -165 ± 10 rnV. The results obtained for the redox titration of

PtTrxh4C6l S give a good fit to the curve expected for a single two-electron process with an

Em value of -178 ± 10 mV (data not shown). Data from redox titrations of PtTrxh4C4S (Fig.

3B) and PtTrxh4C58S (data not shown) could not be fitted to the Nernst Equation for a single

two-electron process but did give good fits for the sum of the Nernst Equation for two

separate two-electron processes. In the case of PtTrxh4C4S, the Em values for the two
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eomponents are -140 ± 10 mV and -200 ± 10 mV and for PtTrxh4C58S the Em values of the

two eomponents are -130 ± 10 mV and -180 mV.

Glutathionylation

To investigate the suseeptibility of PtTrxh4 to glutathionylation, the protein was reduced by

DTT, ineubated with large exeess GSSG, and analyzed by quadrupole time-of-flight mass

spectrometry. It showed the formation of a low-amplitude peak with a mass of 15,761.00 Da

in addition to the peak corresponding to the oxidized recombinant PtTrxh4 (15,455.125 Da).

This additional peak is compatible with the addition of one glutathione molecule (305.5 Da).

A representative analysis of GSSG-treated PtTrxh4 is shown in Fig. 4. When the GSSG­

treated PtTrxh4 was re-reduced with 10 mM DTT, a single peak at 15,459 was obtained (data

not shown) as expected for reduetive c1eavage of the adduet. The susceptibility of

PtTrxh4C4S, PtTrxh4C58S and PtTrxh4C61S to glutathionylation was also tested. In these

conditions, a large-amplitude additional peak (around 90 % of the total preparation)

corresponding to a glutathione adduct was detected with PtTrxh4C58S. PtTrxh4C6lS was

glutathionylated to a lesser extent (around 35 % of the total preparation), while PtTrxh4C4S

showed no detectable glutathionylation (data not shown).

PrxQ activity

The activity of the prepared recombinant proteins was tested using a non-physiologieal PrxQ­

based system involving PtPrxQ, GSH, and PtGrx (8). The activity was followed measuring

the NADPH oxidation at 340 nm. Both the C4S and C58S mutants are totally inactive in this

system whereas the mutant C6l S retains sorne of the activity exhibited by the WT protein

(Fig. 5). Taking into account the data reported from previously characterized thioredoxins,

Cys-58 is probably the catalytic residue. As sequence homology comparisons suggest that
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Cys58 and Cys61 are the active-site residues (with Cys 58 making the initial nudeophilic

attack characteristic of thioredoxins), it is not surprising that converting either of these

cysteine residues to serine results in 10ss of activity. The most interesting feature of PtTrxh4,

based on the observed tota110ss of activity for the C4S mutant, is that three cysteines seem to

be involved in catalytic mechanism. The interactions between Trxs and PrxQ were also

investigated measuring H202 disappearance in presence of DTT (Fig. 6). Again, the mutant

C58S is totally inactive in this system, consistent with the hypothesis that Cys-58 is the

catalytic cysteine. The C61 S mutant exhibited an activity very much lower than that detected

with the wi1d type protein, showing the importance of Cys-61 in target protein reduction by

PtTrxh4. In contrast to the results obtained when Grx was used as the reductant, the C4S

mutant is fully active when DTT is the donor.

Interaction with PtGrx

The interaction between PtTrxh4 and severa1 PtGrx mutants have been investigated using the

PrxQ system (Fig. 7). The C27S mutant, in which the catalytic cysteine has been changed to

serine, is not active. In this system, mutations of residues surrounding the Grx catalytic

cysteines (Y52A and Y55F) altered the reduction efficiency of Grx (Rouhier et al., 2002) and

thus the PtTrxh4 reduction by these mutants. In contrast, the C30S mutant was always able to

reduce PtTrxh4, indicating that monocysteinic Grx's are able to interact with this kind of

thioredoxin.

Interaction with NTR

It was previously shown that AtNTRB is not able to cata1yze the reduction of WT PtTrxh4

using NADPH (8). We have now extended this observation by demonstrating (data not
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shown) that none of the three PtTrxh4 mutants generated in this study, i.e. C4S, C58S and

C61S, are also not reduced by NADPH in the presence of AtNTRB.

12



Discussion

The thioredoxin PtTrxh4 described here is the only characterized thioredoxin that is reduced

by glutaredoxins. In contrast, aIl the other thioredoxins characterized to date have been shown

to accept electrons either from NTR or FTR (6). It was thus ofinterest to examine the reasons

for the unique properties of this thioredoxin. Three conserved cysteines are present in

PtTrxh4, two found in the usual thioredoxin active site (WCGPC) and one localized in the

first part of the protein (Cys-4). The results presented here clearly indicate that Cys-58 is the

catalytic cysteine. The replacement of Cys-4 by serine leads to a fully active protein in

presence of DTT. The replacement of Cys-61 by serine does reduce the catalytic efficiency of

the enzyme by approximately 75%, regardless of which reduction system is used (Grx or

DTT). However, the C61S protein does retain a significant portion of the activity exhibited by

the WT protein, behaviour that is strikingly different from that of the C58S mutant, which is

completely inactive.

Thiol titrations of the C4S and C61S mutants indicate that two intramolecular disulfide

bridges involving Cys-58 could be present in PtTrxh4 (Cys-4/Cys-58 and Cys-58/Cys-61).

The replacement of Cys-58 by a serine led to an oligomerization of the resulting protein under

non-reducing conditions showing the presence of intermolecular disulfide bridge involving

Cys-4 and/or Cys-61. Taken together, these results suggest that at least three different

disulfide bridges could exist in PtTrxh4WT. Oxidation-reduction titrations of both the C4S

and C58S mutants of PtTrxh4 revealed the presence of two two-electron components. In

contrast, only one two-electron component was detected in the WT protein and its C6l S

variant. The two-electron nature of these redox couples, the Eh range over which they titrate

and fact that the experiments rely on a thiol-specific reagent, mBBr, to monitor the course of

the titrations leave little doubt that the components being titrated are dithiol/disulfide couples.

It is not yet possible to provide a unique assignment of each Em component in these two-
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component titrations because of the multiplicity of possible disulfides that exist. For example,

given the observation that WT PtTrxh4 and its C/S variants can form disulfide-linked dimers

and oligomers makes it possible that one component in a two-component titration may arise

from an intramolecular disulfide and the other from an intermolecular disulfide. The presence

of glutathione in the redox equilibration buffers (necessitated by the Eh range over which the

protein disulfides become reduced) further complicates the situation and leads to the

possibility that sorne of the redox-active components detected in the titrations involve

glutathionylated forms of the protein. As only a single redox couple is detected in titrations of

the Cys-6l mutant, then either the magnitude of mBBr fluorescence changes associated with

titration of a glutathionylated derivative are too small to detect (consistent with the low

amplitude of glutathionylation observed for this mutant in mass spectrometry assays) or the

Em values of the glutathionylated and unmodified protein are too close to each other to be

resolved. The low level of glutathionylation observed for the C6l S may arise from a reduction

of oxidized glutathione by the catalytic Cys-58, followed by a partial reduction of this

disulfide bridge by Cys-4 in the presence of oxidized glutathione.

The C58S mutant of PtTrxh4 to glutathionylation occurs to a much greater extent than is the

case for the C6lS variant. This may well be due to the fact that the absence of Cys-58, the

strongest nuc1eophile in the protein, allows the glutathionylated adduct formed at Cys-6l to

accumulate because there is no nucleophile present to cleave the adduct. In the case of the

C4S mutant, no glutathione adduct could be observed. It is possible that any mixed disulfide

formed between glutathione and either active-site cysteine might be unstable in this mutant (7,

19, 20), as was shown previously using a synthetic peptide containing the C(GIP]PC motif

(19).

The apparent Em value of -165 mV measured for WT PtTrxh4 at pH 7.0 in single-component

redox titrations may represent an over-simplified picture of the situation and may in fact
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reflect the presence of more than one disulfide bridge with the Em values of different

components being too close to one another to be resolved as separate components

(simulations suggest that the Em values would have to differ). Setting aside these possible

complications and assuming that the component with an Em value of -165 mV at pH 7.0 seen

in titrations of WT PtTrxh4 can be attributed either entirely or in large part to the active-site

disulfide, it is obvious that this value is much more positive than Em values in the -280 mV to

-310 mV range observed for other thioredoxins from oxygenic photosynthetic organisms that

have been characterized to date (6, 7, 21). However an Em value of -165 mV is fully

compatible with a thermodynamically favourable complete reduction of PrTrxh4 by

glutaredoxins (22).

The mutant C4S is fully active in presence of DTT but remains inactive in presence of GSH

alone or in presence of GSH/Grx. These data demonstrate that Grx is not able to reduce the

disulfide bridge present between Cys-58 and Cys-61. However, it is not c1ear whether this

absence of reduction of this mutated PrTrxh4 by Grx arises because the reduction is

thermodynamically unfavourable or because of sorne kinetic (rather than thermodynamic)

barrier. In contrast, the observation that C61 S remains partially active in presence of Grx

suggests that reduced Grx is able to reduce the disulfide bridge linking Cys-58 and Cys-4.

A scheme for the reaction of reduced PtTrxh4 with an oxidized target protein (e.g., PrxQ) is

shown in Fig. 8. As is the case for other thioredoxins, catalysis proceeds through the

formation of a heterodimer between the target protein and PtTrxh4 involving the catalytic

Cys-58. The heterodisulfide is then cleaved by Cys-61, leading to the release of the reduced

target protein and the formation of a disulfide bridge between Cys-58 and Cys-61. This

disulfide bond is then cleaved by Cys-4 leading to the formation of a disulfide between Cys-4

and Cys-58. The reduced form of the protein can then be regenerated in a reaction with

reduced Grx. The fact that both a WT Grx and a GrxC30S mutant are active in PtTrxh4
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reduction clearly demonstrates that monocysteinic glutaredoxins are able to reduce PtTrxh4.

In this mechanism, the thiolate of Grx initiates a nucleophilic attack on the thioredoxin mixed

disulfide. A new disulfide between Grx and one thioredoxin cysteine is formed, which could

then be reduced by GSH or another monocysteinic Grx leading to the release of the reduced

Trx (12).

The catalytic mechanism proposed for PtTrxh4 is related to the one proposed previously for

methionine sulfoxide reductase A, a mechanism that involves three cysteines and the

formation of two successive intramolecular disulfide bridges during catalysis before the

regeneration of the enzyme by thioredoxins. (23). This kind of mechanism requires that the

three cysteines are spatially close enough in order to allow the disulfide formations. PtTrxh4

exhibits a N-terminal extension containing Cys-4 that is not present in other thioredoxins h (1,

3, 6). While it is possible to speculate that this extension allows the interaction of Cys-4 with

the catalytic Cys-58 (there is certainly no current evidence that argues against this possibility),

a three-dimensional structure ofPtTrxh4 is needed to confirm this hypothesis.

Orthologs of PtTrxh4 are also present in different plants. Based on amino acid sequence

comparisons, it seems quite reasonable to assume that these proteins should, like PtTrxh4, be

able to use Grx as an electron donor. This assumption is consistent with the report that the

Phalaris cerelescens ortholog is not reduced by NTR (9). It has been shown that

ribonuc1eotide reductase cannot use monocysteinic Grx as donor whereas other reactions

catalyzed by Grx require either bicysteinic or monocysteinic Grxs (22). Clearly, both versions

are able to promote the activity of PtTrxh4. Interestingly, there are many naturally occurring

monocysteinic Grx in plants. It will be of high interest to compare the relative efficiencies of

the corresponding proteins for PtTrxh4 catalysis.

The physiological role of this particular kind of glutaredoxin-reducible thioredoxins remains

to be elucidated (the interaction ofPtTrxh4 with the chloroplastic PrxQ used in this study is a

16



non-physiological reaction). Although PtTrxh4 is unable to reduce several isoforrns of poplar

glutathione peroxidases (N. Navrot, unpublished), it is able to reduce a cytosolic methionine

sulfoxide reductase A and a Prx II from poplar (8). In looking for other possible targets, it will

be necessary to keep in mind the fact that the Em value of PtTrxh4 is approximately 130 mV

more positive than that of most thioredoxins and thus therrnodynamic considerations will

limit the number of protein disulfides that PtTrxh4 is capable of reducing.

Another characteristic of PtTrxh4 is its ability to be glutathionylated. This property is not

unique to PtTrxh4, as human thioredoxin (19) and at least one other poplar thioredoxin,

PtTrxh2 have been shown to be glutathionylated. In the case of poplar Trxh2,

glutathionylation produces a significant shift in the Em value of the protein (7). In the case of

PtTrxh4, glutathionylation could be a way to protect the enzyme against oxidative damage

(23). However, it is not yet clear if the protein forrns glutathione adducts in vivo.

PtTrxh4 is the first example of a thioredoxin reduced by glutaredoxin. This observation forces

one to consider the possibility that a direct interconnection between these two major redox

regulating systems may weIl be physiologically important. Further investigations are needed

to understand the physiological role of this unique thioredoxin and to explore its possible role

as an important link between different pools of regulatory reductants.
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Fig. 1. Multiple alignment of related sequences to poplar Trxh4. This companson was

realized using CLUSTALW software. Accession numbers of the sequences aligned with

PtTrxh4 are as follows: At9: Arabidopsis thaliana (At3g08710); Gm: Glycine max

(CA799351); Hb: Hordeum bulbosum (AF159385) ; Hv: Hordeum vulgare (AF4358l5);

Lp: Lotium perenne (159387); Ls: Lactuca sativa (TC985l) ; Mc: Mesembryanthemum

crystallinum (CA83846l); Os: Oryza sativa (AF4358l7); Pc: Phalaris coerulescens

(AF159388) ; Pt: Populus tricocharpa (BU867450) ; Sb: Sorghum Ricolor (TC72759) ; Sc :

Secale cereale (AF159386); Ta: Triticum aestivum (AF438359); Vv: Vitis vinifera

(CB004453) ; Zm: Zea mays (AF4358l6). The asterisk corresponds to strict identity, the

colon corresponds to functional homology, and the period corresponds to structural

homology.

Fig. 2. Analysis ofpurified recombinant proteins by SDS-PAGE. 14% SDS-PAGE under both

reducing and nonreducing conditions showing PtTrxh4WT, PtTrxh4C4S, PtTrxh4C58S and

PtTrxh4C6lS.

Fig. 3. Oxidation-reduction titrations of wild-type PtTrxh4 (A) and its C4S variant at pH 7.0

(B). Both proteins at a concentration of 68 Ilg/ml were titrated in 100 mM MOPS buffer (pH

7.0) at a total glutathione concentration of2 mM with a redox equilibration time of2h.

Fig. 4. Glutathionylation of PtTrxh4. The deconvoluted spectrum of PtTrxh4 incubated with 5

mM GSSG are shown. Two peaks are detected corresponding to: A, oxidized protein; B,

glutathionylated protein.
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Fig. 5. Activity of PtPrxQ in presence of PtGrx and PtTrxh4. PtPrxQ (2 /lM) was incubated

with either PtTrxh4WT or the different mutants (16 /lM) in presence of the GSH/Grx system

(200 /lM NADPH, 1 mM GSH, 0.5 lU glutathione reductase, 6 /lM PtGrx, 500 /lM H20 2).

NADPH oxidation was measured at 340 nm as absorbance change per min.

Fig. 6. Activity ofPtPrxQ in presence ofDTT and PtTrxh4. The reduction ofH20 2 by PtPrxQ

(5 /lM) was measured by fol1owing the disappearance of 500 /lM H20 2 using 1 mM DTT in

presence of either PtTrxh4WT or the different mutants (30 /lM).

Fig. 7. Activity of PtPrxQ in presence of PtTrxh4 and various catalytic site mutants of PtGrx.

PtPrxQ (2 /lM) was incubated with PtTrxh4WT (16/lM) and PtGrx (6 /lM) in presence of

200 /lM NADPH, 1 mM GSH, 0.5 lU glutathione reductase and 500 /lM H20 2. NADPH

oxidation was measured at 340 nm as absorbance change per min.

Fig. 8. Proposed mechanism for Grx-dependent PtTrxh4 catalysis

22



Table 1. Thiol content of PtTrxh4 under oxiding or reducing conditions. Thiols were titrated

using the reduction of DTNB as described under "Experimental procedures." Data are

expressed in mol SH/mol enzyme. The S.D. is typically ± 0.2 SHI mol SH.

PtTrxh4 WT

PtTrxh4 C4S

PtTrxh4 C58S

PtTrxh4 C61 S

Native conditions

0.75

0.93

0.64

0.05
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Reducing conditions

2.88

1.64

1.93

1.55

23



Sec
Ta
Hv
Hb
Lp
Pc
Os
Zm
Sc
Ls
Vv
Gm
Mc
Pt4
At9

-------MGG~VG--KGR-SIVEEKLDFKGGNVHVITTKEDWDQKIEEANKDGKIVVANF

-------MGGIVG--KDR-SIVEEKLDFKGGNVHVITTKEDWDQKIEEANKDGKIVVANL
-------MGGIVG--KGR-GVVEEKLDFKGGNVHVITTKEDWDQKIEEANKDGKIVVANF
-------MGGIVG--KDR-SIVEDKLDFKGGNVHVITTKEDWDQKVAEANKDGKIVVANF
-------MGGIVG--KDR-SIVEDKLDFKGGNVHVITTKEDWDQKVAEANKDGKIVVANF
-------MGGIVG--KDR-GIVEDKLDFKGGNVHVITTKEDWDQKIAEANKDGKIVVANF
-------MGGlyG--KGRRHIEEDKLDFKGGNVHVITSKEDWDRKIEEANKDGKIVVANF
-------MGGI~G--KVR-RDDEEKLDFKGGNVHIITSNEGWDQKIAEANRDGKTVVANF
MGLKRLMTCcICI--AKQHADDEDKIDFGGGNVHVVTSKEDWDQKIAEANKDGKIVVANF
-------MGIIFSSTHNDGDESDHNAEFAGGNVTLVSSKDAWDQKLSEAKKDHKIVIANF
-------MGQIFMKHHNDDDDSDHNAAFASGNVHLITTKENWEEKLAEASKDGKIVIANF
-------MGSIVSKNKARDNDSDHNVDFAAGNVKLITTKEAWDQYLEEARRDGKIVIANF
-------MGLILSKNSADGGESSH-LELAGGNVHLVTTKEAWEGKLSQASREGKIVIANF
-------MGLILAKRNHDADDDEPHIELAGGNVHLITTKERWDQKLSEASRDGKIVLANF
-------MGSIVSKGKGD-DDSVHNVEFSGGNVHLITTKESWDDKLAEADRDGKIVVANF

* . . *** :::::: *: .. * .. * *.**.
•• • • • D

Sec
Ta
Hv
Hb
Lp
Pc
Os
Zm
Sc
Ls
Vv
Gm
Mc
Pt4
At9

SAS
SAS
SAS
SAS
SAS
SAS
SAS
SAS
SAS
SAS
SA
SA
SA
SAR
SAT

VVAPVYAGMSKTYPQLMFLTIDVDDLMDFSSTWDIRATPTFFFLKNGQQID
VIAPVYAEMSKTYPQLMFLTIDVDDLMDFSSTWDIRATPTFFFLKNGQQIE

RVIAPVYAEMSKTYPQLMFLTIDVDDLMDFSSTWDIRATPTFFFLKNGQQID
RVIAPVYAEMSKTYPQLMFLTIDVDDLMDFGSTWDIRATPTFFFLKNGQQID

VIAPVYAEMSKTYPQLMFLTIDVDDLMDFSSTWDIRATPTFFFLKNGQLID
VIAPVYAEMSKTYPQLMFLTIDVDDLVDFSSTWDIRATPTFFFLKNGQQID
VIAPIYAEMSKTYPQLMFLTIDVDDLMDFSSSWDIRAKPTFFFIKNEKQVD

RVIAPVYAEMSKTYPQLMFLTIDVDDLMDFSSSWDIRATPTFFFLKNGQQID
RVISPVYAEMSQTYPQLMFLTIDVDELMEFSSSWDIRATPTFFFLKNGQQVD
RMIAPYYIELSEKHPSLMFLSVDVDELTDFSTQWDIKATPTFFFLRNGEQFD

MIAPFYCELSEAHPSLMFLTVDVDELSEFSSSWDIKATPTFFFLRDGQQVD
MIAPYYCELSEKYTSMMFLVVDVDELTDFSTSWDIKATPTFFFLKDGQQLD

KMIAPYYSELSEKYPCLTFVTVDVDELIDLSTSYDIKATPTFFFLKDGQQID
KQIAPYYIELSENYPSLMFLVIDVDELSDFSASWEIKATPTFFFLRDGQQVD
KIVAPFFIELSEKHSSLMFLLVDVDELSDFSSSWDIKATPTFFFLKNGQQIG

Sec
Ta
Hv
Hb
Lp
Pc
Os
Zm
Sc
Ls
Vv
Gm
Mc
Pt4
At9

** *****: ::*: :*::.: *: :***:* ::.: ::*:*.*****::: : .

KLVGANKPELEKKVQALGDGS----------­
KLVGANKPELEKKVQALGDGS----------­
KLVGANKPELEKKVQALGDGS----------­
KLVGANKPELEKKVQALGDGS----------­
KLVGANRPELEKKVQAIGDGS----------­
KLVGANKPELEKKVQALGDGS----------­
KLVGANKPELEKKVQALADGS----------­
KLVGANKPELEKKVLAAADASTS--------­
KLVGANKPELEKKVAAIAGASSQADAASSKTV
KLVGANKPELLKKINAIVDSEPPRRAV----­
KLVGANKPELQKKITAILDSMTQCNK-----­
KLVGANKPELQKKIVAINDSLPEYKQ-----­
KLVGSNRPELLKKIIAISDSQGKCPDQ----­
KLVGANKPELHKKITAILDSLPPSDK-----­
KLVGANKPELQKKVTSIIDSVPESPQRP----
****:*:*** **: :



en
CD
u
en

'U
00

Q)
Il')

ü
U

:::J
'Uen
Q)~

cr:U

t-
~

en
T""
CD
U

'U
en

Q)
00

ü
Il')

:::J
U

'U
Q)
\-

en
c

~

0
u

z
~

177



A

-50-150 -100

Eh (mV)
-200

····························1····· ·······················l······························..j .

:-:-:=l-:::]-=-:::r==:-
····························1·······························1········· ! .

OL-l-.....L-.l-.J..-L--'--'--1-...L-.1--L.---L-....J'--'---'--"'='-"",,",-.L-.I

-250

O.B

E 0.13
t::

0
1.(') 0.4"'Id"

0.2

B

o

O.B
E
t::
0 0.13
1.(')
"'Id"

0.4

0.2

.............................1' 1" r·..··..·· ·..

...........................;· · ·..·..·· .. ·· ..r· ··· ····--r ·· .

:..:....:...:...::..:.:.::...[ :.::.: :.......::...1" ::::..::: ·:::....1::.:..::·..:..·::: .
[ 0 i [
: . :....· · · ·..·..i · ·..; · ·..· ·..0· ..
~ ~ ~

-50-200 -150 -100

Eh (mV)

0L....L.......L-.L-L--l.--'--'--'-...L-...1--L.---L-....JL..-::x:::=:t=.............L-.L....-I

-250



179



1.4

1.3~3

1.2
E
s:::::
o
"'I:t
M<C 1.1

1.0

0.9

:==:...""'~
~ -~-~-=-:::::;:-

C4S

C58S

C61S

WT

4.543.532.521.510.5

0.8 ~ ········T r-···--· _,

o

Time (min)



E-

0

": U':! U') ~ C'1 C'! "C"" 0
0 0 0 0 1B; 0 0

WU 09S'f



U!W/WU OvE'V\!

CI)
o
('1')

U



4

C
S - S

+-, Grx
58 SHHS~
61 SH

5:C:~-S~ Ta ....
61 SH HS~ rget

.....
(Xl
eN

4

C
SH

58 S'1..f~Target
SH S61

"

....

.....1

5:C;]
61 S

4 S ~+G~
58C I.JHSJ-GCS HS ~

61 SH

HS~Target
HS

rtJm ~TT u.
: (~ 8
Cl

l-' g fil
<: e., '11
H llJ

~ë ~::u ~ n
f/.l tu 0. 0<
1:"' 0 (l) 1--'
t;;j ri" 00
f/.l §

~... ro
~ '@ 13.
Î.l (l) m
0< 1 (1

fi)
Î.l Î.l III
@loo

~ ~
ol>

'"





Article VII : Plant glutathione peroxidases are functional peroxiredoxins

distributed in several subcellular compartments and regulated during biotic

and abiotic stresses

Nicolas Navrot, Valérie Collin, José Gualberto, Eric Gelhaye, Masakazu

Hirasawa, Pascal Rey, David B. Knaff, Emmanuelle Issakidis, Jean-Pierre

Jacquot, Nicolas Rouhier

Plant Physiology (2006), 142: 1364-1379

Cet article décrit la caractérisation de la famille des glutathion peroxydases

(Gpx) chez le peuplier. Six gènes codant pour des Gpx ont été répertoriés dans le

génome. Puisque deux des gènes sont très proches, cinq gènes ont été clonées en

vue d'exprimer les protéines dans un système recombinant et des études

biochimiques ont été réalisées sur quatre d'entre elles (une protéine s'est révélée

insoluble et inactive). Ces protéines sont capables de réduire différents types de

peroxydes, avec des efficacités variables selon les isoformes testées et en utilisant le

pouvoir réducteur des thiorédoxines. Ainsi, parmi les Trx chloroplastiques, les Gpxs

chloroplastiques (Gpx1 et 3) ne sont réduites que par les Trx y. En revanche, aucune

activité n'est détectée quand le glutathion et/ou les glutarédoxines sont utilisés

comme donneur de pouvoir réducteur. Ces Gpx végétales qui ont une activité de

type thiorédoxine peroxydase sont fonctionnellement proches des peroxyrédoxines.

La production de mutants cystéiniques de la Gpx3 de peuplier a par ailleurs permis

de déterminer l'implication de deux cystéines, en position 107 et 155, dans les

mécanismes de réduction des peroxydes et de régénération par les Trx. L'expression

des différentes gènes a été analysée par RT-PCR, et l'abondance des protéines par





Résultats

western blotting. Il apparaît que l'expression des gènes de Gpx de peuplier est

variable selon l'organe testé, et que certaines isoformes de Gpx d'Arabidopsis

fhaliana sont induites par un stress, notamment par la présence de métaux lourds.

Certaines protéines possèdent des extensions en position N-terminale, ce qui laisse

penser que ces protéines sont présentes dans les différents compartiments

cellulaires. La localisation de Gpx1 (chloroplaste) et Gpx3 (chloroplaste et

mitochondrie) a été confirmée expérimentalement par fusion avec une protéine

fluorescente (GFP).
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Plant Glutathione Peroxidases Are Functional
Peroxiredoxins Distributed in Several Subcellular
Compartments and Regulated during Biotic and
Abiotic Stressesl[W]

eration and cellular ROS levels both increase greatly
when plants are subjected to environmental or biotic
stresses. Plants have developed several nonenzymatic
and enzymatic systems to protect against oxidative
damage caused by these ROS. Carotenoids, tocoph­
erols, glutathione (GSH), and ascorbate are the major
nonenzymatic antioxidant compounds (Noctor and
Foyer, 1998). Enzymatic systems include superoxide
dismutases, catalases, ascorbate peroxidases, and per­
oxiredoxins (Prxs), also named thioredoxin (Trx) per­
oxidases.

Usually, plant Prxs are classified as belonging to one
of four subgroups, called 2-Cys Prx, 1-Cys Prx, type II
Prx, and Prx Q. They were initially identified by se­
quence analysis (i.e. on the number and position of
conserved Cys) and on the catalytic mechanism used
for peroxide reduction (Rouhier and Jacquot, 2002).
AlI Prxs display a conserved catalytic Cys, located in
the N-terminal portion of the protein, which is first

otosyn­
n species

. :J,1ch as superoxide
":~ogen peroxide
î~tules, including
Rates of ROS gen-
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We provide here an exhaustive overview of t px) family of poplar (Populus trichocarpa).
Although these proteins were initially define......... se only reduced thioredoxin (Trx) for their
regeneration and do not react with GSH or glt( class of peroxiredoxins. The two chloroplastic
Gpxs display a marked selectivity toward their él .... sively specifie for Trxs of the y type for their re-
duction. In contrast, poplar Gpxs are much less sped ar Ù Ir electron-accepting substrates, reducing hydrogen
peroxide and more complex hydroperoxides equally w directed mutagenesis indieates that the catalytic mechanism
and the Trx-mediated recycling proceps involve only two c Cys]-107 and Cys-155) of the three conserved Cys, whieh
form a disulfide bridge with an oxidéf~~!'l~- ox midpoint po of -295 mV. The reduction/formation of this disulfide is
detected both by a shift on sodium dY

•.• lfate-polyacrylamlé gel electrophoresis or by measuring the intrinsic trypto-
phan fluorescence of the protein. The si identified coding for Gpxs are expressed in various poplar organs, and two of
them are localized in the chloroplast, w . lÇ'!calizing in mitochondria, suggesting a broad distribution of Gpxs in plant
cells. The abundance of sorne Gpxs . ifie â,ii.l bjected to environmental constraints, generaUy increasing during
fungal infection, water deficit, an tress, a sing during photooxidative stress, showing that Gpx proteins are
involved in the response to both conditions.
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transformed into a sulfenic acid after peroxide reduc­
tion. The main difference between the various groups
of plant Prxs is the mechanism of regeneration of the
reduced enzyme. For the 2-Cys Prx class, the sulfenic
acid is reduced via the formation of an intermolecular
disulfide bridge using a resolving Cys found on an­
other subunit, whereas for the Prx Q class, the resolv­
ing Cys is located on the same subunit and forms an
intramolecular disulfide bridge (Rouhier and Jacquot,
2002). In most cases, these disulfides are then reduced
via the Trx system. For the two other classes, the
sulfenic acid is likely to be reduced without formation
of a disulfide bond, as there is no other strictly con­
served Cys involved in catalysis. One major difference
between these two classes of plant Prxs is that type II
Prxs are reduced by the glutaredoxin (Grx) or the Trx
system or both (Rouhier et al., 2001; Brehelin et al.,
2003; Finkemeier et al., 2005), whereas the 1-Cys Prxs
seem to be reduced only by the Trx system (Pedrajas
et al., 2000).

Recent studies have shown that sorne plant and
yeast (Saccharomyces cerevisiae) GSH peroxidases (Gpx)
can reduce peroxides, much more efficiently or some­
times exclusively, by using the Trx system rather than
GSH as a reductant (Herbette et al., 2002; Jung """'+7">;>,
2002; Tanaka et al., 2005). In the unicellular
Plasmodium falciparum, a Gpx-like protein, -~"'7;c'J-­

lated to plant Gpxs, has also been shown to bêspëcific
for Trx as a reductant (Sztajer et al., 2001).
classification based on biochemical feature rathe
on phylogenetic linkage, the plant Gpxs C011Sti[tu1:é
fifth group of Prxs (Rouhier and Jacquot, 2005).

Most of the Gpxs found in anim<l~.,~eIl~. are weIl­
characterized selenium-containing en;z;~~~~;Because

of the high reactivity of the active stt~j~~l~no-Cys,

enzymes of this family are among the mOst Gfficient
antioxidant systems in animal cells\(~giorino~~(Ç(I.~

1990). One of these selenium-con~<:1,i:p:ingenzymesl'lêls{
also been found in a unicellular 1]~ptp~.V' 'çorga~ .
nism, the green alga Chlam~çJ9.mo.1Js~~n~ffi" (·i. (Fu
et al., 2002; Novoselov et al,~Q02).In>hi9heJ:1]lfmts,

the Gpx-like prot~~~ identt~i~~.so far P8~~~~~a Cys
instead of a selenq+C~~ at:t~~~rt.activesite. Sorne
studies showi:p:9,that pmB:p:t,9pxs~J:~far less reactive
than their.. . al counteF1]ÇlJ:ts ha"'mt!i:l.~tributed the
lower actiy' f plant Gpxst~t~~ lower reactivity of
Cys comRJJJ:,E,to sel ys (EsnÇli:l.~~tal., 1997). How-
ever, replàtée~~.t1t. e active-site Cys with seleno­
Cys did not sigb1(ft>.. ,>. tly increase the GSH-dependent
peroxidase activity.\pfi:l..fitrus Gpx (Hazebrouck et al.,
2000). Thus, at leastil}>s9;rne cases, other differences
between animal and plânt~'9zymesexist and produce
different biochemical propèrties. Avery et al. (2004)
have shown sorne gaps in the amino acid sequences of
yeast Gpxs compared to mammalian Gpxs, raising the
possibility of sorne important biochemical differences
between these two types of Gpxs. It should also be
noted that yeast and plant Gpxs may play a l'ole dis­
tinct from that of their animal counter,parts and could
be part of an alternative pathway that scavenges

2

peroxides, especially phospholipid hydroperoxides
(Eshdat et al., 1997).

The level of Gpx mRNA from various organisms is af­
fected by stress conditions (Criqui et al., 1992; Holland
et al., 1994; Sugimoto and Sakamoto, 1997; Depege
et al., 1998; Roeckel-Drevet et al., 1998; Li et al., 2000;
Agrawal et al., 2002; Rodriguez Milla et al., 2003; Kang
et al., 2004). Other studies haYB;f,8~18\Ved changes in
Gpx activity in stress conditiQ.t1$(Arêl~i:p:çland Prasad,
2005; Kuzniak and Sklodow. 200§;;!.!\.li~t al., 2006;
Gajewska and Sklodowska, 20>~theseJst-l,ldies,the
Gpx expression or activi~Yti~igener'Yll _.' lated in
response ta stress. ver, .... .. i:tJ:~;>:,>, tions to
this patterl}"E~.?rexathe.expression of two
Gpx isofor111,~Jincrea .. .,.(l-[0rdeum vulgare)
under osmotic .p~ eth ....7lJltritl1duced stress, a
third Gpx iso~orIll. ....•...... PH3)m\i~m~9wn-regulated un­
der these C0tl1~~ti,0nCiITf~~J:inetal.,1999). These pro­
teins may thus~().i'1e diffet>~ffiTht"functionsin plant ceIls,
with 0.t1Jpr moireisoforms;functioning in a signal
transduqtiQl:'1 . ,while other isoforms serve as
enzy~es iitvi:l.talyzing modification of po-
ten" m u str~ss"Telated chemical agents. A
si 1'01& for a Gpx has already been
d which possesses three plant-

functions as a redox sensor
gene activation by regulating the

,"'~j.J.',"VH factor (Delaunay et al., 2002).
tation of the first release of the poplar

. hocarpa) genome indicates the presence of
te Gpx genes. To understand why so many

jli?(·-dE~pE~ncierlt peroxidases are present in plant cell
pmrtnlerlts, we first focused our attention on the

of Gpx proteins toward different electron
aonOirs and substrates. AlI of Them use Trx but not
GSH as a donor, but most importantly, a specific in­
teraction was found between chloroplastic Gpxs and
y-type Trxs. No specificity was observed with regard
to substrates. Moreover, we have demonstrated that
only two of the three conserved Cys present in plant
Gpxs participate in the catalytic cycle and in Trx­
mediated regeneration. The subcellular localization of
two Gpx isoforms was characterized by green fluores­
cent protein (GFP) fusions in two distinct subcellular
compartments, and the gene expression and protein
abundance were analyzed in various plant tissues and
stress conditions. The amount of sorne Gpxs is mod­
ified upon pathogen infection and in response to water
deficit and photooxidative and metal stresses, reveal­
ing their participation in stress responses.

RESULTS

Sequence and Genome Analysis

Five different isoforms of Gpx, termed PtrcGpx 1 to
5 (for poplaI' Gpx) were initially identified in the dif­
ferent poplaI' expressed sequence tag (EST) databases
available. With the recent release of the first version of
the poplaI' genome sequence by the Department of
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Electron Donor Specificity

As it was demonstrated earlier that Trx was a better
electron donor than GSH for sorne Gpx-like proteins,
we have tested different electron donor systems, i.e.
the Trx and Grx systems or GSH alone. We have first
measured the Gpx activity using a spectrophotometric
test coupled to NADPH oxidation.

Except for PtrcGpx2, which was completely inac­
tive, aIl the proteins (PtrcGpxl, PtrcGpx3.2, PtrcGpx4,
and PtrcGpxS) catalyzed H20 2 reduction at similar
rates using poplar Trx hl as the electron donor,
NADPH, and recombinant Arabidopsis type B
NADPH-thioredoxin reductase (data not shown; Table
II). In contrast, no activity was found when using
either GSH alone or in combination with different
poplar Grxs belonging to the same subgroup, either
dithiol Grx with a classical CxxC active site (Grx Cl,
C2, C3, and C4) or a monothiol chloroplastic Grx (Grx
512), which possesses a CxxS active site (see Rouhier
et al., 2006 for the nomenclature; data not shown).

Because aIl recombinant proteins, with the excep­
tion of PtrcGpx2, were equaIly active in transferring

3

chondrial or plastidic one; and PtrcGpx2 and PtrcGpxS,
a peptide presumably directing the proteins into the
secretory pathways, whereas PtrcGpx4 and PtrcGpx3.1
should be localized in the cytosol.

We then built a phylogenetic tree using most of
the plant Gpx sequences present in the databases with
an emphasis on the eight and five Gpxs identified in
Arabidopsis and Oryza sati'SJ respectively
(Fig. 2). Although the t structed using
sequences devoid of N-te sions, five sub-
groups of Gpx, which are ond to the
predicted intracellul t. J can be de­
fined. This meansyTsome amino
acid si ures sp Up. It also ap-
pears t me s two members of
the same grou dopsis has two pu-
tative chI .. ic Gpxs, explaining
the highe plant. In contrast, the
subgroup icted secreted proteins is
not fa. d

cloned fiv~ of the six Gpx sequences, minus
al extensions, in the pET-3 d plasmid
expression in Escherichia coli. Because
imilarity between PtrcGpx3.1 and

e have only expressed the mature form
x3.2, which was the most abundant in terrns
nd also the first identified. The sizes of the

mature'forms that we have expressed range from 164
to 171 amino acids. AlI the proteins, except PtrcGpx2,
.. re soluble. After purification to homogeneity, the

elds ranged from S mg for PtrcGpx2 (after resolubi­
lization from inclusion bodies) to about 100 mg of
protein/L culture for the other isoforms.

191Plant Physial. Vol. 142, 2006

Energy (DOE) Joint Genome Institute (JGI), a sixth
isoform, very similar to PtrcGpx3, was identified, and
these two isoforms were named PtrcGpx3.1 and
PtrcGpx3.2. The only obvious difference between the
two sequences is the presence of an N-terminal exten­
sion in PtrcGpx3.2, otherwise they are 90% identical
and display a 99% functional homology in their pre­
dicted mature form. The protein sequences of aIl poplar
Gpxs identified are shown in Figure 1 and compared
with Gpxs from yeast and human. The percentage of
strict identity ranges from 62% to 90% among aIl pop­
lar Gpxs and from 20% to 48% versus yeast and mam­
malian Gpxs. The lengths of the proteins vary from 168
to 238 amino acids, depending on the presence of
N-terminal extensions in sorne isoforms.

From this amino acid sequence comparison, it ap­
pears that poplar Gpxs are more closely related to
yeast Gpxs than to human Gpxs. Indeed, three Cys
(residues generally assumed to be essential for Gpx
catalysis) are not only strictly conserved in aIl poplar
Gpxs but also in aIl higher plant and yeast sequences
(Fig. 1; data not shown). This is in clear contrast to
animal Gpxs, which display either two conserved Cys
residues or in sorne isoforms a Cys and a seleno-Cys.
The difference in the number of conserved Cys ld
result in different reactivities for plant and
compared to mammalian enzymes. The clo
homolog to plant and yeast Gpxs is Gpx4..
as phospholipid hydroperoxide Gpx. 50
are highly conserved in aIl these sequences, e
in the neighborhood of the two first conserved Cy
respective consensus sequences are VASx[C/U]G ail'
FPCNQF, with U being the symbql for seleno-Cys).
The three residues, Gly, GIn, and ed with as-
terisks in Figure 1, which are invol e catalytic
mechanism of the mammalian seleno:." J;abhakar
et al., 200S), are also conserved .
quences. However, no inform
the role of these residues in p

Another interesting fea
genome release, is that tl;t
conserved in p r. AIl··
almost the sa gjh,
sequences y . ,s greq,tl~t~
in the fir, bec ..
sequen sorne isofo
Anot rence e sli~\i~waller size of exon 6
for Ptrc otides inS1:~a:d of 33 in the other
Gpx seque ing in a PtrcGpxl sequence short-
ened by one acid in the C terminus). This
organization is in Arabidopsis (Arabidopsis
thaliana), where the êi'genes also contain six exons.
In Arabidopsis, the lasF~xon is also shorter for sorne
genes, in particular for the homologs of PtrcGpxl
(Rodriguez Milla et al., 2003; data not shown).

Sorne characteristics of poplar Gpxs are summa­
rized in Table 1. The consensus subcellular predictions
obtained with different software (Predotar, TargetP,
Mitoprot, and Psort) are as follows: PtrcGpxl carries a
putative plastidic transit peptide; PtrcGpx3.2, a mito-
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PtrcGpxl
ptrcGpx4
PtrcGpx3.1
ptrcGpx3.2
ptrcGpx5
PtrcGpx2
ScGpx2
ScGpx3
SCGpxl
HsGpx4
HsGpx7
HsGpxl
HsGpx2
HsGpx3
HsGpx6
HsGpx5

MASLPFSCSSVPGLKl HPNPTKMASfVTSlKSSLGPSKSAFLQRGFSLQSPNLPGFASKARSFGV
MG

MLTSRSRI LSQKYLNFASLSASFLLSKQSSfNSKQTLLPSLHNSPVSLYSQSIKAGVSRRLLGSVRFNHS
Ml P S HL L L L H L L L SAS LAS S MA

MLAFYTMHfTNSl SLVFLGFAI LALYSYPSLLPSR

MSLGRLCRLLKPALLCGALAAPGLAGTMCAS
MV A A T VA A A WL L L WA

MCAARL

MARLLQASCLLSLLLAGfVSQSRGQEKSKM
MFQQFQASCLVLFFLVGFAQQTLKPQNRKV
MTTQLRVVHLLPLLLAcFVQTSPKQEKMKM

ptrcGpxl
PtrcGpX4
ptrcGpx3.1
ptrcGpx3.2
ptrcGpx5
PtrcGpx2
ScGpx2
ScGpx3
SCGpxl
HsGpx4
HSGpx7
HSGpxl
HsGpx2
HsGpx3
HsGpx6
HSGpx5

PtrcGpxl
PtrcGpx4
PtrcGpx3.1
ptrcGpx3.2
PtrcGpx5
ptrcGpx2
ScGpx2
ScGpx3
ScGpxl
HsGpx4
HsGpx7
HsGpxl
HsGpX2
HsGpx3
HsGpx6
HsGpx5

FARAATEKS
SSPSVPEKSI
MASQSS
MASQSSPQS
TQTSKNPES
KMAEESPKSI

MTTS
MSE
MQE

RDDWRcARS
AACAQQEQ
AAAAAAAQ

MAFlAKS
DCHGGI SGTI
DCNKGVTGTI
DCHKDE KGTI

*

FT VKDl NG'
FTVKDNRG'
FTVKDARE·
FTVKDAKG­
fTlKDAKE'
FTVKDl HG­
LEcKDKKG·
LAPVDKKG·
fSPlDENG­
fSAKDIDG·
fKAVNl RG·
fSARPlAG
lSAlSLDG·
YGALTI DG
YGALTlNG

EAI AlN

KQ
QNF
VEF
VI;F
T

Q
TE
A

NK
KEf AG-- ....
I;SFARRT·---­
LNSlKYVRPG
LNSLKYVRPG
lPTLKYVRPG
LLGLKYVCPGS
LPGLKYVRPG

PSTAP
P NA A P

KNAAPI
NNAAPl
ENA S P
K NT AP
S NA OS

GNEDP
QKQDP
DDAHP
T GA HP
A GA HP
QNEHP
EKEQK
I;KEQK
E KE QK

E KY KT
KNYKDK
DKYRD
AKYKD
E KY K

EKYKN
KKYQDK
KRYKDE

,.,>tiF v'iittv E KY KS H
R Y A E C

(AiI,9cl QI!lkc!R 0 L G P H

RL GP
RFPRR·
ELAPF

ci~P"'l;ii"cELKNF
ELKPY

SAGGF
ASKPGf-- ­
SSKGGL ---.---­
SSKGGL·-··-·
LGKWGI-~·~

SEKGGY·····---­
SQKAGL

QKSGM .- .... --­
NSVSGK
1 QPKGKG·­
QTSGKE·- .. ····-­
EALPAPSDDATALMTD
DKLPYPYDDPFSLMTO
NSCPPTS .- -I;LLGT
NSCPPTS- DLLGS
HSCPHPS - -l;lLGT

PtrcGpxl
PtrcGpx4
PtrcGpx3.1
PtrcGpx3.2
PtrcGpx5
PtrcGpx2
ScGpx2
ScGpx3
ScGpxl
HsGpx4
HsGpx7
HsGpxl
HSGpx2
HsGpx3
HsGpx6
HsGpx5

----LGDL·lK
LGNR·IK
FGDS-lK

---··FGDN IK
.. -- -- FGDD· 1 Q

-FGOA IK
-----LGfKGlK

'---'-LGLRGlK
'SGIKMIK
-lLGNAlK

··---· ... ·PT
PKLI TWSPVcRNDVA
PKLII WSPVRRSDVA
SDRLFWI;PMKVHDl R
SSQLfWI;PMKVHDI R
fKSI SWDPVKVHDl R

*

TTSPF
Tl TA P
PTTSPL
PTTSPL
PTTSPL
PTTSPL
S L T K P S silt,iD(H,~iQ'S

SLTKPS
MTRPL

PMEI;PL
TVSVE

RRFQTI
RTF?Tl

H R T T V S Nl!!IK 11DiPJiL
HQAPVS
HRATVS

KLI LLKREDl
QGPSCA

Al
RQAALGVKRK

FNTH
QFKTK

4

dU1lI>,'l;'ljyellue alignment of Gpxs from poplar, yeast, and human. Poplar Gpx gene models from DOE JGI
Populus trichocarpa database (http://genome.jgi·psf.orgiPoptr1/Poptr1.home.htmIJ: PtrcGpx1, graiI3.0013048601;
PtrcGpx2, estExCGenewise1_v1.C_LG_V110868; PtrcGpx3.1, estExcGenewise1_v1.C_LG_18960; PtrcGpx3.2, fgenesh4_kg.C_
LGJII000037; PtrcGpx4, estExUgenesh4_kg.C_LGjIV0026; PtrcGpx5, eugene3.0001 0913. Accession numbers of yeast and
human Gpx: ScGpx1, P36014; ScGpx2, P38143; ScGpx3, NP012303; HsGpx1, P07203; HsGpx2, AAH05277; HsGpx3,
P22352; HsGpx4, NP_002076; HsGpx5, NP_001500; HsGpx6, NP_874360. Strictly conserved amino acids are on black
background, functionally conserved amino acids are on gray background. Arrows show the three conserved Cys in positions 107,
136, and 155 (PtrcGpx1 numbering). Asterisks show three residues involved in the catalytic mechanism in human selenoenzyme.
U indicates seleno-Cys in human enzymes.
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Table 1. Characteristics of poplar Gpxs

The molecular masses of the recombinant mature proteins are indicated. The masses of the full-Iength proteins including signal peptide are in
parentheses. Poplar gene models were found in the DOE JGI poplar vl.0 database. Arabidopsis homologs are named according to Rodriguez Milla
et al. (2004), except for AtGpx8, which was not described in this paper. O. sativa homologs were found using the Institute for Genomic Research O.
sativa genome annotation database (http://www.tigr.orgltdb/e2kl/osal/index.shtml). The localization predictions are the consensus from results
obtained with Predotar (http://genoplante-info.infobiogen.fr/predotar/predotar.html), TargetP (http://www.cbs.dtu.dklservices/TargetPI). Mitoprot
(http://ihg.gsf.de/ihglmitoprot.html), and WoLF Psort (http://wolfpsort.seq.cbrc.jpl) software. Ptrc, Poplar.

LOCOs04g46960
LOCOs02g44500
LOCOs04g46960
LOCOs02g44500
LOCOs03g24380

LOCOsll g18170

(At2g48150),
AtGPX5
(At3g63ü80)

AtGPX8
(Atl g63460)

Predicted
TP Length

Predicted
localization

LlL'ùIJII.J .."-, with the reduced y-type Trxs leading to an
de<:rei3.Se of the H20 2 content with both Gpxs (Fig.

ii>.;>,};'U,i:ll:i:l not shown). The other isoforms tested did not
support Gpx activity. The cytosolic poplar Trx hl, present
at same concentration as the chloroplastic Trxs, was
approximately as effective as the y-type Trxs in support­
ing H20 2 reduction catalyzed by either PtrcGpxl or
PtrcGpx3.2. Despite the similar reactivity of the cytoplas­
mic Trx hl, the fact that the two y-type Trxs present in the
poplar genome colocalize with PtrcGpxl and PtrcGpx3.2
in chIoroplasts suggests that the two Trx y may weIl
constitute in vivo reductants for these two Gpxs.

Peroxide Specificity

The substrate specificity of PtrcGpx3.2 was tested
under steady-state conditions using Trx hl as reduc­
tant and different types of peroxides, ranging from
H20 2 to more complex molecules, such as tert-butyl
hydroperoxide (tBOOH) or cumene hydroperoxide
(COOH), as electron acceptors. The Km values for the
different substrates and the catalytic efficiencies of the
enzymes are summarized in Table Il. Although slightly
different (Km ranging from 239 /-LM to 1.41 mM), the Km
values for the three substrates are aIl of the same order
of magnitude in the millimolar range. In terms of ca­
talytic efficiency (kca/ ~), PtrcGpx3.2 is slightly more ef­
ficientin reducingCOOH (5.3 X 104 M-1 S-l) compared
to H20 2 (20 X 103 M-1 S-l) and to tBOOH (6.4 X
103 M-1 S-l).

Length Molecular EST
(Amino Mass No.
Acids)

Gene ModelProtein

0

PtrcGpxl grai13.0013048601 164 18,250 48 Chloroplastic 71
(232) (25)59)

PtrcGpx2 estExCGenewise1 170 18,842 10 Secreted
vl .CLG_VII0868 (203) (22,850)

PtrcGpx3.1 estExt_Genewise1 168 18,691 23 Cytosolic
vl.CLG_18960

PtrcGpx3.2 fgenesh4_kg.CLG_ 168 18,550 85
111000037 (238) (26,306)

PtrcGpx4 estExCfgenesh4_ 171 18,950 17
kg.CLGjIV0026

PtrcGpx5 eugene3.00010913 169
(203)

electrons from reduced Trx to H20 2, only one
PtrcGpx3.2, was selected for more detailed study.

As PtrcGpx3.l, the cytosolic iso. rm, is very similar
in sequence to PtrcGpx3.2, we tes .tro various
cytosolic Trxs of the h type in an t to find a
potential physiological electron don rotein,
using NADPH oxidation coupled
reduction of Trx to monitor ac .
h tested (Trx hl, h3, and h
donors for PtrcGpx3.2 i
values being around 10
shown that T' h2,
PtrcGpx3.2 in ..... oc1}c:)ll
donor (Ge et al,i~i~
a preferr hopê'
nor fo .. 0 chlorô
PtrcG col tric
assays e to the y based on moni-
toring NA tion, because chloroplastic Trxs
are reduced ht-dependent system involving
ferredoxin and foxin Trx reductase. As chIoro­
plastic Trxs are not~~~dby NTR, the reducing ca­
pacity of Arabidopsis cl1loroplastic Trxs was tested in
the presence of 500 /-LM dithiothreitol (DTT), a reagent
that will reduce these Trxs but does not support the
peroxidase activity of Gpxs during the relatively short
time used for the assay. Of aIl the chloroplastic Trxs
tested, only the two Arabidopsis y-type Trxs (Trx yI
and Trx y2) were able to reduce Gpx to a significant
extent. Similar resu1ts were obtained for PtrcGpxl and
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catalytic mechanism, as it is the case for sorne Met
sulfoxide reductases, the stoichiometry of the reaction
is 2 (Boschi Muller et al., 2005). In this case, the third
Cys (or the second resolving Cys) reduces the first
disulfide bridge formed between the peroxidatic Cys
and the first resolving Cys, leading to a new intramo-
lecular bridge. Then, the peroxidatic would be free
and able to attack another of peroxide,
leading to a consumption of per mole
of reduced enzyme.

Cytosolic

Catalytic Mechanism

To undersfand the
peroxide redITdigJ:l,an .. .... r~m~~pendent regen­
eration, site-direct~~i1'l'lutagelJ~~i~:~asused to gener­
ate four vari~:t:lts of:xmtJ'SGpX$.4 i (PtrcGpx3.2 CI07S,
C136S, C155, 0 36/155.SJ:ÏBwhich Cys residues were
replaced Se activi~iof the mutated proteins
was of the Trx system. As ex-
pected, utant is totally inactive. While
PtrcG~1J.e double mutant PtrcGpx3.2

Figure 2. Phylogenetic tree of plant Gpxs. The gene models used for fô reduce peroxides in single-
poplar Gpxs are indicated in Figure 1. The other accession eri111.1en:ts (i.e. prereduced samples of these
(full-Iength cDNAs or E5Ts) are as follows. Arabidopsis: cân:.t·edluc:e an equal amount of peroxide),
At2g25080; AtGpx2, At2g31570; AtGpx3, At2g43350; inactive with the Trx-reducing sys-
At2g48150; AtGpx5, At3g63080; AtGpx6, At4g11 ,.",:.,' .1. . b
At4g31870; AtGpx8, Atlg63460. O. sativa: OsGpxl peroxidesu strateused. This in-
OsGpx2, CB666847; OsGpx3, CF306402; OsGpx4, is probably not able to directly reduce
OsGpx5, AAX96834. Helianthus annuus: Hal, 4;;,~r '~\i~;:!Eii!;"~_/~~~~~~i(~,acidformed on Cys-107. In contrast,
CAA75009. L. esculentum: Lel, 81209257; Le2, A1898013. displays almost identical enzymatic
napus: AF411209. Ca, Cieer arietinum, CAD31839; Hv, H. vulgare, to PtrcGpx3.2 (Table II). The only difference
8J448530; Mc, Momordica charantia, Nt, N. tabacum, modification of the Km value for peroxides
CK286614; 5t, 50lanum tuberosum, vinifera, in a decreased catalytic efficiency. These
CB978870; Za, Zantedeschia aethiopica, mays, indicate unequivocally that Cys-l07 and Cys-
81319059. Only the predicted mature sequences for tree 155 are required for Trx regeneration, whereas Cys-
building. 136, albeit strictly conserved and found in a very

conserved motif, does not have a catalytic role.

We then examined the stoichi?rrl~~m~:~fithèW~<Î~tion
catalyzed by Gpxs,by mixinR~owncoricel1tr~t~?DSof
reduced enzyme "Y\itr vari9:Hi~.1<.n0wn cOlJ~m;l1~p.Hons
of tBOOH in the ab§ÉmStofre~~stfnts.Aftercomple­
tion of the n~l:l~~~pn, th~1"~1'I'lainiD8i~~roxide content
was measu~.~~1.1singthe.f(,l~m9~S oxi~~tifi?n of xylenol
orange (F~~):C2olorim~tricm~~?d. AUthe enzymes
tested (Ptl:'S~~?Cl,3.2(~<;t5)cant~~~5e1 mol substrate
per mole enz~ '~~~ating that Gpxs use only one or
two Cys but cel" )'inot three.

It is known th t':f~~<~l1zymesthat use sulfenic acid
chemistry for their 'cp.ti'.).lysis, the stoichiometry de­
pends on the number ôf'82Ys involved. When one or
two Cys are involved, the sl6ichiometry of the reaction
is 1 mol of enzyme oxidized per mol of peroxide re­
duced (Boschi Muller et al., 2000). In one case, the first
peroxidatic Cys attacks the substrate and is converted
to a sulfenic acid, with the reaction stopping at this
point. More commonly, a second resolving Cys attacks
the sulfenic acid, leading to the formation of a di­
sulfide bridge. When a third Cys is involved in the

6

Table Il. 5teady-state kinetic parameters of PtrcGpx3.2 and
PtrcGpx3.2 Cl365

Values for the different peroxides were obtained using Trx hl as
electron donor. A total of 200 nM of enzyme was used in the tests.
PtrcGpx Cl 075, C1555, and C136/1555 mutants are inactive with the
Trx system.

Km kcat kc,IKm

mM S-7 (M- 7 S-I) X Id
H20 2 PtrcGpx3.2 0.545 11 20

PtrcGpx3.2 C1365 1.388 13 12
tBOOH PtrcGpx3.2 1.41 9.08 6.4

PtrcGpx3.2 C1365 4.66 12 2.6
COOH PtrcGpx3.2 0.239 13 53

PtrcGpx3.2 C1365 0.454 16 35

Km

/LM
tBOOH Trx hl 12

Trx h3 13
Trx h5 10.3

Plant Physiol. Vol. 142, 2006
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Figure 4. Effects of redox conditions on PtrcGpx3.2. A, The proteins
were either oxidized with 30 mM H20 2 (Ianes 1, 3, 5, 7, and 9) or
reduced with 30 mM OTT (Ianes 2, 4, 6, 8, and 10) and separated on
14% SOS-PAGE. Lanes 1 and 2, Gpx3.2; lanes 3 and 4, Gpx3.2 Cl 075;
lanes 5 and 6, Gpx3.2 C1365; lanes 7 and 8, Gpx3.2 C1555; and lanes
9 and 10, Gpx3.2 C1365/1555. A total of 1 /Lg of protein was loaded
per lane. B, Fluorescence emission spectrum of PtrcGpx3.2 in different
redox conditions. Excitation was set at 290 nm. Ali spectra were
recorded for 4 /LM PtrcGpx3.2 concentration in 30 mM Tris, pH 8, 1 mM
EOTA at room temperature. Untreated sample spectrum is figured in
continuous line, spectrum for sample treated for 10 min with 250 /LM
OTT is figured in discontinuous line, and sampie treated with OTT then
incubated for 1 min with 250 /LM H20 2 is figured in dotted line. Maxi­
mum emission peaks are indicated.

after purification (the number of detectabIe thioI groups
is generally close to zero), adding 250 J-tM DTTchanged
the emission fluorescence spectrum of the protein,
with a decrease of approximately 3-foId in the fluo­
rescence intensity and a shift of the maximum of fluo­
rescence emission from 350 to 316 nm. The addition of
250 J-tM peroxide in the cuvette completely restored the
initial spectrum, suggestin9.~~llangesof Trp envi-
ronment and thus of fluore.~ç"l:in ~ssion are linked
to changes in oxidation AmQtlthe cysteinic-
mutated proteins, only 2;i1.'$6S showed
similar differences operties of
the oxidized and er mutated
proteins trcGp C155S, and
PtrcGp . 136S are this property
(data not s SD5-PAGE, where
it dized and reduced
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l
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Figure 3. Time-course-dependent H20 2 reduction by PtrcGpxl in the
presence of chloroplastic Trxs. Activity of PtrcGpxl was tested using
different chloroplastic Arabidopsis Trxs by following H20 2 consump­
tion in function of time. Reactions contain 2 /LM PtrcGpxl, 500 /LM OTT,
400 /LM H20 2, and 10 /LM of the different Arabidopsis Trx. From top to
bottom: control without addition ofTrx (0), Trx m3 (. , dotted line), Trx
ml (.), Trx m4 (<), dotted line), Trx m2 (<»),Trx fI (III), Trx f2 (0), Trx x
(x), poplar Trx h1(e), Trx y2 (A), and Trx yI (,6).

We examined the behavior of PtrcGpx3~~ml

various Cys/Ser variants during denatll~

rylamide gel electrophoresis (SDS-PAGE)
ferent conditions. Under reducing conditions
DTT), aH the proteins migrated at their expecte .
lecular masses, around 19 kD (Fig. 4A, lanes 2, 4, 6,
and 10). Under oxidizing conditiotls 30 J:llM HP2)' the
migration of PtrcGpx3.2, as weIl " . CI07S and
C136S variants, is shifted to a lowé . ent molec-
ular mass (around 13 kD), whereast ,ation of
C155S and C136S/155S mutat .rotei t
altered (Fig. 4A, lanes 1,3,5,7 ). The c
the migration profile under ox' ns
the proteins in which Cys:- utated
suggests that an intramoI..; nvolv-
ing Cys-155 c be fo Lformed
between Cys-l d C the ca he C136S
mutant an weef1.L ys-155 in the case
of the C utant; 'fies the overall
struct e pr2teins to alter the mi-
gratio or'g elec esis. It should also
be poili covaIen er, invoIving Cys-
107 of tw , can be observed for the double
mutant unde ucing conditions but not under
reducing conditi has been previously observed
for mutated protein ........••.... hich onIy the catalytic Cys
remains (Rouhier et al.; 2004). These results were
confirmed by foHowing changes in intrinsic Trp fluo­
rescence emission of the proteins in reduced or oxidized
conditions (Fig. 4B). OnIy one Trp found in position
196 in the WNF motif and conserved among organisms
is present in PtrcGpx3.2. The behavior of PtrcGpx3.2 is
shown in Figure 4B as an example, but aH Gpxs behave
similarly. While the protein is in the oxidized form
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Expression of Prx in Plant Organs and
in Stress Conditions
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Figure 5. Redox titration of PtrcGpx3.2. The titration was carried out as
described in "Materials and Methods" using a total Dn concentration
of 2 mM in the redox buffer and with a redox equilibration time of 2 h.

states, the mutation of Cys-155 prevents modification
of Trp fluorescence and thus of the formation of the
disulfide bond. No change of fluorescence was ob-
served for PtrcGpx3.2 C107S, while a shift, attributed We first performed an in silico analysis based on
to the formation of a Cys-136-Cys-155 disulfide bond, ESTs found in the OOE JGI database and found 191
was visible on SOS-PAGE. Altogether, these results ESTs coding for poplar Gpxs (Table 1). The different iso-
indicate that Trp fluorescence is modified only when forms are not equally represented among these ESTs;
the peroxidatic Cys (Cys-107) and the resolving Cys PtrcGpx3.2 seems to be the most frequently expressed
(Cys-155) are involved in the formation of a disulfide gene, with 85 corresponding . (i'(:!'<9:pproximately
bond. 45%). We also found 48 ES........ r1'?~~8Gpx1, 10 for

Gel-filtration experiments performed with reduced PtrcGpx2, 23 for PtrcGpx3.1,~7f~mPtr~~px4, and
or untreated PtrcGpx3.2 showed that it consistently eight for PtrcGpx5. The~0]"~~ult~.~~:re c0lJ3.BÎped with
elutes with an apparent molecular mass of 38 kO, cor- a semiquantitative reY~J:$EIit.ranscripti;~l}>:~I$~)~PCRap-
responding to a homodimer (data not shown). As the proach. As gen.~$ubelo.(l 'Prxfamily, we
protein migrates as a monomer (around 19 kO) under have tra n pattern of all
both reducing and nonreducing conditions during de- Gpxs th .. ing in poplar in
naturing SOS-PAGE, the dimer observed during gel seven (roots, eaves, expanded
filtration cannot involve an intermolecular disulfide leaves, For most
and must be stabilized by noncovalent forces (e.g. genes, we specific hybridi:ling
electrostatic or hydrophobic interactions). areas. unable to distin-

Redox titrations of PtrcGpx3.2 using redox equili- guish (i.e. Prx QI and
bration buffers composed either of defined mixtures of Q2 or In two cases, we used
oxidized and reduced OTT or of defined mixtures of no. to amplify both transcripts
GSH plus oxidized GSH (GSSG) are most readily or Prx A and B), but we were
interpreted in terms of a single disulfide/dithiol ~"'""M''''".. one primer to specifically amplify

couple per monomer, with a midpoint redox~~~~!f'ii'iwJli:~~I;~lt~and2-Cys Prx A). From the differ-
(E

m
) value of 295 ± 10 mV at pH 7.0 (Fig. two amplifications, the expression

titrations (data not shown) over a more can be deduced. For example, as the
than that shown in Figure 5 (i.e. Eh r.x.. only expressed in expanded leaves, we
from -250 mV to -80 mV), in which defined .. >.~~te from the 2-Cys Prx A and B expression
of GSH plus GSSG were used as redox profile thàt 2-Cys Prx B is expressed in fruits, stems,
buffers, demonstrated that no additional more positive and stamens and possibly in expanded
dithiol/disulfide couple is present As AlI the genes exhibit different expression pat-
Cys-136 is not involved in catalysis is but there is at least one gene expressed in eaeh
not present as a disulfide-linked one organ tested (Fig. 6A). These data, coupled with the in
can eonclude that the value observed to silico analysis, are indicative of a broad distribution
an intramolecular disulfide bridge and expression of Prxs in plants, at least at the tran-
Cys-155. script level. Nevertheless, the multiplicity of Prx genes

can be explained by some specificity in the expression
pattern. For example, out a total of 17 genes, only three
(coding for PtrcGpx2, PtrcGpx 3.1, and PtrcPrx IlE) are
expressed at detectable levels in roots under the growth
conditions used. One gene (PtrcPrx IlE) encodes a
plastidic protein, another (PtrcGpx3.1) appears to en­
code a cytosolic Gpx, and the third (PtrcGpx2) appears
to encode a secreted Gpx. In contrast, aIl the genes are
expressed in expanded leaves. Given the specificity of
the two chloroplastic Gpxs (PtrcGpx1 or PtrcGpx3.2)
for a Trx of the y type as an electron donor, it was also
of interest to examine the expression patterns of these
two poplar Trxs. Both Trx yI and y2 were found to be
expressed in aIl tissues tested, and thus their role
cannot simply be restricted to serving as specifie reduc­
tants for plastidial Gpxs.

To get a deeper view of the expression of Gpx genes,
we used both microarray data available using Gene­
ve~tigator and the results presented by Rodriguez
MI1la et al. (2003) to follow the expression pattern of
the different Arabidopsis Gpx genes in the whole plant
(Fig. 6B; Zimmermann et aL, 2004). Based on the

8 Plant Physiol. Vol. 142, 2006
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Figure 7. Gpx expression in poplar and Arabidopsis organs. A, Spec­
ificity of PtrcGpx3.2 antibodies. A total of 30 ng of each recombinant
poplar Gpx (PtrcGpxl to 5) was used. B, Distribution of Gpx expression
in different poplar organs. L, Leaf; S, stem; R, root; and P, petiole (30 /-Lg
of total proteins loaded). C, Distribution of Gpx expression in different
Arabidopsis organs. YL, Young leaf; EL, expanded leaf; SL, senescent
leaf; FI, f1ower; S, stem; and R, root (30 /-Lg of total proteins loaded).

leaves, stems, and flowers). The main difference be­
tween the two sources concerns the expression of
AtGpx6, whieh was found to be low in a11 organs ex­
cept dry seeds by northern blot, while mieroarray data
indieates a strong expression in aIl organs.

Using an antibody raised against purified recombi­
nant PtrcGpx3.2, we first checked its specifieity against
the recombinant proteins. It r with a11 five recom-
binant proteins (which . a11 migrate at
slightly different positioGE) but only
faintly with PtrcGpxl and ongly with
PtrcGpx2, 3.2, and 1 . dy is thus
specifie for Gpx as xth protein,
PtrcGpx whie rcGpx3.2 but
does no . rimi .soforms. We could,
however, t~~~Jlti isoforms with two
slightly differenw:.•. " s in poplar protein
extracts. T .ghe ass band seems spe-
cifie to ro fi bec, , signaIs obtained with the
extraç fr ' ·the oth gans tested have a similar

correspond to a single isoform
for the reasons explained above

·.dopsis 7C), two bands of different sizes
Il'1E~O or more different isoforms have been

in~i,l'J1.ost a11 organs, except roots. The pro­
er molecular mass is most easily detected
flowers, while in contrast the protein(s)

molecular mass is present in stems and raots
lesser extent in leaves and flowers. Using

prc)telTIS extracted from purified leaf chloroplasts, only
lower band was detected (data not shown). Given
fact that AtGpx7 is weakly expressed at the tran­

'scriptionallevel, only the other two predicted chloro­
proteins (i.e. AtGpxl and AtGpx6) are likely to

detectable. Thus, we conclude that the lower band
consists predominantly of AtGpxl and/or AtGpx6.
The upper band is likely to arise from the presence of
AtGpx2, as it is not a chloroplastic protein and because
AtGpx3, AtGpx4, AtGpx5, and AtGpx8 also seem to be
weakly expressed at the transcriptionallevel. We next

,

!!I

f:l

o r"~'fJ.~ "

~ ;;~~;r':
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, r;

llower

·1·;

Fr St Pe SRo YI El
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o
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Trxh!

B 15000
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results ), AtGpxsl to 7
are expexceptAtGpx2,
which sed in dry seeds.
AtGpx4 less ex ed genes, as they
were only y RT-peR and few or no E5Ts are
found for the s (Rodriguez Milla et aL, 2003).
Using Genevesfwe observed that AtGpxl,
AtGpx2, and AtGpespectively homologous to
PtrcGpxl, PtrcGpx2, aridPtrcGpx3.2, were highly ex­
pressed in a11 organs or tissues analyzed (i.e. in young,
expanded, and senescent leaves, as we11 as in stems,
roots, and flowers), while AtGpx3, AtGpx5, AtGpx7,
and AtGpx8, and especia11y AtGpx4, generally show a
low expression level in these organs. Nevertheless, as
expected for a chloroplastie protein, AtGpxl is prefer­
entiallyexpressed in green tissues (young and expanded

Figure 6. Prx transcript expression profiles. A,
Trx y transcripts. RT·PCR reactions were peri
from various poplar organs (Ro, Root; YI, young 1

fruit; St, stem; Pe, petiole; and S, stamen), loaded
stained with ethidium bromide. B, AtGpx
different plant organs, as compiled from
the GeneAtlas function of Genevestiga
Accession numbers: AtGpxl, At2g2
At2g43350; AtGpx4, At2g481
At4g1 1600;
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uiU ..n§u.bcellulatr Localization of PtrcGpxl and PtrcGpx3.2

>',~jq""U~'ALand PtrcGpx5 are predicted to be secreted
hlltVITP1'P not studied here, as we were unable to am­
plify the 5' end coding for their N-terminal extensions
from either cDNA libraries or genomic DNA. Although
Arabidopsis and O. sativa homologs possess this ex­
tension, it is not yet dear whether these extensions
really belong to the cDNA or are annotation or assem­
bly errors. PtrcGpx4 and PtrcGpx3.1 contain neither an
N-terminal extension nor known C-terminal signaIs,
suggesting that the proteins are cytosolic. To deter­
mine the subcellular localization of PtrcGpx1 and
PtrcGpx3.2, the 5' portions of the open reading frame
encoding only the N-terminal parts were fused to
the sequence coding for a GFP. The recombinant pCK
GFP S65C plasmids were then used to transiently
transform tobacco cells by bombardment. In the guard
cells shown here, it appears that Gpx1 is specifically
targeted to chloroplasts and that Gpx3.2 is directed
both to chloroplasts and mitochondria (Fig. 9). Similar
results were obtained in mesophyll cells (data not
shown).

DISCUSSION

As more and more genomes are sequenced and
annotated, it is now dear that multigenic families are
very common in organisms. Here, we describe the

Plant Physiol. Vol. 142, 2006

constitutively expressed and was never found to vary
with stress, as a control (N. Rouhier, unpublished data).
As expected, the Trx hl abundance is not dependent on
the pathogen infection, regardless of which fungal iso­
late was used.

In addition, we followed Gpx levels in young leaves
from Arabidopsis or tobacco (Nicotiana tabacum) plants
submitted to various abiotic stresses..After 6 d of water
deficit, the intensity of the~()wèï;lRB-l"ld decreased,
while that of the upper band;~~hre(Fig.8B). This
was even more pronounced it't\)l~ tob~mço leaves
subjected to the same.~~8}~iti6-l"l8 ....~~ncreased
intensity of the Gpx si~{'\l,whichC~~~m.l1espondto
the presens~.pf one fbrins (Fig. 8B).
Similar pr6fil~s~~re expanded leaves
(data not show-l"l)ct;~. . to photooxida-
tive stress (Fig,' 8(ill){.t~.~ amql"ll'l~E8~iithe two proteins
varied in the'~pposite~~~;tli.éintensity of the upper
band increased htlyU1'1.<il~J: stress conditions in ex-
pandedl~~\Tes, . œas thêii"ltênsity of the lower band
decreaseg~ft~mE..21'i~ of treatment.

Inpl~ntsexp~~~~it~:J:lletalstresses induced by ap-
pliçJ}()fyariouscC>1'lsentrations of cadmium or cop-
p 2>a.B(fl 7 d, only the amount of the lower Mf
p ·t~.st~d is modified. It decreased at 150 fLM

2~:i~Fig. 8E) but increased strongly after
d att~~~.i1J.J:llfssmcentrations of 50 and 75 fLM (Fig. 80)

at copPerconcentrations of 25, 75, and 150 fLM
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investigated the abundance of these proteins in stress
situations (Fig. 8). Gpx abundance as a function of time
was followed after infection of poplar by the agent of
poplar rust, the fungus Melampsora larici-populina, and
using two different isolates, a virulent one that induces
a compatible reaction and an avirulent one that in­
duces an incompatible reaction (Fig. 8A). As is the case
for untreated leaf extracts, a single band is visible. Dur­
ing the incompatible reaction, the expression of Gpx
increased greatly 2 h after infection and even more
after 48 h. The pattern of expression during the com­
patible reaction is strikingly different, with a lower
protein level observed at both 2 h after infection and
then again at 24 h after infection but with levels very
similar to those seen prior to infection found at aIl
other times. Because this expression pattern is surpris­
ing, we have analyzed the expression of Trx hl, which is

Figure 8. subjected
to biotic Gpxs during
infection 0 and 96 h after
a compatible reaction. variation of Trx hl
amount was Abundance of Gpxs in young leaves of
Arabidopsis or exposed to a water deficit of 6 d (5)
compared to control Abundance of Gpxs in expanded
leaves of Arabidopsis to photooxidative stress (Iow
temperature [BDC] to [1,400 /LE m-2 S-l; sn for 3 or
8 d compared to control plants (C). D, Abundance of Gpxs in expanded
leaves of Arabidopsis plants subjected to various concentrations of
cadmium (0, 25, 50, or 75 /LM added to hydroponic plants) for 2 or 7 d.
E, Abundance of Gpxs in expanded leaves of Arabidopsis plants
subjected to various concentrations of copper (0, 25, 75, or 150 /LM
added to hydroponic plants) for 2 or 7 d. Each western blot (30 /Lg of
protein were loaded per lanes) was done at least in duplicates with two
independent treatments.
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reduce HzOz' The catalytic efficiencies of poplar
Cpxs lie in the range previously described for other
Prxs. Rouhier et al. (2004) determined kinetics param­
eters for poplar chloroplastic Prx Q, with kenl around
1 s -1 and ked / Km of 103 to 104 M -1 S -l, depending on the
substrate considered. Horling et al. (2002) reported an
activity of Prx IIC that is in the same range. Previous
studies (Herbette et aL, 2002; Jung et aL, 2002; Tanaka
et aL, 2005) also indicate that plant or yeast Cpxs may
display kinetic parameters similar to those of the other
classes of the broad Prx family. The catalytic effici n­
cies reported to date for Cpxs and Prxs are far lower
than those of catalases or ascorbate peroxidases, but
they are likely to reduce a broader range of substrates
than these two enzymes. Cpxs may also provide the
graduated response necessary for the metabolic fine
tuning in case of oxidative stress, as has been demon­
strated in the interaction with transcription factors
(Delaunay et aL, 2002). AlI these data Me consistent
with a possible IOle for Cpxs and Prxs in ROS detox­
ication in plant cells and, as has been demonstrilted in
other organisms, in redox signél1ing (Delaunay et al.,
2002; Rhee et al., 2005; Vivancos et al., 2005).

In so far as the electron donor specificity of poplar
Gpxs is concerned, these enzymes seem to behave like
previously characterized plant Cpx in that they can be
reduced by Trxs, as earlier demonstrated for some
plant Cpx (Herbette et aL, 2002; Jung et aL, 2002) but
not at 2111 by CSH. We have also demonstrated that
Grxs, which can provide a pathway for disulfide re·
duction alternative to the Trx pathway, are uflable to
reduce poplar Cpxs. However, because only five Crxs
belonging to the samc subgroup were tcsted, the pos­
sibility exists that one or more other members of the
large Crx family might serve as an effective electron
donor to Cpx. he oxidation-reduction titrations carried
out in this study (s e Fig. 5) provide a thermodynamic
basis for this donar specifici ty. The intramole ular
Cys-l07/Cys-155 disulfide present in the oxidized
PtrcCpx3.2 was shown to have an Em value at pH 7.0
of -295 ± 10 mV While reduction of this PtrcCpx3.2
disulfide by Trxs, which have f

ll1
values ranging from

- 275 mV to - 330 mV (Brehelin et al., 2003; ollin t al.,
2003), would be expected to be thermodynamically

. .
.' f'

< '2

. ~'",.

~~.~~.~
,~.~

Figure 9. Subcellular localization of PtrcGpxl (1\) and PtrcGpx3.2 (lJ)

N·terminal extensions of the two Gpxs were fused to the GFP and u,cd
to bombard tobacco cells. The pictures presenter! here are guard cells.
1, Visible light; 2, autofluorescence of chlorophyll (blue) and mitochon·
drial marker (red); 3, fluorescence of the construction; and 4, merged
im<1g 's.

existence of six Cpx isoforms in the model tree pop laI.
By comparison, eight and five Cpx isoforms are pre­
sent in the genome of Arabidopsis and O. saliva, re­
spectively. The number of Gpx genes thus varies among
species, probably because of gene duplication events.
A continuing challenge is to understand why so many
genes or proteins with similar functions are needed in
plants. To answer this question, both the abundance
and localization of the proteins and the substrate speci­
ficities of these enzymes were studied. As a result of
our study, it is now clear that the poplar enzymes
originally named Cpxs are reduced by Trxs rather than
by CSH and belong to the Prx family. This large family
thus includes 15 different Prxs in poplar.

Substrate and Electron Donor Specificities

t
C107-S'

C136-SH

C155-SH

R-OOH
(,) t

Cl 07-S0H

C136-SH + R-OII

C155-SH

Trx

tCl07-SJ

C136-SH
(l,)

C155-S

The poplar Cpxs do not exhibit any difference in the
reduction of HzOz compared to complex hydIOpeIOx­
ides (COOH and tBOOH), as the catalytic efficiencies
(kca / Km) vary only over a 20-fold range (i.e. from 2.6
to 53 X 103 M- l S-I). The reduction of complex per­
oxides is consistent with a IOle for Gpxs (and for Prxs
in general) that complements other systems, like cat­
alases or ascorbate peroxidases, which specifically

(111)

Figure 10. Proposed catalytic and Trx-dependent recy,ling mecha­
nisms for poplar Gpx: li) nucleophilic attack of Cys·l 07 on peroxide
(ROOH) leading to the formation of a sulfenic acid and the concom·
itant release of an alcohol; (ii) formation of an intramolecular disulfide
bridge between Cys·1 07 and Cys·155; and (iii) reduction of the intra­
molecular disulfide bridge by Trx leading to a reduced enzyme and an
oxidized Trx
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that of AtTrx yI (accession no. Atlg76760) than to that
of AtTrx y2 (accession no. Atlg43S60). This may indi­
cate which of the two y-type Trxs is likely to be the fa­
vored electron donor to this enzyme in vivo. As there
are also two isoforms of Trx y in poplar, the situation
might be similar. RT-PCR experiments showed that the
two genes (Trx yI and y2) are expressed in all the
organs tested, and thus at the cannot iden-
tifYspecifie and distinct isoforms.

favorable, the more positive Em values of GSH (Em =
- 245 mVat pH 7.0) and plant Grxs (Em values around
-180 mV; N. Rouhier, unpublished data) would make
reduction of the PtrcGpx3.2 disulfide thermodynami­
cally unfavorable.

The question of which Trx is the actual physiological
electron donor for different Gpxs remains unsettled.
Taking the Trx 11. family as an example, we were unable
to establish a preference between Trx 11.1,11.3, and 11.5 in
in vitro assays. It was previously demonstrated that
neither a poplar Trx h2 nor an Arabidopsis Trx 0 were Catalytic Mechanism and rrx-Mêl.'ljiî:lftll.'l
able to serve as reductants to PtrcGpx3.2 (Gelhaye Recycling Process
et al., 2004), and thus the identity of the physiological
reductant for this mitochondrial Gpx remains unclear. When s to de-

Considering the putative secreted isoforms, namely termine wh r one s were involved
PtrcGpx2 and PtrcGpx5, we found that Trx 11.5 is able in the reactiOIl.8 c~~~ly . Although yeast
to reduce PtrcGpxS in a catalytie manner (data not Gpx2 had be~J:ls1"i~~J;l.. to JU.i Trx-dependent
shown). Juarez-Diaz et al. (200S) recently showed that activity, invol}'~J:lg OIl.!Th": e Cys equivalent to
a homolog of poplar Trx hS was secreted by Nicotiana Cys-107 and GIey. SS in r (Tanaka et al., 200S).
alata cells. Assuming that PtrcGpxS is actually se- Jung et aL(2002 9- prevlO y suggested a catalytic
creted, these two proteins could be part of an extra- mechanf .threeconserved Cys residues
cellular redox signaling system. Pignocchi and Foyer for a Chm' Brassica napus) Gpx. This pro-
(2003) suggested that changes in the apoplastie redox . ass spectrometry data that
state could be sensed by a system involving dithiol- disulfide bridge could be formed be-
disulfide exchanges. Secreted Gpxs may be carldidajtt;;>, to poplar Cys-136 and
as apoplastie redox sensors. and on their observation

There are at least 11 chloroplastic Trxs in ArÇli:llÇ1,(>p- equivalent to PtrcGpx C136S
sis (NtrC, CDSP32, Trx x, Trx yI and y2, H":....L,g... '.U. of the activity displayed by the
Trx ml, m2, m3, and m4) and even more 'nrïfï~~~ôr~(mjli!!~~~ll~i nzyme. Here, we S}lûW that, although three
(E. Gelhaye, unpublished data). Although we dûlutely conserved in all Gpxs from higher
test the effieiency of the bimodular Trxs (NtrC û:nIy two are involved both in catalysis and in
CDSP32), it appears that only the two Trx y are able Trx-dependent regeneration. Indeed, three obser-
to efficiently support the activity qf.PtrcGpx1 and support this conclusion: (1) the stoichiometry
PtrcGpx3.2. These chloroplastic Trxs*II:!1éwe very reaction catalyzed by the wild-type enzyme
similar Em, and so the specificities obsefyéçtmust arise is consistently 1:1 (in terms of peroxide reduced to
from properties of the Trxs other than tnêif1IJr±tXéllues enzyme oxidized) and never 2:1; (2) the mutated
(e.g. the distributions of surface chatg~;>:':illddfs;qrfiOlç~ PtrcGpx3.2 C136S is as active as PtrcGpx3.2; and (3)
hydrophobic patches). In a pre~~~usstu~,)'l if~~* we have detected only one disulfide bridge when ti-
found in Arabidopsis that only TY{ÇEx iS<:ll:51E~tp!t~duce trating PtrcGpx3.2. Another characteristic of these en-
2-Cys Prx, and Trx y is the).~osti~f.f~~i18Ilt'els~tron zymes is a shift during migration under SDS-PAGE
donor to Prx Q (Collin et al.~3~~4). Itistneflli~~~ythat similar to that previously reported by Tanaka et al.
the major functi0l'l.~tx-tYP~[~J:l~y-type~~18Jp!plastie (200S) for yeast Gpx2, as the redox state of the protein
Trxs is the redt1ctio:t"l.of~Cloropl~~tiePrxs(this family is altered. Both the redox-dependent shift in SDS-
includes 2-CY~];>fxs, Pr,lÇ<Kr Prx,:I~~~d Gpxs). The PAGE migration properties and the redox-dependent
f-type Trxs . . .. ecifieallYJ:l%~ciedirl.tN~regulation of changes in the Trp fluorescence parameters of the
chloropla§.~etaboli§m(inB:<:lJ~)ieulaI.,throughthe proteins clearly indicate that Cys-1SS is required for
activation:p!f:TT::.. aseiOlJ:l.9-0f the CE'~.L'\.'I'Psynthase), but the formation of an intramolecular disulfide with Cys-
they can alsa~~~,t1 ys Prxs andPrx Q. The rn-type 107. One additional piece of evidence that Gpx belongs
Trxs may plaY::[5l role, regulating metabolism to the Prx family is its formation of noncovalent di-
through control ûf:I:?~-dependentmalate dehydro- mers. Indeed, the only plant Prx for which a structure
genase and also setvil1.!.te,s possible reductants for is known is a homodimer with a conserved interface
2-Cys Prx and Prx Q (Cdlliî"t ..et al., 2003). Overall, this found in other nonplant Prx structures (Echalier et al.,
would constitute a system: with partial redundancy 200S). A structural study designed to determine the
that could be linked to each subcellular compartment structural determinants responsible for substrate bind-
redox state. ing, for dimerization, and to elucidate a possible role

Using the digital northern funetion of Genevestigator for the highly conserved Cys-136 is currently under way.
online database (https:/ /www.genevestigator.ethz.ch; Unlike the case for many other eukaryotie Prx char-
Zimmermann et al., 2004), we noticed that the mRNA acterized so far, we did not observe the formation of
profiles of the Arabidopsis ortholog of PtrcGpx1 (AtGpx1, overoxidized forms of Gpx. Indeed, the staichiometry
accession no. At2g2S080) are more closely related ta of the reaction catalyzed by Gpxs is consistently 1, the
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suggests that the GSH-dependent peroxidase activity
found in these studies corresponds to the peroxidase
activity of GSH S-transferases. Taken as a whole, the
results presented above provide evidence at the protein
level that supports the conclusions based on previous
observations in mRNA studies that Gpx are involved
in stress responses and especiaIly in response to metals.
For example, it was previous ,.onstrated that over-
expression of a Gpx fro dtii both in the
cytosol and in the chloropre0pression of a
tomato (Lycopersicon esculen ~~~st and plant
increased tolerance ,i . 'hen et al.,
2004; Yoshimura e 4

Anoth possib
Trx per . ses
subceIlulaf
onstrated
ized in c
also targe
not us
othe
ode

Semiquantitative RT-PCR experiments were used ta estimate the distribu­
tion of Gpx, Prx, and y-type Trx transcripts in various poplar (Populus
trichocarpa) organs. Total RNA isolation was performed with the RNeasy Plant
Mini kit (Qiagen) from approximately 100 mg of various frozen tissues ob­
tained from 4-month-old poplar plants (young and expanded leaves, roots,

RT-PCR

Expression of Poplar Gpxs in Various Organs

HP2' tBOOH, COOH, NADPH, GSH, and GR from yeast (Saccharomyces
cerevisiae) were purchased from Sigma.

MATERIALS AND METHODS

Materials

:'êmf~dundancyof
be linked to their

fusion, we dem­
and 3.2) are local­

e (PtrcGpx3.2) being
ria. This dual targeting is

mg al been observed for sorne
oteins(GSH reductase [GR], mon­

ductase, and ascorbate peroxi-
ea ). The plastidic localization of

as expected, as a pea (Pisum sativum) Gpx
reviously shown to be imported into
ullineaux et al., 1998). Only one other
reviously localized experimentally. This

tomato, caIled GPXle-1 and homologous
x3.1, was found in the cytosol near the plasma
e and to a lesser extent in the cell wall of sorne

leaf ce s (Herbette et al., 2004).
Adding the results of this investigation to the pre­

.~i9usly available data on distribution of Prxs, eight
pùplar Prxs are now known to be expressed in plastids
(Prx IlE, 2-Cys Prx A and B, Prx QI and 2, and
PtrcGpx1 and PtrcGpx3.2), two in mitochondria (Prx
IIF and PtrcGpx3.2), three in the cytosol (Prx lIB, Prx
IIC, and PtrcGpx3.1), one in the nucleus (Prx 1-Cys),
and two predicted to be directed to the secretory path­
ways (PtrcGpx2 and PtrcGpx5), assuming that these
proteins indeed contain an N-terminal extension. This
situation is slightly different from Arabidopsis, in which
there is only one Prx Q but an additional cytosolic Prx II
and eight Gpxs instead of the six found in poplar.

Expression and Localization of Gpx in Plants

activity measured in the presence of the Trx system
is linear with time, and H20 z-treated proteins do not
undergo the mass increment expected for sulfinic or
sulfonic formation (data not shown). We thus propose
a three-step reaction mechanism for plant Gpxs similar
to the one used by Prx Q, with two Cys forming an
intramolecular disulfide bridge in the oxidized state
(Fig. 10). These steps are: (1) a nucleophilic attack of
the catalytie Cys (Cys-107) on the peroxide with the
release of an alcohol and the concomitant formation of
a sulfenic acid; (2) an attack of the sulfenic acid by
Cys-155 and formation of an intramolecular disulfide
bridge between Cys-107 and Cys-155; and (3) a reduc­
tion of the disulfide bridge by Trx.

We analyzed the expression of aIl the Prxs in poplar
organs. AlI the members of this family are expressed at
the transcriptional level in at least one of the organs
tested, with a specifie expression pattern for each of
them. Gpxs are likely to be present in aIl organs and in
nearly aIl ceIl compartments, suggesting a redundancy
with the Prxs identified previously. Interestingly, many
isoforms are expressed in flowers or in fruits, bll ir
precise physiologieal function is yet unknow,
theless, to explain the need for proteins wi ..
functions, we can imagine that sorne ge:p.
expressed in specifie conditions under sC
ample, or could be temporally regulated.

When poplar leaves are subjected to a biotic sr ..
(infection by the rust fungus M. larici-populina), th
abundance of these proteins is mO(:lified:This is in line
with previous observations that th'· f Prx Q, Prx
I1C, and Prx I1F but not of 2-Cys P odified in
this situation (Rouhier et al., 2004; .,2007).
Abiotic stress conditions (water ·Me
and metal stresses) also indu
Gpx levels. The amount of is
ular masses is especially ma. . .
in water deficit and phot
increasing in pres .
cadmium orer., In·
stress, it w evio' .
of the Pr y,o
in this s· n, whereas
Prxr n ed(
case, chloropl Gpx(s) decreased,
suggesting fine control and a functional
specialization members of the same family. It
was previously trated at the transcript levels
that AtGpx2, AtGpx . '.. AtGpx6 were strongly and
rapidly increased in A bidopsis plants treated with
200 /LM of FeS04 or CuS04 (Rodriguez Milla et al., 2003).
Other studies provided evidence for an increased Gpx
activity in plants treated with copper (Ali et al., 2006)
or nickel (Gajewska and Sklodowska, 2006) but de­
creased activity in the presence of cadmium (Aravind
et al., 2005). The conclusion, based on our results and
those of others, that Gpxs are Trx-dependent enzymes
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idation. Ali
parameters.
(PtrcGpx3.2

d in more detail
tem (31-'M Arabidopsis
hl, h3, and h5 from

00 I-'M Grx C4), or GSH
These assays were

in pH 8, buffer, 1 mM
·s parameters for one substrate were

tratio',e, ating concentrations of the other
d 100 I-'MfofTrx, and between40 I-'Mand 12 mM

COOH]).

Biochemical Characterization of

recombinant NI'RB j:llld,

St()îC1'1iometru of the Reaction

NADPH-Coupled Sp.?ctJrophOJ~ol1tetl'icMt!th(Jd

Oligomerization and Redox State of Gpx

The stoichiometry of the reaction was also measured using the FOX method
with a known concentration of reduced enzyme (typically 100 I-'M or 200 I-'M) in
the absence ofanyother reductants and in the presence of400 or500 I-'M peroxides.
The residualamountofperoxide remaining after reductionby a known amount of
protein was titrated after completion of the reaction (30 min). The enzyme was
reduced with a large excess of DIT (10 mM), which was removed, prior to the
assay, by two successive dialyses, each time against 1 L of TE buffer.

Intracellular Localization via GFP Fusion

The nucleotide sequences corresponding to the predicted N-terminal
extension of PtrcGpx1 and PtrcGpx3.2 were cloned into the NcoI and BamHI
sites of pCK-GFP S65C using the primers detailed in Supplemental Table S2 as

The next purification step, used for ail Gpxs, was gel filtration carried out
on ACA44 (Biosepra), equilibrated in TE buffer containing 200 mM NaCl. After
removing NaCl by ultrafiltration, the Gpx fractions were loaded onto a DEAE­
Sephacel ion-exchange column (Amersham). A gradient ranging from 0 to 400
mM NaCl was used for the elution of PtrcGpx2, 4, and 5, whereas PtrcGpx1 and
3.2 passed through the column. After dialysis and concentration, the proteins
were analyzed for purity by SD5-PAGE and stared frozen at -20'C in TE buffer.

The redox state of PtrcGpx3.2 and of the mutated proteins was analyzed by
incubating the proteins with either 30 mM DTT or 30 mM Hp, for 30 min
before separating them on 14% acrylamide SDS-PAGE gels. Il was also
analyzed by following intrinsic Trp emission fluorescence using a Cary Eclipse
fluorimeter (Varian). Measurements were recorded at room temperature in a
1- X 1-cm cuvette. The excitation wavelength was set to 290 nm (5 nm
bandpass), Emitted light was detected at 90' between 300 and 500 nm. Spectra
of a 1-ml. solution containing 4 I-'M of various PtrcGpxs were recorded before
adding successively 250 I-'M DTT and then 250 I-'M HP2'

The native oligomerization state of PtrcGpx3.2 was determined both in
oxidized (Le. as isolated) or reduced (30-min incubation with 20 mM DTT)
conditions using an ACA 44 gel-filtration calumn (5 X 75 cm) and proteins of
known molecular masses as standards (bovine serum albumin, ovalbumin,
and chymotrypsinogen; Sigma).

These experiments were performed at30i'Çi,fficLl \~,têba:?",ciqn na0l1ib)ring
the decrease in absorbency at 340 nm
Gpxs were tested using this met!}
The catalytic properties of Ptr
C107S, C136S, and C13

Production and Ptirifiê'ation of n.~~Ç(I;tllbÎlllalI1.FGJ)Xs

The recombin~t~I~~jnidsolii~ïJJe'â
pSBET strain of B"",'Ili(Schenk et al.; i
final volume of~p.r(jximately 1. at
duced during . 1P ldirlg 10o,1W
For PtrcGpx3. ,
grown overnight ift
The bacteria were h
then resuspended in
were broken by sonication,
after high speed centrifugation, e;>(,['('Î,tforPtr'cG,px2, lNhich
in inclusion bodies.

The insoluble portion of PtrcGpx2 was first denatured by resuspending the
pellet in TE buffer containing 8 M urea. The soluble proteins obtained after
centrifugation at 16,000 rpm for 30 min were then renatured slowly by two
successive dialyses of 6 h, first against TE buffer containing 0.5 M urea and
then against TE buffer alone, A centrifugation step (30 min at 16,000 rpm) was
performed after each dialysis to remove denatured proteins. For the soluble
isoforrns, ammonium sulfate fractionation was used as the first step in the
purification procedure. For ail of these soluble Gpxs, most of the protein
precipitated between 40% and 80% saturation.

Cloning and Site-Directed Mutagenesis

Infection of poplar leaves with either avirulent or virulent fungal isolates of
the rust fungus Melampsara larici-populina was carried out as described in
Rouhier et al. (2004). Arabidopsis (Arabidopsis thaliana) plants subjected to water
deficit and photooxidative or metal stresses were treated as described in Vieira
dos Santos et al. (2005) and Gama et al. (2007). A total of 30 I-'g of proteins was
loaded per lane on 15% denaturing SD5-PAGE then transferred anto polyviny­
lidene clifluoride membranes (Millipore) when using poplar protein extracts or
onto nitrocellulose membranes (Pail) for Arabidopsis extracts. Antibadies raised
against PtrcGpx3.2 were diluted 1,500 X . Detection of proteins rec:ogni.j:",g Rl{ ,
antibodies on polyvinylidene difluoride membranes was done by 8.~·'L•••·"''''X({\Î~;;)l:
raphy and using the Odyssey Infrared Imager from LICOR in the
cellulose membranes.

peEPxides by PtrcGpxl and PtrcGpx3.2, the two chloro-
was also followed using the FOX colorimetric method

modular chloroplastic Trxs from Arabidopsis were
n donors. A 50-1-'1. reaction mixture contained 2 I-'M of

'Or 3.2, 500 I-'M DIT, and 10 I-'M of Trx fi, f2, ml, m2, m3,
combinant proteil'1S from Arabidopsis, purified as described in
iThe reaction was started by adding the peroxide (either H,O"

tBOOB,àr H) to a final concentration of 400 I-'M. At different times, 5 1-'1. of
After identification in the databases (see "Results"), the nucleotide 'e-,j ..•• ê'::,!:he reaction mixture was added ta 495 1-'1. of the colorimetrie reagent and the

quences of PtrcGpx2, 3.2, and 4 were then amplified by PCR using the primers ""'" .•, hi~'B':QrlberlCY read at 560 nm after 30 min incubation in the dark.
described in Supplemental Table S2 from a Papulus Irernula X trichocarpa cv
Beaupre poplar root cDNA library (Kohler et al., 2Qg g.l'trcGpx1 and
PtrcGpx5 were amplified directly from isolated Escn' oli"êàlonies con-
taining the cDNA of interest (gift from Dr. Gunnar l,.J)'liversity of
Umea, Sweden). Each of the three Cys of the mature PtrcGp ositions
107, 136, and 155, respectively, were replaced y Se
directed mutagenesis fallowing a procedure acquat et,~L@.g~7JI,',"'"
The double mutant PtrcGpx3.2 C136S, C155S,
Cys, was also generated and cloned. After
restriction enzymes,
plasmid.

Western Blotting

stems, and petioles) or fram aIder paplar trees (fruits and stamen). Ta remave
contaminating DNA, the samples were treated with DNAsel (Qiagen). Except
for the stem (for which we used 300 ng), a total of 11-'g of total RNA was used
to generate cDNAs by RTusing the Omniscript RT kit (Qiagen). These prod­
ucts were used as templates for subsequent PCR reactions using the primers
described in Supplemental Table S2. The pragram used was as fol1aws: 94'C
for 3 min and 35 cycles of 94'c for 30 s,54'c for 45 s, and n'c for 1 min 45 s.
The primers used were sometimes identical ta those used for the cloning
experiments (Gpx1, 2, and 4; 1-Cys Prx). When twa open reading frames were
very similar (e.g. Gpx3.1 or 3.2; Prx nc, D, and E; Prx QI and Q2, Prx 2-Cys A
and B, Trx yI and 2), we used one or two new primers hybridizing in the 3' or
5' part of mRNAs, sometimes in combinatian with one of the claning primers.
When no selective amplification was possible for one isoform out of a pair
of very close sequences, primers that can hybridize the two forms were used.
In the case of Gpx5, the amplification was done with two specifie internaI
primers. The Trx hl gene from poplar, which is expressed in ail tissues tested,
was amplified simultaneously and used as a control. The PCR fragments were
then loaded on a 0.8% agarose gel.
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N-terminal extensions of the two Gpxs are present at the N terminus of en­
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Nicotiana benthamiana cells were then transfected by bombardment of leaves
with tungsten particles coated with plasmid DNA, and images were obtained
with a Zeiss LSM510 confocal microscope.

Oxidation-reduction titrations, using the fluorescence of the adduct formed
between the protein and mBBr ta monitor the thiol content of the protein, were
carried out at ambient temperature as described previously (Krinun et al., 1998;
Hirasawa et al., 1999). The reaction mixtures contained 100 !-tg of protein in
100 mM MOPS buffer, pH 7.0, containing defined mixtures of oxidized and
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at totaI DIT concentrations of l, 2, and 4 mM. The titration behavior was also
independent of redox equilibration lime over the range from 1.5 ta 3 h. TItrations
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tian times of either 2 or 3 h were used.
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L'origine et la formation des ROS dans les cellules végétales sont maintenant

assez bien connues: les principaux sites de production de ROS sont détaillés et sont

pour la plupart localisés dans les chaînes de transport d'électrons chloroplastiques

ou mitochondriales. Des systèmes complexes régulent la concentration en ROS dans

chaque compartiment, afin que les ROS ne perturbent pas le fonctionnement

cellulaire, et que la cellule puisse utiliser ces molécules dans les voies de

signalisation intra- et intercellulaires. Un inventaire des principales enzymes de

détoxication cellulaire recensées dans le génome du peuplier est présenté dans la

figure 12.

De nombreuses protéines, impliquées ou non dans ces cascades de

transduction ou dans le contrôle de la teneur en ROS, sont régulées au niveau post­

traductionnel par des échanges dithiol-disulfures, faisant intervenir les Trx et les Grx.

L'inventaire de ces deux familles de protéines et de leurs protéines cibles potentielles

a d'ailleurs fait l'objet de nombreuses recherches ces quinze dernières années

(Jacquot et al 2002, Gelhaye et al 2004, Balmer et al 2004, Lemaire 2004, Rouhier et

al 2004b, Meyer et al 2005). La réalité des interactions entre les Trx ou les Grx et

leurs partenaires reste bien souvent à démontrer, mais la caractérisation biochimique

des protéines recombinantes (Verdoucq et al 1999), de même que les techniques de

co-immunoprécipitation (Rey et al 2005), ou de complémentation double-hybride

(Vignols et al 2005) fournissent des moyens de les confirmer. Ces deux dernières

techniques donnent un autre point de vue sur les interactions, et pourraient être

205





précieuses là où la biochimie seule ne permet pas d'affirmer quelles sont, parmi les

nombreuses isoformes de Trx ou Grx végétales, celles qui sont réellement actives

dans les cellules. Parmi les cibles potentielles potentielles des Trx et Grx, on trouve

des facteurs de transcription, des kinases, des phosphatases ou des protéines

impliquées dans les mécanismes de résistance aux pathogènes, régulées par des

échanges dithiol-disulfures ou par des phénomènes de

glutathionylation/déglutathionylation (Bower et al 1996, Cabrillac et al 2001, Despres

et al 2003, Rivas et al 2004, Dixon et al 2005, Nekrasov et al 2006, Sokolov et al

2006).

Parmi les cibles des Trx et Grx impliquées dans la régulation de la teneur en

ROS, la famille des Prx a fait l'objet de nombreuses études chez les plantes mais

aussi chez les autres eucaryotes et chez les bactéries. Les Prx et Gpx sont

omniprésentes dans la cellule, leur fonction principale étant d'éliminer les peroxydes

de différentes natures, par des réactions d'oxydoréduction impliquant des cystéines.

1Les peroxyrédoxines

Depuis plusieurs années, la caractérisation du rôle des Prx dans ce domaine

est maintenant bien avancée, avec leur large répartition au sein de la cellule, leur

forte concentration intracellulaire, leur relativement faible efficacité catalytique si on la

compare à d'autres systèmes enzymatiques, et leur propension à être inactivées par

leur substrat. De plus, elles sont capables de réduire une large gamme de substrats,

qui comprend des peroxydes mais aussi des espèces réactives dérivées de l'azote,

comme les peroxynitrites (Wong et al 2002, Sakamoto et al 2003). Toutes ces

propriétés confèrent aux Prx un statut qui n'est pas simplement celui d'une enzyme
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antioxydante, mais aussi un système de perception et de transduction spécifique du

signal généré par les ROS en général et par H20 2 en particulier. Le séquençage de

génomes de plantes a permis d'effectuer un recensement exhaustif de cette famille

de protéines. Chez le peuplier, il existe 9 Prx qui se divisent 4 Prx de type Il,2 Prx 2­

Cys, 2 Prx Q et 1 Prx 1-Cys. Dans le génome du riz, on trouve 8 Prx: 4 Prx de type Il,

1 Prx à 2-cys et 2 Prx 1-Cys (Gama et al, sous presse). Chez Arabidopsis thaliana, il

existe 9 Prx exprimées, qui se répartissent ainsi : 5 Prx de type Il, 2 Prx à 2

cystéines, 1 Prx Q et une Prx à une cystéine (Rouhier et Jacquot 2005). Elles sont

présentes dans les différents compartiments cellulaires: les Prx 2-Cys A et B, Prx Q

et Prx liE sont chloroplastiques, les Prx liB, C, D sont cytosoliques, la Prx IIF est

mitochondriale et la Prx 1-Cys nucléaire. Toutes ces Prx possèdent une activité de

réduction des peroxydes très similaire, mais diffèrent au niveau des mécanismes de

régénération de l'enzyme, et au niveau de leur structure quaternaire. Enfin, si

l'élimination des ROS est vraisemblablement une fonction commune, certaines

pourraient avoir une fonction plus spécialisée, comme la protection des

photosystèmes pour la Prx Q, ou comme la signalisation par H20 2 dans le

chloroplaste pour les Prx 2-Cys qui seraient les seules Prx dont l' « hyperoxydation })

est réversible (Konig et al 2003, Dietz et al 2006, Lamkemeyer et al 2006).

Il Les glutathion peroxydases

Les Gpx constituent chez les animaux un système très efficace d'élimination

des ROS grâce à la présence d'une sélénocystéine très réactive, chez la plupart des

isoformes. Chez les végétaux, non seulement les protéines homologues de ces

enzymes ne dépendent pas du GSH mais des Trx pour leur fonctionnement, mais
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Figure 13. Différents mécanismes réactionnels des Prx. 1 : Le péroxyde ROOH réagit

avec la cystéine catalytique de la Prx, pour former un acide sulfénique et relarguer

une molécule d'alcool. 2 : L'acide sulfénique des Prx 2-Cys peut réagir avec une

seconde molécule de péroxyde et former un acide sulfinique, réductible par la Srx. 3 :

Selon la sous-famille considérée, l'acide sulfénique va être converti : en thiol par

l'intermédiaire d'un thiol cellulaire dans le cas des Prx de type Il et 1-Cys; en pont

disulfure intermoléculaire, réduit par la suite par un thiol cellulaire dans le cas des Prx

2-Cys; en pont disulfure intramoléculaire réduit par la suite par une Trx, dans le cas

des Prx Q et Gpx.
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elles sont aussi dépourvues de sélénocystéine. Elles possèdent une cystéine

classique dans leur site actif. Ces particularités suggèrent que les Gpx végétales

pourraient être inclues dans la famille des peroxydases thiol- (ou thiorédoxine-)

dépendantes. Cependant, leur structure primaire est différente, de même que le

nombre et la position des cystéines conservées impliquées dans le mécanisme

catalytique. Celui des Gpxs implique deux des trois cystéines conservées, et est

strictement dépendant des Trx pour la régénération de l'enzyme (Figure 13). Au

niveau structural, Prx et Gpx possèdent un motif de type Trx-fold, avec leur cystéine

catalytique située à l'extrémité N-terminale d'une hélice alpha. De plus, les Gpx

végétales sont organisées en homodimères, liés par des liaisons électrostatiques

(travail réalisé en collaboration avec le laboratoire de cristallographie), ce qui est

aussi le cas d'une Prx Il de peuplier (Echalier et al 2005). Cette situation est par

exemple très différente de celle des Prx 2-Cys, qui sont organisées sous forme de

monomères, dimères covalents ou de décamères selon les conditions (Wood et al

2002).

En considérant ces différentes propriétés, on peut néanmoins envisager des

rôles assez proches pour les Prx et les Gpx végétales. Les capacités catalytiques

des Gpx de peuplier, établies au cours de ce travail, sont comparables à celles

établies sur d'autres Gpx et Prx de plantes (Herbette et al 2002, Horling et al 2002,

Jung et al 2002, Rouhier et al 2004a, Tanaka et al 2005, Yang et al 2005) et sont

compatibles avec un rôle de détoxication in vivo. Les Gpx sont présentes dans la

plupart des organes de la plante (ce travail et Rodriguez-Milla et al 2003) et dans la

plupart des compartiments intracellulaires. Récemment, une isoforme mitochondriale

a été caractérisée chez Raphanus sativus (Yang et al 2006) Des isoformes

mitochondriale et chloroplastique ont ainsi été mises en évidence chez le peuplier, et
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des peptides transit putatifs existent aussi dans les séquences de Gpx d'autres

plantes.

Une différence importante entre Prx et Gpx semble être l'absence

d'inactivation de l'enzyme par H20 2. Georgiou et Masip (2003), dans leur théorie du

« floodgate », proposent que les Prx jouent un rôle de détoxication des ROS quand

ils sont présents à faible concentration. Si cette concentration augmente, en cas de

stress oxydant, les Prx deviennent hyperoxydées et transitoirement inactivées,

entraînant la diffusion de ROS dans la cellule et l'activation de mécanismes de

réponse au stress oxydant. Cette théorie ne serait donc pas directement applicable

aux Gpx de plantes, même si on peut imaginer que certaines isoformes puissent

avoir un rôle comparable à celui de la Gpx3 de levure qui active un facteur de

transcription (Yap1) impliqué dans la réponse au stress oxydant (Delaunay et al

2002). Leur rôle pourrait donc être plus spécifiquement lié à l'élimination des

peroxydes. L'expression d'une Gpx de plante chez un mutant déficient de levure

augmente la tolérance de celui-ci aux peroxydes de phospholipides (Yang et al

2004). De même, l'expression d'un gène de Gpx de plante inhibe la mort cellulaire

programmée chez la levure et la tomate (Chen et al 2005). Les Gpx sont de plus

surexprimées dans de nombreuses conditions de stress (Criqui et al 1992, Holland et

al 1993, Sugimoto and Sakamoto 1997, Depege et al 1998, Roeckel-Drevet et al

1998, Li et al 2000, Agrawal et al 2002, Rodriguez Milla et al 2003, Kang et al 2004,

ce travail). Cette activité de protection de la cellule, notamment au niveau des

membranes, a déjà été démontré extensivement pour l'isoforme humaine, nommée

PHGpx ou Gpx4, la plus proche des Gpx végétales (Sattler et al 1994). Cette PHGpx

possède aussi d'autres rôles chez les mammifères: elle est impliquée entre autres

dans la voie des cytokines (Brigelius-Flohé et al 1997), et joue un rôle structural dans
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les capsules des mitochondries de spermatozo'ides (Ursini et al 1999). Cependant,

ces rôles sont peu transposables aux cellules végétales, surtout parce que la PHGpx

de mammifères est impliquée dans des fonctions métaboliques absentes chez les

plantes. (pour revue sur les Gpx de mammifères, voir Brigélius-Flohé 1999, Drevet

2000).

La Gpx3 de levure, qui sert d'activateur de Yap1, est également impliquée

dans la régulation d'une autre enzyme, une méthionine sulfoxyde réductase (Kho et

al 2006). De manière inattendue, un pont disulfure intermoléculaire se forme entre

les cystéines de recyclage des deux protéines et non pas entre les cystéines

catalytiques. Les auteurs proposent que l'interaction entre les deux protéines soit un

moyen de réguler l'activité des enzymes impliquées dans la détoxication des ROS et

dans la réparation des protéines. En effet, l'interaction est rompue en situation de

stress, permettant aux deux enzymes de fonctionner. Il serait donc intéressant de

savoir si les Gpx végétales peuvent aussi être impliquées dans des régulations de ce

type.

III Les fonctions physiologiques des peroxydases thiol­

dépendantes: redondance ou spécificité?

I!I.A Activités des Prx et des Gpx

Chez notre modèle d'étude, le peuplier, l'existence de six isoformes de Gpx

couplées aux 9 Prx existantes, peut paraître difficilement compatible avec un rôle

spécifique de chacune d'entre elles au sein de la cellule. Les études biochimiques
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n'ont pas toujours permis de faire apparaître des spécificités entre les différentes

isoformes. En effet, les Gpx et Prx ont souvent des efficacités catalytiques similaires

vis-à-vis des différents peroxydes. Toutefois, il existe des spécificités qui peuvent

être notées. Ainsi, les Prx Q réduisent peu les substrats plus complexes qu'H20 2 tels

que les peroxydes complexes ou les lipides peroxydés (Lamkemeier et al 2006). Les

Prx 2-Cys semblent capables de réduire toutes sortes de peroxydes, y compris les

peroxydes de lipides, avec une plus faible efficacité cependant (Konig et al 2003). On

retrouve la même variabilité dans les études concernant la gamme de substrats que

les Gpx sont capables de réduire. Certaines réduisent toutes sortes de peroxydes

testés (Jung et al 2002, Tanaka et al 2005, Rho et al 2006, ce travail), tandis que

d'autres ne semblent pas pouvoir réduire le peroxyde d'hydrogène (Herbette et al

2002). Les Gpx végétales ont aussi une activité qui peut dépendre de différents

réducteurs. Certaines études montrent que cette activité est dépendante du GSH ou

des Trx (Jung et al 2002). Une Gpx de tournesol réduit quant à elle l'H20 2 en utilisant

une Trx mais elle n'en est pas capable en présence de GSH (Herbette et al 2002).

Enfin, dans notre étude, les Gpx caractérisées sont strictement dépendantes des Trx

pour leur activité de détoxication. La grande variété de réducteurs (Trx, Grx), testés

au cours de ce travail permet de conclure que dans le cas du peuplier, l'activité des

Gpx est probablement strictement dépendante des Trx, et non du GSH et/ou des

Grx. Ceci contraste avec les connaissances de la PHGpx humaine, homologue aux

Gpx végétales, qui est capable de réduire tout type de peroxydes, depuis H20 2

jusqu'aux peroxydes de phospholipides complexes, en utilisant le GSH (Maiorino et

al 1991). Cependant, cette enzyme est monomérique, alors que les Gpx de plantes

sont dimériques, ce qui peut faciliter ses interactions avec des molécules complexes,

et possède une sélénocystéine dans son site actif. Les Gpx végétales semblent donc
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définitivement plus proches des Prx que des Gpx déjà connues dans les autres

règnes.

Au niveau du chloroplaste, les Gpx montrent une spécificité pour les Trx y.

Cette spécificité se retrouve aussi chez les Prx chloroplastiques: les Prx Q utilisent

aussi préférentiellement les Trx de type y, alors que les Prx 2-Cys d'Arabidopsis

thaliana sont réduites plus efficacement par les Trx x (Collin et al 2003; 2004,

Rouhier et al 2004a).

Finalement, si l'on considère que les Gpx végétales sont strictement

dépendantes des Trx pour leur fonctionnement, la question de la présence d'une

activité peroxydase dépendante du glutathion dans les extraits végétaux reste posée.

Il semble que cette activité ne proviennent pas des Gpx proprement dites, mais plutôt

de certaines glutathion S-transférases (GST), enzymes impliquées dans l'adduction

de GSH à certaines molécules, mais qui possèdent aussi une activité Gpx (Bartling

et al 1993, Cummins et al 1999). La surexpression d'une GST de coton entraîne par

ailleurs une forte augmentation de l'activité Gpx dans des feuilles de tabac, et leur

résistance au stress oxydant (Yu et al 2003). Il existe de plus un grand nombre

d'isoformes de GST, ainsi que des familles spécifiques aux plantes (Wagner et al

2002), qui sont encore très peu caractérisées.

III.B Localisation, expression des Prx et Gpx

Alors que ce travail de thèse montre qu'une isoforme au moins est strictement

chloroplastique (Gpx1), tandis qu'une autre est co-localisée dans la mitochondrie et

le chloroplaste (Gpx3.2), la localisation des Gpx à l'intérieur de chaque compartiment
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Fleur Etamine Pollen Graine Tige Feuilles Xylème Racine
Prx liA At1g6599D · · · · · · · ·
Prx liB At1g6598D ++ ++ ++ +++ ++ ++ ++ +++

Prx IIC At1g6597D ++ +++ +++ + · · · ++

Prx IID At1g6D74D ++ +++ +++ + · · · ++
Cyto

Gpx2 At2g3157D ++ ++ · ++ ++ ++ · ++

Gpx3 At2g4335D + + · + + + + +
Gpx4 At2g4815D · + + · · · · ·
Gpx5 At3g63D8D + + + + + + + +

Prx liE At3g5296D + + · ++ + ++ · +
Prx 2-cys A At3g1163D ++ + · ++ +++ +++ + +
Prx 2-cys B At5g0629D + · · + ++ ++ · +

Chlora PrxQ At3g26D6D ++ + · + ++ ++ · ·
Gpx1 At2g25D8D + + · + ++ ++ + +
Gpx6 At4g1160D ++ +++ + +++ ++ ++ ++ ++

Gpx7 At4g3187D · · · · · + · ·

Secr Gpx8 1 At1 g6346D 1 + + + + + +

Noyau Prx 1-cys 1 At1g4813D 1 +++

<1000
+ 1000-5000

++ 5000-15000
+++ >15000

Figure 14. Expression des différents gènes de Prx et Gpx d'Arabidopsis thaliana. Les

données sont tirées du logiciel GeneAtlas, sur le site Genevestigator

(www.genevestigator.ethz.ch). Les valeurs numériques des signaux ont été

converties pour faciliter une lecture comparative.
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cellulaire n'est pas connu, mais pourrait être déterminante pour comprendre quelles

sont les rôles de ces enzymes. Il a ainsi déjà été montré que la Prx Q et les Prx 2­

Cys d'A. thaliana sont majoritairement situées au niveau des thylacoïdes, et sont

impliquées dans la protection des photosystèmes (Lamkemeyer et al 2006, Konig et

al 2002).

En ce qui concerne la localisation des Gpx, les Gpx2 et 5 de peuplier

possèderaient un peptide de transit qui les dirigeraient vers les voies de sécrétion.

Elles seraient donc les seules peroxydases thiol-dépendantes dans ce cas,

puisqu'aucune Prx ne semble présenter ce type de localisation. Concernant, les

réducteurs potentiels pour ces enzymes, des Trx et Grx (Grx C2, C4, Trx h5 de

peuplier) possèdent des séquences d'adressage de ce type et sont donc des

candidats d'intérêt. Il a d'ailleurs été montré que la Trx h5 de tabac est secrétée in

vitro (Juarez-Diaz et al 2006). Chez le peuplier, Gpx4 et Gpx3.1 sont, a priori, des

formes redondantes du cytosol, qui s'ajouteraient aux Prx liB et Ile identifiées.

L'expression différentielle des gènes codant pour ces protéines pourrait expliquer

cette apparente redondance.

En effet, l'analyse des profils d'expression des gènes de Prx d'Arabidopsis

thaliana par microarrays, en utilisant le logiciel Genevestigator (Zimmermann et al

2004) montre des variations importantes de l'expression suivant l'organe considéré

(Figure 14). On observe que certaines isoformes sont exprimées très spécifiquement,

la Gpx4 dans les étamines et le pollen, la Gpx7 dans les feuilles, ou encore la Prx 1­

cys dans les graines. D'autres profils sont moins tranchés, tandis que certaines

isoformes sont omniprésentes dans toute la plante, comme les Prx liB et IIF ou les

Gpx5 et 6. Cette dernière est homologue à la Gpx3.2 de peuplier, qui est la plus

représentée en termes d'EST. On peut aussi remarquer que globalement,

221





Discussion

l'expression des gènes de Prx semble plus importante que celle des Gpx, ce qui est

en accord avec les résultats obtenus par RT-PCR chez le peuplier (voir Article VIII).

On obtient donc un profil global assez hétérogène pour cette famille, qui peut encore

être affiné en fonction du compartiment cellulaire considéré, ou encore grâce aux

résultats obtenus en conditions de stress. Ainsi, dans les graines par exemple, la

Gpx6 est susceptible d'être la principale Prx présente dans la mitochondrie. A partir

des données de microarrays pour Arabidopsis thaliana (site Genevestigator:

http://www.genevestigator.ethz.ch). on peut observer que la transcription de la Prx

110 est celle qui est la plus régulée en conditions de stress. En particulier, l'infection

par des pathogènes de type Agrobacterium, Botrytis ou certains Pseudomonas induit

une augmentation de la transcription d'un facteur compris entre 5 et 70, alors

qu'aucune augmentation importante n'est visible pour les autres isoformes. La plus

forte augmentation est observée pour les genres P. infestans (64 fois) et P. syringae

(66 fois). L'implication de cette Prx dans la réponse à l'infection par ce pathogène est

donc probable. Cette hypothèse est appuyée par les résultats obtenus en présence

d'un éliciteur de Pseudomonas, la syringoline, qui induit une augmentation du taux

de transcrit de 96 fois. En ce qui concernent les isoformes de Gpx, le gène de Gpx4

est surexprimé lui aussi en cas d'infection par Agrobacterium tumefaciens (11 fois),

tandis que celui de la Gpx2 est induit en condition de sénescence (9 fois). Mittler et al

(2004) ont aussi montré que la transcription des gènes de Gpx était influencée par

des conditions de stress froid. Les Gpx semblent par ailleurs être surexprimées en

conditions de stress en présence de métaux lourds, ce qui n'est pas le cas pour les

autres Prx (Pascal Rey, communication personnelle). 1/ paraît donc possible de

postuler qu'il existe bien une fonction spécifique pour chacune de ces enzymes.
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Discussion

Les Gpx possèdent un mécanisme commun à toutes les isoformes,

contrairement à ce qui est observé chez les Prx. De même, contrairement aux

variations dans le nombre de cystéines conservées et impliquées dans la catalyse,

qui sont observées pour les Prx, les Gpx de plantes possèdent toutes trois cystéines,

dont deux sont nécessaires à l'activité des enzymes. Ces enzymes ont aussi un

donneur d'électrons unique, les Trx, ce qui contraste avec les capacités des Prx à

utiliser le GSH, les Grx ou les Trx pour leur recyclage. La famille des Gpx est aussi

plus restreinte, avec 8 isoformes chez l'arabette, mais seulement 6 chez le peuplier.

Il est donc posssible d'envisager que ces Gpx aient d'autres fonctions dans la cellule,

en particulier dans une position plus « en amont)} dans la réponse de la cellule au

stress oxydant. Pour tester cette hypothèse, l'obtention de mutants sous-exprimant,

ou n'exprimant pas un ou plusieurs gènes de Gpx a déjà été utilisée chez d'autres

organismes, et des études similaires chez les plantes commencent à être publiées.

Chez les mammifères, la mutation homozygote du gène PHGpx, par exemple,

est létale (Imai et al 2003). Ces protéines protègent les cellules contre le stress

oxydant, et ont aussi d'autres rôles, notamment structuraux dans la capsule

mitochondriale des spermatozoïdes (Maiorino et al 2005). Chez la levure, la délétion

des gènes de Gpx n'est pas létale. Cependant, la suppression du gène Gpx3

entraîne une augmentation de la sensibilité des levures au stress oxydant (lnoue et

al 1999). Chez les plantes, on sait déjà que la surexpression d'une Gpx de

Chlamydomonas reinhardtii dans des plants de tabac augmente la tolérance au

stress et l'activité de réduction des peroxydes complexes (Yoshimura et al 2004).

Récemment, il a été démontré qu'un mutant d'insertion pour la Gpx3 d'Arabidopsis

thaliana est plus sensible au stress oxydant, et que sa réponse à un stress hydrique

est perturbée (Miao et al 2006).
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Discussion

Ainsi, si les rôles spécifiques des Gpx au sein des systèmes redox chez les

plantes sont aussi encore sujets à hypothèses, ces enzymes sont probablement

essentielles dans /e réseau de transduction du signal et de défense antioxydante des

cellules végétales. Bien que nous ayons pu éclaircir les mécanismes enzymatiques

utilisés par ces enzymes ainsi que leurs localisations tissu/aire et intracellulaire, la

plupart des fonctions physiologiques potentielles : peroxydase, senseur de stress,

transducteur direct ou indirect de signaux, activateur d'enzymes, ainsi que leur

importance relative in vivo restent encore à évaluer chez les plantes.
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PERSPECTIVES

Le peuplier est la principale plante modèle représentant les végétaux ligneux.

Son génome assez restreint et ses capacités à être transformé par Agrobacterium

tumefaciens compensent les difficultés expérimentales liées à ce matériel telles que

sa lenteur de croissance (comparée à celle des herbacées). Les études accumulées

permettent aussi de disposer de la séquence du génome d'une espèce (Populus

trichocarpa) et de nombreuses séquences EST. Des puces à ADN permettant des

analyses transcriptomiques à grande échelle sur le génome entier sont déjà à

disposition. L'étude au niveau protéique reste limitée par l'existence de familles

multigéniques ce qui ajoute un degré de complexité à tous les systèmes

enzymatiques déjà connus, et en particulier aux systèmes de détoxication redox.

Ceci est exacerbé chez les végétaux, puisque le nombre de gènes composant ces

différentes familles est généralement beaucoup plus important.

Les travaux réalisés au cours de ma thèse ont ainsi permis de caractériser

une famille de protéines thiol-dépendantes, appartenant au groupe des Prx. Cette

caractérisation doit encore être approfondie notamment par l'identification de

protéines (enzymes, facteurs de transcription) partenaires des Gpx, ROS mis à part,

comme cela a été montré dans d'autres organismes. La caractérisation in vitro est

une première étape, de même que des techniques in vivo, telles que la co­

immunoprécipitation, qui s'imposent de plus en plus comme des techniques

incontournables pour prouver les interactions entre protéines. L'implication des Gpx

dans la réponse au stress, causé par les métaux lourds en particulier, reste

également à approfondir, avec la surexpression de Gpx in planta ou en utilisant des

mutants d'Arabidopsis thaliana par exemple. La recherche de phénotypes particuliers
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chez des mutants déficients en une ou plusieurs isoformes de Gpx pourrait ainsi

permettre d'éclaircir la fonction physiologique de ces protéines. La fonction de

senseur du stress oxydant et de transduction du signal par les Gpx, déjà mises en

évidence chez la levure, sont aussi des pistes de recherche intéressantes,

notamment par la recherche de protéines partenaires des Gpx qui seraient oxydées

par celles-ci en conditions de stress. Par des approches de protéomique classique

(interactions sur gel ou sur colonne), puis des expériences de complémentation

double-hybride, la mise en évidence de ces protéines semblent être envisageable

chez les végétaux. Enfin la localisation des Gpx au sein des compartiments

cellulaires pourrait permettre de définir les rapports entre Gpx et membranes, ou

encore d'étudier la localisation exacte et le rôle des Gpx potentiellement secrétées.

Les études structurales qui sont en cours vont apporter des informations

supplémentaires sur le site actif et ie mécanisme catalytique de ces enzymes, sur les

acides aminés impliqués dans la formation du dimère et dans l'interaction avec les

Trx. En particulier, il sera intéressant de comprendre pourquoi seules certaines Trx

interagissent avec les Gpx. L'étude de protéines mutées pour un ou plusieurs acides

aminés est envisagée, et pourrait éclaircir et confirmer les informations déjà

obtenues.
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RESUME

Dans les cellules végétales, la concentration en espèces oxygénées réactives
(ROS), est contrôlée par différents systèmes. Les thiorédoxines (Trx) et les
glutarédoxines (Grx) jouent un rôle crucial en fournissant leur pouvoir réducteur aux
péroxyrédoxines (Prx), ou peroxydases thiol-dépendantes, qui assurent l'élimination
des différents composés oxygénés (ou nitrés) dans les cellules. Le travail présenté
dans ce manuscrit décrit essentiellement la famille multigénique des glutathion
peroxydases (Gpx) chez une espéce modèle, le peuplier. Bien qu'appartenant aux
peroxydases thiol-dépendantes, la structure primaire des Gpx est différente de celle
des Prx déjà caractérisées. L'expression de cette famille de gènes a été évaluée et
comparée aux autres Prx dans les organes de peuplier. L'abondance de certaines
Gpx est modifiée au cours de certains stress, notamment en présence de métaux
comme le cadmium. La localisation de deux isoformes de Gpx dans le chloroplaste
(Gpx1, Gpx3) ou la mitochondrie (Gpx3) a été expérimentalement démontrée par des
fusions GFP. Les études enzymatiques réalisées sur la Gpx3 recombinante et sur
des mutants cystéiniques de cette protéine a permis de mettre en évidence: (i) un
mécanisme catalytique différent de celui des Gpx de mammifères, faisant intervenir
seulement deux des trois cystéines conservées, qui forment (ii) un pont disulfure
intramoléculaire de potentiel rédox -295 mV, réduit spécifiquement par certaines Trx
in vitro. Ces enzymes sont en outre actives en solution sous la forme d'homodimères
non-covalents.

Mots-clés: glutathion peroxydases, thiorédoxines, péroxyrédoxines, peuplier, stress
oxydant.

ABSTRACT

ln plant cells, reactive oxygen species (ROS) concentration is controlled by
different systems. Thioredoxins (Trx) and glutaredoxins (Grx) play a crucial role in
providing reducing power to peroxiredoxins (Prx), also called thiol-dependent
peroxidases, which scavenge oxygen- or nitrogen-derived reactive compounds. The
work presented in this manuscript describes mainly the glutathione peroxidases
(Gpx) family in a model species, the poplar tree. Although Gpx are thiol-dependent
peroxidases, their primary sequence differs from the Prx sequences characterized to
date. The gene expression of this family was assessed in different plant organs and it
was compared to those of other Prx. The abundance of different Gpx is also modified
under stress conditions, notably in the presence of heavy-metals like cadmium.
Localization of two isoforms in the chloroplast (Gpx1, Gpx3) and in mitochondria
(Gpx3) was demonstrated using GFP fusion proteins. Enzymatic studies performed
on wild-type and cysteine-mutated Gpx3 recombinant proteins showed: (i) a catalytic
mechanism different from the mammalian Gpx, involving two of the three conserved
cysteines, which form (ii) an intramolecular disulfide bridge (redox potential: -290 mV)
that will then specifically be reduced by certain Trx in vitro. Studies also showed that
these enzymes are active as non-covalent homodimers in solution.
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